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Abstract

We characterized the tailings from the Santa Barbara tailings dam, which is located in Minas Gerais, southeastern Brazil,
to: (i) identify its chemical, mineralogical, and metallurgical properties, and (ii) perform an environmental evaluation of the
water at the surface of the tailings facility. The potential recovery of elements such as Sb, As, and Au was also considered
for potential tailings reuse. The water was alkaline, with maximum pH values of = 10, and contained potentially toxic ele-
ments, such as Sb (up to 0.500 mg/L), As (up to 0.080 mg/L), and Cu (up to 20 mg/L). Gold enrichment areas were found
in the tailings dam, with concentrations up to 0.5 g/t. Alignment exists among tailings management, demand for critical raw
materials, and increased interest in the processing of low-grade ores and mining waste, which is important in the context of
the circular economy. They suggest that valorisation of tailings, although challenging, can be achieved by economic recovery

of the more valuable metals.

Keywords Geochemistry and environmental mineralogy - Tailings dam - Environmental risk assessment and

characterization

Introduction

The amount of waste rock and tailings produced over
a mine’s life cycle depends, among other aspects, on the
extraction process, the concentrations of valuable minerals,
and the location of the deposit. The exact quantification of
the produced waste is complex due to the diversity of opera-
tions and technologies used in extraction and beneficiation
processes (Souza Junior et al. 2018). While variable, the
volume of mine wastes is almost always high. Lottermoser

>< M. G. Lemos
mglemos @anglogoldashanti.com

Institute of Earth Sciences, Pole of University of Minho,
Campus of Gualtar, 4710-057 Braga, Portugal

2 Anglogold Ashanti, Mining and Technical, COO
International, Nova Lima 34000-000, Brazil

Geobiotec, Departmento de Geociéncias, Universidade de
Aveiro, Campus Universitario de Santiago, 3810-193 Aveiro,
Portugal

Institute of Earth Sciences, Pole of University of Evora,
University of Evora, 7000 Evora, Portugal

Microscopy Center, Universidade Federal de Minas Gerais,
Belo Horizonte 31270-013, Brazil

(2007) estimates the ratio of tailings to concentrate is gener-
ally around 200:1. The total non-coal mine waste lying in
dumps around the world was estimated in 1985 at 50,000
Mt; of this, 33% were tailings, 17% dump/heap leach wastes
and mine water, and 50% surface and underground waste
rock (1985 Report to Congress, after Wilmoth 2000 in Twar-
dowaska et al. 2004). According to Blight (2011), South
Africa’s gold mining industry produced 7.4 x 10° t of tailings
from 1997 to 2006. In Brazil, it is estimated that 3.8 M oz.
of gold can be found in old tailings dam(s) operated from
1834 to 1982.

In the traditional metal mining sector, waste rock dumps
and tailings dams are among the infrastructures with the
greatest environmental impact. Tailings are especially
contaminated due to their fine particle size and compara-
tively high surface area, which sorb contaminants (Hudson-
Edwards et al. 2008) and can chemically change after depo-
sition (Kossoff et al. 2014). The generation of tailings can
have serious negative repercussions for stakeholders and the
global economy (Gaustad et al. 2017). Therefore, industrial
water supply and contamination by potentially toxic ele-
ments are worldwide environmental problems in the mineral
sector (Acheampong et al. 2010).
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In Brazil, in addition to this reality and a linear economic
model approach, the latest Mariana and Brumadinho-Minas
Gerais tailings dam failures (respectively, Nov. 2015 and
Jan. 2019), drew attention to the sector’s problems and
enhanced the difficulty of obtaining environmental permits
and suitable places for tailings disposal. Consequently, the
mining industry faces increasing economic, social, and envi-
ronmental challenges. The need to ensure sustainable mining
in compliance with legal environmental frameworks is lead-
ing the sector towards a new paradigm.

The key component of the circular economy is extend-
ing the useful life of raw materials that have already been
extracted from the ecosphere (Gaustad et al. 2017) in a
restorative perspective that minimizes systemic risks by
managing finite inventories and renewable flows of resources
(Aragjo et al. 2017; Ellen Macarthur Foundation 2013).
Besides this, according to the latest British supply risk list
of chemical elements (British Geological Survey 2015), rare
earth elements (REE), antimony (Sb), germanium (Ge), bis-
muth (Bi), as well as arsenic (As), platinum group elements
(PGE), and cobalt (Co) are potentially subject to high levels
of risk of supply disruption. In this context, Tayebi-Khorami
et al. (2019) suggest five main areas of integration within
the mining sector: social dimensions, geoenvironmental
aspects, geometallurgy specifications, economic drivers,
and legal implications. Considerable research and devel-
opment are still necessary to identify effective solutions in
each of these key areas. There are several broad ways to do
this in the mining context, including residue valorisation,
wherein the residues formed during the metal extraction
process are valorized (i.e. transformed into a product with
value). It also involves processing residues, such as waste-
waters, waste solvents, solid residue, exhaust gasses, and
ashes (Singh et al. 2020; Spooren et al. 2020). Reuse and
reprocessing of tailings are possible approaches but require
characterization efforts supported by robust geochemical
and mineralogical techniques. These include x-ray diffrac-
tion (XRD) and x-ray fluorescence (XRF) in association
with quantitative electronic mineralogy (Pires et al. 2019)
for mineralogical characterization, automatic quantification
of mineral phases, time-of-flight secondary ion mass spec-
trometry (TOF-SIMS), laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS), and electron back-
scatter diffraction (EBSD) (e.g. Guanira et al. 2020; Martin
et al. 1997; Novhe et al. 2018; Parbhakar-Fox 2016; Shi et al.
2009; Silva et al. 2004).

Biosorbents and nanofibers may prove to be a way to
recover metals such as Cu, Pb, and Cd from effluent water
(Sang et al. 2008; Li et al. 2013), and precious metals can
potentially be recovered from mine waters and leachates
as well. Other approaches, such as ion flotation, suggest
good recovery for Cu (Jafari et al. 2017). Acid mine drain-
age (AMD) remediation has high costs, but could represent
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a source of metals, as shown by Skoronski et al. (2017),
through recovery of Al and Fe contaminants in usable forms,
and show new forms to minimize the cost of water treat-
ment (Akinwekomi et al. 2020, Ryan et al. 2017). The work
of Antunes et al (2010); Hedin (2003); Silva et al. (2019);
and Valente et al (2016) indicate the potential of recover-
ing ochre-precipitates from passive AMD treatment, for use
as pigments and in the ceramic sector. Also, Grande et al.
(2013) presented a system to neutralize AMD and recover its
metal load, using energy obtained from renewable sources.
Thus, neutralization and treatment could serve the pur-
pose of reducing environmental liabilities while generating
income, in agreement with the circular economy paradigm
(Valente et al. 2016).

There are many examples of case studies and implemen-
tations for recovering metals and metalloids from mining
waste. An example of current development is vitrification of
contaminants such as As and Sb (US9981295B2—Dundee
Sustainable Technologies 2016), which has been imple-
mented at gold mines in South Africa, Canada, and Brazil.
Sensor-based technologies can be useful in coarse wastes
and old stockpiles to reprocess and recover tin, tungsten,
and gold (Manoucheri et al. 2016; Robben et al. 2020; Von
Ketelhodt 2009). Altinkaya et al. (2019) suggested new
approaches to recover trace metals from sulfide flotation tail-
ings in cupric chloride solutions; recoveries of Cu, Ni, Zn,
Co, Fe, and Au exceeded 58%. Pretreatment of cyanide tail-
ings by magnetic roasting and its effect on the followed com-
prehensive recovery of valuable metals were investigated in
Liu et al. (2013). The results indicate that the leaching rate
of gold reaches 46.1% and that the magnetic susceptibility
of iron is up to 86.3%. In addition, there are opportunities
for extracting precious metals and other critical substances
like Ag, Pt, In, Ge W, Cu, Zn, Pb, and Sb via common metal-
lurgical routes, using regrinding, flotation, roasting, leach-
ing, bioleaching, etc. (e.g. Chen et al. 2014; Dehghani 2009;
Falagan 2017; Martin et al. 2015).

The present study applies the concept and goals of the cir-
cular economy to gold processing tailings in Santa Barbara,
MG, Brazil. The main aims are to: (i) evaluate the quality of
the surface effluent water; (ii) present an integrated physical,
geochemical and mineralogical characterization of the solid
tailings; and (iii) understand the chemical and grade distri-
bution and potential for metallurgical extraction of various
elements from the tailings dam. Overall, the study demon-
strates the potential of recovering metals in a conceptually
linear process, promoting a more sustainable Study Site.

The study area is in the Iron Quadrangle (QF), a metal-
logenetic province that hosts large gold and iron deposits, in
addition to industrial gems and minerals (Porto 2008). The
QF represents one of the most important geotectonic unit
with rocks and geological evolution of Archaean and Protero-
zoic ages (Almeida 1967). Three main tectono-stratigraphic
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domains compose the QF province: granite-gneissic terrains,
a sequence of greenstone belt type (Rio das Velhas Super-
group—SGRYV), and a supracrustal sequence of chemical
and clastic sedimentary rocks (Minas Supergroup). The Rio
das Velhas Greenstone Belt, largely located in the State of
Minas Gerais (Fig. 1a), is the most important gold district
in Brazil, with an estimated 4.5% (936 t) of the world’s ore
reserves (Goldfarb et al. 2001; Lobato et al. 2001b). From
the bottom to the top, it comprises tholeiitic mafic volcanic
rocks and komatiites, banded iron formations of the Algoma
type, metavolcanoclastic schists and phyllites, and terres-
trial clastic sequences, all metamorphosed into greenschist
to amphibolite facies (Fig. 1b; Almeida 1976; Schorscher
1978). The mineralized bodies, hosted in Archaean rocks,
are structurally associated and controlled by hydrothermal
alteration.

The Santa Barbara tailings dam is located in the north-
ern part of the QF, in Santa Barbara, Minas Gerais, 110 km
from Belo Horizonte (Fig. 1). Underground mine waste from
gold metallurgical plants has been deposited in this structure
(Fig. 1c) since 1986.

Santa Barbara has a tropical climate with dry winters
and humid summers. The hottest month is February, with
an average temperature of 27 °C, and the coldest is July,
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with 13.6 °C. The average annual rainfall is 1897 mm,
higher in the summer (IBGE 2019).

The Santa Barbara tailings dam lies within the geologi-
cal context of the Cérrego do Sitio unit (Baltazar 1998).
The Cérrego do Sitio unit is a metamorphosed turbidite in
an alternating sequence of metagraywacke and phyllites,
enclosing metamafic dikes and sills. The ore zone lies at
the stratigraphic discontinuity between metasedimentary
and metamafic rocks. The gold is associated with arse-
nopyrite and pyrite, which are disseminated in metape-
litic rocks and quartz-carbonate veins. The mineralization
includes several stages of crystallization: (1) pyrite and
pyrrhotite, (2) arsenopyrite, pyrrhotite, and fine pyrite, (3)
arsenopyrite with pyrrhotite and sulfosalts in quartz vein,
and (4) pervasive pyrite (David 2006; Porto 2008). The
sulfosalts are mainly represented by berthierite.

The mined ore feeds the metallurgical plant, where
it undergoes: (1) crushing, (2) grinding, (3) gravimetric
separation, (4) sulfide flotation, (5) pressure oxidation in
an autoclave, and (6) leaching. Currently, only 25% of the
run-of-mine (ROM) mass is used to recover gold, with
variations related to the ore type treated (Lemos et al.
2019), resulting in different volumes and gold grades in
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Fig.1 a Location of study area; b Iron Quadrangle map ( modified from Alkmin et al. 1998; Ruchkys et al. 2013; Porto 2008); and ¢ sampled
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the deposited tailings. Water from the metallurgical pro-
cess is reused without treatment (RC—Fig. 2c).

The Santa Barbara tailings dam was built using a center-
line method and spreads over a 25 km? area (Fig. 2). Water
and solid tailings from the flotation and leaching operations
are deposited in this structure with a capacity of SMM m?
of tailings (AGA 2018). After the Brumadinho tragedy, only
last-stage tailings are collected in the dam, since all flotation
tails now pass to a dry stack process. However, from 1986
to 2019, the dam received considerable volumes of mine
tailings, thus suggesting considerable potential for reuse
studies.

Materials and Methods

Sampling occurred during the end of winter and early spring
(from late August to late September 2019). In this season,
the weather varied between dry and humid periods, with
rainfall occurring in the late afternoon. Temperatures ranged
from 19 to 25 °C (IBGE 2019). The water samples were
collected in the flooded areas (total 14 sites—Fig. 1b) and
from the catchment that stores the water tailings reused in
the metallurgical plant (total of 10 water samples represent-
ing one month period, three times per week). The water was
stored in polyethylene bottles and kept at a 4 °C until analy-
sis. Samples for metal analysis were acidified with HNO; to
avoid precipitation.

A total of 123 sediment samples were collected using an
auger, drilling up to 2 m (Fig. 1b). The dam was divided into
three regions that were dry and had safe access. The distance
between the samples ranged from 13 to 20 m, depending on
the sampling area.

In the laboratory, parameters such as pH, Eh, turbidity,
and electrical conductivity of effluent water samples were
obtained using methodologies from the Standard Methods of

Water and Wastewater (APHA 2005). Water samples were
filtered using a 0.45 um filter (Sigma Aldrich) and subjected
to chemical analysis for Fe, Al, S, As, Cu, Sb, and Au by
inductively coupled plasma mass spectrometry (ICP-MS)
at Universidade Federal de Minas Gerais (UFMG) water
analysis laboratory.

Chemical analysis of the solid tailings was performed by
atomic absorption spectroscopy (AAS using AAS280 FS
Varian) to determine Cu, As, Sb, S, and Fe. Fire assaying
was used to obtain analytical gold data from the tailings. The
choice of these elements was based on ore mineralogy and
concentrations during production monitoring.

All the reagents used were of analytical grade. All metal
solutions were prepared from concentrated stock solutions
(Sigma Aldrich). High-purity water (HPW) was produced
with a Millipore Milli-Q Academic system, which was used
throughout the analytical process. Each sample batch pre-
pared for ICP-MS and AAS analysis included water samples,
duplicates, blanks, and standard reference materials for qual-
ity assurance and quality control (QC/QA) procedures. The
Certified Reference Materials Si81 (Rocklabs) for solid tails
were selected to represent a wide range of total elemental
concentrations. Results of method blanks were always below
detection limits. Values for precision (expressed as RSD %)
were typically less than 15% for all elements.

In addition to the geochemical data, polished sections
were prepared for mineralogical characterization. The min-
eralogical study was carried out using optical microscopy
and scanning electron microscopy (SEM, Field Electron and
Ion Company, FEI) at UFMG, Belo Horizonte. The samples
were analyzed in a FEI electronic microscope, Quanta 600
FEG, high vacuum mode, coupled to the automated analyzer
software (MLA—mode GXMAP and SPL-DZ) and the EDS
Espirit Bruker (20Kve) microanalysis system.

To evaluate the potential of recovering metals and
metalloids such as Au, Sb, and As, three batch tests were

Fig.2 a Operational unit and tailings dam. b Panoramic image (bird’s eye view) of residual water tailings
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conducted on samples composed of solid wastes represent-
ing the three areas (Fig. 1¢). The first test was an attempt to
recover Sb and As thermally (Dundee Sustainable Technolo-
gies 2016; Liu et al. 2013; Padilha et al. 2014) by volatil-
izing and collecting it downstream as an oxide byproduct.
The goal was to volatilize the Sb in the kiln in an inert or
reducing atmosphere, separating it from the gangue material,
and then oxidize it as it exited the kiln body. The experi-
ment was conducted in a rotary horizontal quartz kiln, in a
single stage with a final temperature of 850 °C, for 350 min
in an atmosphere of 20% CO and 80% N,. The second test
was conducted in two stages with a final temperature of
930 °C, 994 min, and an atmosphere of 3% O, and 97%
N,. Another experiment was made in a wet, high intensity
magnetic separator (WHIMS) as some successful applica-
tions of this methodology for iron, copper, and lead recovery
from tailings have been described (Guest et al. 1988; Rao
et al. 2016). The test occurred in five stages to reproduce
a high grades Sb concentrate. A 200 g sample of the solid
tailings was processed using an Eriez L4 WHIMS unit. Tail-
ings from each separation were reprocessed at successively
higher magnetic intensities (1500-10,100 G). For Au recov-
ery, well-established bottle roll tests were performed in an
agitated cyanide leaching solution at a pH of 11. Oxygen
levels, alkalinity, acid consumption, and other parameters
were monitored and strictly controlled.

Results and Discussion

Surface Effluent Water

Table 1 presents the physical and chemical parameters of the
water collected from the tailings dam’s surface. Liquids sam-

ples from accumulated flooded areas (RP) were compared
with samples taken over time from the point of return to the

plant (RC — Fig. 2b). Mine waters are very often acidic due
to the water—rock interaction processes involving sulfides,
but neutral to alkaline waters are also common and may
present high concentrations of metals and metalloids (Nor-
dstrom 2011).

In the present study, the results (Table 1) indicate that
water quality was controlled not only by the ore deposit
geology, but especially by the processing conditions in the
hydrometallurgical plant. Therefore, sulfate occurs in high
concentrations (1683-1914 mg/L in RP), in accordance
with the ore mineralogy characterized by the presence of
sulfides (pyrite, pyrrhotite, arsenopyrite). However, there
are no AMD conditions as minimum pH is around 8, reach-
ing a maximum of 10, reflecting the alkaline products used
for extraction of gold with cyanide solutions. Therefore, as
referred by Dold (2014), the general properties are typical
of the operational phase of mining tailings, with an alkaline
pH-Eh regime, and high concentrations of sulfate, metals
(Cu), and metalloids mobilized from the primary minerals.

Climatic conditions control the evaporation/concentration
and leaching/dilution cycle at tailings dams. Consequently,
the difference between the residual and recirculated water
may be due to these effects since the RC samples were col-
lected over a two month period with rainfall; thus, the con-
centration changes could be due to dilution, in addition to
these other parameters.

Comparing the two samples groups suggests a decrease
in the mean values of some of the RC parameters, including
sulfate, As (which decreased by =~ 40%), and especially Cu,
which changed from 23.6 mg/L in RP to 5.23 mg/L in the
recirculated water (a decrease of = 78%). The variability
observed for Au in the RP was also noteworthy. Comparing
the results, the Cu values were generally above the discharge
limits in Brazil (CONAMA 2005). Therefore, this character-
istic is another motivator for studying the effluent for reuse
of metals.

Table 1 Statistical summary

X Physical Parameters
of effluent water physical—

RC WasteWater (N=10)

Resudial WasteWater (N=14)

chemical parameters and Mean Max Min Stdesv Mean Max Min Stdesv

dissolved EC electrical

conductivity SD — Standard Turbidity (NTU) 17.0 65.0 4.56 13.7 22.00 40.00 9.00 8.36

deviation eC (um/cm) 2822 4058 2414 353 3390 5076 2077 770
pH 8.60 9.71 8.00 0.449 8.56 9.90 7.80 0.512
eH 234 264 214 14.8 250 288 215 23.6
Metals (mg/L)
Au <0.05 <0.05 <0.05 0 0.136 0.17 0.07 0.022
Fe 0.264 0.315 0.22 0.034 0.208 1.96 0.04 0.206
Al 0.310 0.386 0.247 0.051 0.278 0.35 0.12 0.042
Cu 5.23 114 3.37 1.77 23.6 24.9 21.0 0.769
Sb 0.645 0.652 0.632 0.009 0.639 0.664 0.610 0.023
SO, 1683 1759 1570 75.6 1754 1914 1683 54.9
As 0.046 0.074 0.023 0.012 0.075 0.15 0.06 0.021
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Solid Tailings

Among physical properties, grain size is a key issue to con-
sider, both for environmental implications and potential
for economic recovery. Many properties, such as specific
surface area, are dependent on particle size. Consequently,
processes such as adsorption/desorption, dissolution rates,
and the general reactivity of the tailings are controlled by
grain size fractionation. Figure 3 shows the average particle
size distribution of the Santa Barbara dam samples. Results
indicate that 80% pass through a 40 um sieve. Thus, similar
to many other tailings storage facilities (e.g. Nengovhela
et al. 2006), this profile is dominated by silt and clay sized
particles.

The chemical composition of the tailings is presented
in Table 2 as a statistical summary for the sampled areas
(Fig. 1c) and the two depths. In general, the Au mean
grades were 0.505 g/t for the first sampled meter (S1m) and
0.684 g/t for the second sampled meter (S2m).

The mean concentrations of elements such as S, As Fe,
Sb, and Cu are respectively 0.741%, 0.056%, 2.50%, 0.159%,
and 0.012% for S1m and 0.860%, 0.042%, 2.62%, 0.194%,
and 0.009% for S2m. The mean grades showed low variation
by depth and a slight trend to increase in samples collected
from the second meter (with some exceptions in Areas 2 and
3 — Fig. 4). Evaluating the grades by sampled region, Area
1 had the samples with the highest grades of Au, S, and Sb.
The distributions by metals and metalloid by depth and area
are illustrated in Fig. 4. The distribution can be associated to

100

the variability of the metallurgic plant during the production
process, spilling pulses, and migrating spilling points that
caused local enrichment of individual phases like sulfides, as
reported by others, e.g. Redwan et al. (2012). Besides this,
after deposition, mine tailings could suffer geochemical and
mineralogical evolution through weathering process. There-
fore, these three assumptions together can explain the vari-
ations in content of samples collected from different areas
and at different depths (Fig. 4).

Figure 5 also shows a correlation trend expressed as a
Pearson correlation between the elements analyzed. For Au,
a positive and not very significant coefficient of 0.42 was
found for S; however, there is a negative trend for the mean
grades of Au and As. Arsenic, Sb, Cu, and Fe presented
higher positive correlation trends (e.g. 0.84 for Sb with As
and 0.96 Sb with Fe). Table 3 shows an estimate of tonnage
and respective element mean of content for the total area of
the storage facility, considering the density of the tailings
and two sampling depths.

Chemical and mineralogical characterization, using quan-
titative electronic approaches, are key tools for optimization
of the extraction processes, in complex ores (e.g. Goodall
et al. 2012) and in tailings storage facilities (Guanira et al.
2020). In the present study, the mineralogy of the tailings
provides the knowledge needed to understand mineral asso-
ciations, mineral liberation, and, consequently, to evaluate
the potential for metal recovery.

Table 4 identifies the host minerals and how the ele-
ments of interest occur in the Santa Barbara dam. The
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Table 2 Summary statistics of Elemet Deep(m) Mean StDev  Minimum  Maximum
Au, S, As, Fe, Sb and Cu by
Depth and Sampled Area Areal (NIm=24 and N2m=24) Aug/t 1 0.619 0.119 0470 0.910
2 1.02 1.242 0.510 6.74
S (%) 1 0.880 0219 0.100 1.28
2 0925 0.127 0.750 1.21
As (%) 1 0.065  0.072 0.001 0.170
2 0.060  0.074 0.001 0.180
Fe (%) 1 2.74 0.976 1.08 5.88
2 2.87 0.897 1.74 4.90
Sb (%) 1 0.189  0.258 0.002 0.808
2 0.241  0.282 0.002 0.988
Cu (%) 1 0.011  0.010 0.001 0.030
2 0.009  0.009 0.001 0.040
Area2 (NIm=10 and N2m =5) Au g/t 1 0.316  0.098 0.250 0.590
2 0.293  0.076 0.240 0.380
S (%) 1 0.603  0.526 0.005 1.23
2 0.957 0.074 0.900 1.04
As (%) 1 0.156  0.029 0.100 0.190
2 0.193  0.025 0.170 0.220
Fe (%) 1 2.86 0.920 1.79 4.26
2 3.20 1.73 1.71 5.09
Sb (%) 1 0.197  0.053 0.090 0.270
2 0.303  0.085 0.240 0.400
Cu (%) 1 0.035  0.005 0.030 0.040
2 0.040  0.000 0.040 0.040
Area 3 (NIm=28 and N2m=27) Aug/t 1 0474  0.173 0.290 1.20
2 0431  0.088 0.320 0.680
S (%) 1 0.670  0.364 0.005 1.530
2 0.805  0.256 0.005 1.130
As (%) 1 0.013  0.011 0.001 0.050
2 0.009  0.001 0.001 0.030
Fe (%) 1 2.17 0.785 1.03 3.86
2 2.34 0.975 1.03 4.25
Sb (%) 1 0.120  0.236 0.002 0.830
2 0.141  0.252 0.001 0.838
Cu(%) 1 0.005  0.005 0.001 0.010
2 0.005  0.005 0.001 0.010
Total (NIm=62and N2m=61) Au g/t 1 0.505 0.176 0.250 1.20
2 0.684  0.875 0.240 6.74
S (%) 1 0.741  0.361 0.005 1.53
2 0.867  0.208 0.005 1.21
As (%) 1 0.056  0.068 0.005 0.190
2 0.042  0.067 0.005 0.220
Fe (%) 1 2.50 0.923 1.03 5.88
2 2.62 1.01 1.03 5.09
Sb (%) 1 0.159  0.226 0.002 0.830
2 0.194  0.263 0.001 0.988
Cu(%) 1 0.012  0.013 0.001 0.040
2 0.009  0.011 0.001 0.040
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Fig.5 Matrix plot of Pearson of Au, S, As, Fe, Cu and Sb mean values by area and depth

mineralogy comprises inherited minerals like quartz,  as antimony oxide and rarely in arsenopyrite. Jarosite was
muscovite, biotite, and phases formed during process-  the main host of Fe and S, instead of pyrite. Iron oxide/
ing stages, such as gypsum, jarosite, and Fe-antimoniate. ~ hydroxide was also identified in the samples. The source
These latter two are sources of Sb, as can be seen in Fig. 6. of Cu is chalcopyrite, but it was rarely detected.

Arsenic was also found to be associated with phases such
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Table 3 Estimated tonnage and element mean of contents for Au, As,
Cu, Sb and S in Santa Barbara tailings dam

Element Tonnes (kt)? Grade Element Content
Au (g/t) 853.5 0.504 13.83°

S (%) 0.804 686°

As (%) 0.049 41.82°¢

Sb (%) 0.177 151¢

#Kt = t*1000 for 2 m sampled

®Koz
‘%1000

Table 4 Mineralogical composition of santa barbara solid tailings

A special emphasis was given to the behavior of gold due
to its economic value (Fig. 7). The following gold phases
were detected: native gold, gold associated with Cu and Ag
and aurostibite. Au particles were liberated and associated
with jarosite and quartz, as illustrated by the false color
image processed in multispectral linear arrays (MLA—right
below in Fig. 7). The gold-containing phases are very thin,
mostly less than 7 pm.

This mineralogical study provides additional informa-
tion on and helps to understand the chemical behavior of
the elements in the tailings dams. The correlations observed
between the elements (Fig. 5) reflects their association with
common mineralogical hosts. For example, Sb with Fe and

Minerals Chemical Formula Wt% Distribution and association

Quartz Si0, 35.6 Mainly liberated

Feldspar Group Mainly liberated

Albite NaAlSi;Oq 1.11

Anorthite CaAl,Si,04 0.053

K feldspar KAISi;Oq 1.27

Sheet Silicates

Biotite KMg, sFe,, ( sAlSi;0,,(OH), 75F; »5 1.26

Muscovite Group KAI;51;0,,(0OH), oF, 29.0 Mainly liberated and associated with quartz
and Fe species

Chlorite (Mg,Fe);(Si,Al),010(0OH),.(Mg,Fe);(OH),¢ 5.01

Oxides

Iron Oxides/Hydroxides Fe,04/FeOOH 0.378 Mainly liberated and associated with jarosite

Rutile/Anathase TiO, 0.599

Fe antimoniate FeSb(As)O 0.806

Carbonates

Ankerite Ca(Fe,Mg,Mn)(CO5)0, 9.00 Mainly liberated

Siderite FeCO; 7.20

Calcite CaCO;, 5.40

Sulphates

Gypisium CaS0O4 2H20 1.00 Mainly liberated

Jarosite (With Sb) KFe(S0,),(OH); & (H30)Fe(SO,),(OH), 2.00

Arsenates Enclosed in jarosite and silicates

Scorodite FeAsO,e,(H,0) 0.049

Sulphides

Pyrite Fe?*s, 0.080 Enclosed in jarosite and silicates

Pyrrhotite Fe2*t098 0.041

Arsenopyrite Fe**AsS 0.056

Berthierite FeSb,S, 0.141

Chalcopyrite CuFe?*s, 0.028

Sphalerite 0.009

Gold Minerals

Native Gold Au>80%, Ag, Cu (158)*

Electrum Au=80%, Ag=20% 6)* With quartz, gypsium, sulphides and jarosite

Aurostibite AuSb (146)*

“ONumber of gold mineral grains identified and characterized
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Fig. 6 SEM-SE images and respective EDS spectra of Fe species and sulfides

Sb with As, with a correlation of 0.84 and 0.96 occur in
common phases.

Most of these elements are in phases transformed in the
oxidation by pressure stages and associated with sulfides not
recovered in flotation. Jarosite, iron antimoniate, and even
iron oxide are suggested to be the result of the oxidation and
precipitation of these elements from sulfides, such as berth-
ierite and arsenopyrite (Berezowsky et al. 1984). Residual
gold and sulfides represent extraction inefficiencies during
the beneficiation, which results in co-precipitation/ encapsu-
lation of elements like Sb and As in phases such as jarosite.

Batch Test to Recover Sb, As, and Au from Solid
Tailings

According to the forms of occurrences of the metals
and metalloid of potential value, such as Au, Sb, and As
(Figs. 4 and 5, and Table 4), batch tests were conducted
on solid tailings to check the feasibility of recovery. The
highest reported Sb and As volatilization occurred in a
two-stage roast as shown, together with the conditions
tested, in Table 5. Even though Sb and As were associ-
ated with magnetic phases, the WHIMS test showed very

@ Springer

low recoveries. The same behavior was observed for gold,
with an extraction rate of 10%.

In a way, the results showed relatively low recovery
rates, as expected due to the complexity demonstrated by
the mineralogy and low content of these metals. However,
the recoveries were obtained from composite samples and
not in the most optimistic scenarios, that is, when perform-
ing selective extraction of the enriched areas (Fig. 4).

Therefore, the results indicate a need for review of the
current experiments for increasing efficiency. Moreover,
even though these metals are present as complex phases
and the tailings are very fine (Fig. 6), such evaluations
should be performed to precisely assess the potential of
tailings for reuse.

Only a slight increase of grades by depth (Table 2)
was detected, and the results were promising regarding
the possibility of metal recovery, especially considering
similar and new studies. Moreover, in accordance with
the element supply risk list (British Geological Survey
2015), Sb and As were ranked in the highest risk category,
enhancing interest in their recovery. Therefore, the data
obtained in Santa Barbara justify an effort towards more
detailed studies, covering the entire area and depth of the
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Table 5 Batch tests results of Experiment Feed Grade Overrall recovery (%)
Sb, As and Au recovery
Sb (%) As (%) Au (ppm) Sb (%) As (%) Au (%)

WHIMS 0.2 0.05 - 3 6 -

1 stage klin roasting 0.2 0.05 - 6 -

2 stage klin roasting 0.2 0.05 - 19 7 -

Cyanide bottlerRoll - - 0.5 - - 10

dam to accurately assess the recovery potential of these
critical substances.

Conclusion

A gold process plant tailings dam was characterized for sur-
face water and solids tailings up to 2 m deep. Information
was obtained using integrated hydrochemical, geochemi-
cal, and mineralogical techniques. Moreover, it supported
preliminary metallurgical testing and a more detailed view
of the loss of Au, the main product of this operation. Min-
eralogical characterization demonstrated how metals and
metalloids such as Sb, As, S, and Au occur in complex
forms and detailed and innovative metallurgical tests must
be performed. Therefore, and most importantly, the present
study compiled a knowledge base that could support future

decisions about the potential reuse of the tailings, while
making clear how complex it would be.

The effluent water is alkaline, in accordance with the
operation stage and the chemical products used in the treat-
ment plant. The most important properties are the high
concentrations of sulfate, Cu, As, and Sb, associated both
with the mineralization and the process chemicals used for
gold extraction. These results suggest the need for further
research on metal recovery and improving the quality of the
industrial water recirculated for the beneficiation process.

The characterization of the tailings solids confirms the
need for reevaluation of the process routes already tested,
in order to improve extraction efficiency. Also, the chemi-
cal and mineralogical compositions revealed the grades and
occurrence modes of elements that are considered to be fac-
ing supply risk, such as Au, Sb, and As. Jarosite and Fe
antimoniate are host phases.
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Even considering that these metals occur in complex
forms and the recovery of elements as Sb, As, and Au
presented low rates in preliminary metallurgical tests, the
results demonstrate the potential for reuse or refinement of
the process for better use of the resource. Further efforts
should be developed for an accurate calculation for the entire
dam, which will allow more precise assessment of the recov-
ery potential of enriched areas and to validate the aspirations
in the context of a circular economy.

Acknowledgements This work was funded the Fundagdo para a
Ciéncia e a Tecnologia (FCT) through projects UIDB/04683/2020,
UIDP/04683/2020, Nano-MINENV 029259 (PTDC/CTA-
AMB/29259/2017), and by AngloGold Ashanti Brazil. We thank our
colleagues from the ICT, microscopy center from Universidade Federal
de Minas Gerais (CM-UFMG), and AngloGold Ashanti who provided
insight and expertise that greatly assisted the research. The authors are
also deeply grateful to Professor Rafael Rubio, the editorial staff, and
the anonymous reviewers for their valuable comments and suggestions

References

Acheampong MA, Meulepas RJW, Lens PNL (2010) Removal of heavy
metals and cyanide from gold mine wastewater. ] Chem Technol
Biot 85(5):590-619

AGA (AngloGold Ashanti) (2018) AngloGold Ashanti recommenda-
tions. Internal LGU report. Unpubl

Akinwekomi V, Maree JP, Masindi V, Zvinowanda C, Osman MS,
Foteinis S, Mpenyana-Monyatsi L, Chatzisymeon E (2020) Ben-
eficiation of acid mine drainage (AMD): a viable option for the
synthesis of goethite, hematite, magnetite, and gypsum — gear-
ing towards a circular economy concept. Miner Eng. https://doi.
org/10.1016/j.mineng.2020.106204

Alkmin FF, Marshak S (1998) Transamazonian orogeny in the southern
Sdo Francisco craton region, Minas Gerais, Brazil: evidence for
paleoproterozoic collision and collapse in the Quadrilatero Fer-
rifero. Precambrian Res 90(1-2). https://doi.org/10.1016/S0301
-9268(98)00032-1

Almeida FFM (1967) Origem e Evolucdo da plataforma brasileira. Rio
de Janeiro, DNPM 241:36 ([in Portuguese])

Almeida FFM (1976) Estruturas do Pré-Cambriano Inferior Brasileiro.
Proc, 29° Congresso Brasileiro de Geologia, pp 201-202 [in
Portuguese]

Altinkaya P, Liipo J, Kolehmainen E, Haapalainen M, Leikola M,
Lundstrom M (2019) Leaching of trace amounts of metals from
flotation tailings in cupric chloride solutions. Min Metall Explor
36:335-342

Antunes M, Fernandes R, Pinheiro A, Valente T, Nascimento S (2010).
Potential of reuse and environmental behavior of ochre-precipi-
tates from passive mine treatment. In: Wolkersdorfer C, Freund
A (Eds), IMWA Proceedings, pp 205-208

APHA - American Public Health Association (2005) Standard method
for examination of water and wastewater, 21% edit. AWWA,
WPCF, Washington DC

Aratijo TD, Queiroz AASL (2017) Economia Circular: um breve
panorama da producdo cientifica entre 2007 e 2017. Proc, XIX
Encontro Internacional sobre Gestdo Empresarial e Meio Ambi-
ente (ENGEMA), p 1-17 [in Portuguese]

Baltazar OF, Silva SL (1998) Mapa geolégico integrado - texto expli-
cativo em escala 1: 100.000. In: Projeto Rio das VelhasDNPM/
CPRM, Brasilia [in Portuguese]

@ Springer

Berezowsky RMG, Weir DR (1984) Pressure oxidation pretreatment of
refractory gold. Min Metall Explor 1:1-4. https://doi.org/10.1007/
BF03402544

Blight G (2011) Mine waste: a brief overview of origins, quantities,
and methods of storage. In: Vallero D (ed) Letcher T. Waste, A
Handbook for Management. Cambridge Academic, pp 77-88

British Geological Survey (2015) British Geological Survey risk list,
British Geological Survey, England. https://www.bgs.ac.uk/miner
alsuk/statistics/riskList.html

Chen T, Lei C, Yan B, Xiao XM (2014) Metal recovery from the copper
sulfide tailing with leaching and fractional precipitation technol-
ogy. Hydrometallurgy 147-148:178-182

CONAMA - Conselho Nacional do Meio Ambiente - CONAMA
(2005) Resolugao n° 430, de 13 de maio de 2001 Dispde sobre as
condigdes e padrdes de lancamento de efluentes, complementa e
altera a Resolu¢do no 357 Environmetal Protection Authority of
Brazil, Brasilia [in Portuguese]

David MEV (2006) Composi¢do isotopica de Pb, Sr e Nd da min-
eralizacdo de ouro do depdsito Cdrrego do Sitio, Quadrilatero
Ferrifero (MG): implicagdes na modelagem conceitual. Instituto
de Geociéncias, Univ de Sao Paulo, MSc Diss ([in Portuguese])

de Silva R, A, Secco MP, Lermen RT, Schneider IAH, Hidalgo GEN,
Sampaio CH, (2019) Optimizing the selective precipitation of iron
to produce yellow pigment from acid mine drainage. Miner Eng
135:111-117

Dehghani A, Mostad-Rahimi M, Mojtahedzadeh S, Gharibi K (2009)
Recovery of gold from the Mouteh gold mine tailings dam. J S
Afr I Min Met 109:417-421

Dold B (2014) Evolution of acid mine drainage formation in sulphidic
mine tailings. Minerals 4:621-641

Dundee Sustainable Technologies (2006) Method for vitrification of
arsenic and antimony. US9981295B2, https://patents.google.com/
patent/US9981295B2/en

Ellen Macarthur Foundation (2013) Towards the Circular Economy,
Cowes, UK. http://www.ellenmacarthurfoundation.org/business/
reports

Falagan C, Grail BM, Johnson DB (2017) New approaches for
extracting and recovering metals from mine tailings. Miner Eng
106:71-78

Gaustad G, Krystofik M, Bustamante M, Badami K (2017) Circu-
lar economy strategies for mitigating critical material supply
issues. Resour Conserv Recy. https://doi.org/10.1016/j.resco
nrec.2017.08.002

Goldfarb R (2001) Orogenic gold and geologic time: a global synthesis.
Ore Geol Rev 18:1-75

Goodall W, Butcher A (2012) The use of QEMSCAN in practical gold
deportment studies. Min Proc Ext Met 121:199-204

Grande JA, De La Torre ML, Andujar JM, Valente T, Santisteban M
(2013) Definition of a clean energy system for decontamination
of acid mine waters and recovering their metal load. Miner Mag.
https://doi.org/10.1180/minmag.2013.077.5.7

Guanira K, Valente TM, Rios CA, Castellano OM, Salazare L, Lat-
tanzi D, Jaimee P (2020) Methodological approach for mineral-
ogical characterization of tailings from a Cu (Au, Ag) skarn type
deposit using QEMSCAN (Quantitative Evaluation of Minerals
by Scanning Electron Microscopy). J Geochem Explor. https://
doi.org/10.1016/j.gexplo.2019.106439

Guest RN, Svoboda J, Venter WJC (1998) The use of gravity and mag-
netic separation to recover copper and lead from Tsumeb flotation
tailings. J S Afr I Min Met 88(6):21-26

Heiden R (2003) Recovery of marketable iron oxide from mine drain-
age in the USA. Land Reclamat 11:93-97

Hudson-Edwards KA, Macklin MG, Brewer PA, Dennis IA (2008)
Assessment of Metal Mining-contaminated River Sediments in
England and Wales. Environment Agency. http://www.eugris.info/
displayresource.aspx r=6681


https://doi.org/10.1016/j.mineng.2020.106204
https://doi.org/10.1016/j.mineng.2020.106204
https://doi.org/10.1016/S0301-9268(98)00032-1
https://doi.org/10.1016/S0301-9268(98)00032-1
https://doi.org/10.1007/BF03402544
https://doi.org/10.1007/BF03402544
https://www.bgs.ac.uk/mineralsuk/statistics/riskList.html
https://www.bgs.ac.uk/mineralsuk/statistics/riskList.html
https://patents.google.com/patent/US9981295B2/en
https://patents.google.com/patent/US9981295B2/en
http://www.ellenmacarthurfoundation.org/business/reports
http://www.ellenmacarthurfoundation.org/business/reports
https://doi.org/10.1016/j.resconrec.2017.08.002
https://doi.org/10.1016/j.resconrec.2017.08.002
https://doi.org/10.1180/minmag.2013.077.5.7
https://doi.org/10.1016/j.gexplo.2019.106439
https://doi.org/10.1016/j.gexplo.2019.106439
http://www.eugris.info/displayresource.aspx?r=6681
http://www.eugris.info/displayresource.aspx?r=6681

Mine Water and the Environment (2021) 40:257-269

269

IBGE (2019) Instituto Brasileiro de Geografia e Estatistica. https://
www.ibge.gov.br/geociencias/informacoes-ambientais/climatolog
ia.html

Jafari M, Abdollahzadeh A, Aghababaei F (2017) Copper ion recovery
from mine water by ion flotation. Mine Water Environ 36:1-5.
https://doi.org/10.1007/s10230-016-0408-2

Kossoff D, Dubbin WE, Alfredsson M, Edwards SJ, Macklin MG,
Hudson- Edwards KA (2014) Mine tailings dams: characteristics,
failure, environmental impacts, and remediation. Appl Geochem
51(229):245

Lemos MG, Magalhdes MF, Souza TFQ, Pereira MS, Vieira MMS
(2019) Geometallurgical analysis for increasing gold recovery —
Santa Barbara, MG. Proc World Gold 2019:210-218

Li X, Zhao C, Lu R, Xu X, Jia X (2013) Efficient adsorption of gold
ions from aqueous systems with thioamide-group chelating
nanofiber membranes. Chem Eng J 229:420-448

Liu B, Zhang C, Li L, Wang Y (2013) Recovery of gold and iron from
the cyanide tailings by magnetic roasting. Rare Metal Mater Eng
42(9):1805-1809

Lobato LM, Ribeiro-Rodrigues LC, Vieira FWR (2001) Brazil’s pre-
mier gold province. Part II: geology and genesis of gold deposits
in the Archean Rio das Velhas greenstone belt. Quadrilatero Fer-
rifero Miner Depos 36:249-277

Lottermoser B (2007) Mine wastes: characterization, treatment and
environmental impacts. Springer, Berlin

Manoucheri H, Mosser A, Gaul F (2016) Techno-economic aspect of
ore sorting - is sorting a missing part in the mining industry - a
case study at Sandvik’s Mittersill tungsten mine. In: Proceed-
ings of 28th International Mineral Processing Conference, ISBN:
978-1-926872-29-2

Martin CJ, Al TA, Cabri LJ (1997) Surface analysis of particles in
mine tailings by time-of-flight laser-ionization mass spectrometry
(TOF-LIMS). Environ Geol 37:107-113

Martin M, Janneck E, Kermer R, Patzig A, Reichel S (2015) Recovery
of indium from sphalerite ore and flotation tailings by bioleach-
ing and subsequent precipitation processes. Miner Eng 75:94-99

Nengovhela AC, Yibas B, Ogola JS (2006) Characterisation of gold
tailings dams of the Witwatersrand Basin with reference to their
acid mine drainage potential. Water SA 32(4):499-506

Nordstrom K (2011) Mine waters: acidic to circumneutral. Elements
7:393-398

Novhe NO, Yibas B, Coetzee H, Mashalane T, Atanasova M, Vada-
pallil VRK, Wolkersdorfer C (2018) Geochemistry and mineral-
ogy of precipitates formed during passive treatment of acid mine
drainage in the Ermelo coalfield, South Africa. Proc, IMWA 2018
Conf, pp 171-176

Padilla R, Aracena A, Ruiz MC (2014) Kinetics of stibnite (Sb,S;)
oxidation at roasting temperatures. ] Min Metall 50(2 B): 127-132

Parbhakar-Fox A, Fox N, Jackson L (2016) Geometallurgical evalu-
ations of mine waste - an example from the Old Tailings Dam,
Savage River, Tasmania. In: Proceedings of 3rd AusIMM Inter-
national Geometallurgy Conferencce, pp 193-204

Pires KS, Mendes JJ, Figueiredo VC, Silva FL, Von Kriigera FL,
Vieira CB, Aratjo FGS (2019) Mineralogical characteriza-
tion of iron ore tailings from the Quadrilatero Ferrifero, Bra-
zil, by electronic quantitative mineralogy. Mat Res. https://doi.
org/10.1590/1980-5373-mr-2019-0194

Porto CG (2008) A mineralizac@o aurifera do depésito Cérrego do
Sitio e sua relagdo com o enxame de diques metamaficos no corpo
Cachorro Bravo - Quadrilatero Ferrifero - Minas Gerais. MSc
Thesis, Univ Federal de Minas Gerais [in Portuguese]

Rao GV, Markandeya R, Sharma SK (2016) Recovery of iron values
from iron ore slimes of Donimalai tailings dam. Trans Indian Inst
Met 69:143-150

Redwan M, Rammlmair D (2012) Understanding micro-environment
development in mine tailings using MLA and image analysis. In:
Proceedings of 10th International Congress for Applied Mineral-
ogy (ICAM), pp 589-596

Robben C, Condori P, Pinto A, Machaca R, Takala, (2020) A X-ray-
transmission based ore sorting at the San Rafael tin mine. Miner
Eng. https://doi.org/10.1016/j.mineng.2019.105870

Ruchkys UA, Azevedo DT, Machado MMM (2013) Patrim6nio
geologico e mineiro do Quadrilatero Ferrifero, Minas Gerais—
Caracterizacdo e iniciativas de uso para educacgdo e geoturismo.
Boletim Paranaense de Geociéncias [in Portuguese]. Doi: https://
doi.org/10.5380/ge0.v70i0.31541

Ryan MJ, Kney A, Carley T (2017) A study of selective precipitation
techniques used to recover refined iron oxide pigments for the
production of paint from a synthetic acid mine drainage solution.
Appl Geochem 79:27-35

Sang Y, Li F, Gu Q, Liang C, Chen J (2008) Heavy metal-contaminated
groundwater treatment by a novel nanofiber membrane. Desalina-
tion 223:349-360

Schorscher HD (1978) Komatiitos na estrutura “Greenstone Belt”
Série Rio das Velhas, Quadrilatero Ferrifero, Minas Gerais. Brasil
Congr Bras Geol 30(1):292-293 ([in Portuguese])

Shi T, Jia S, Chen Y, Wen Y, Du C, Guo H, W Z. (2009) Adsorption
of Pb(II), Cr(III), Cu(II), Cd(II) and Ni(II) onto a vanadium mine
tailing from aqueous solution. ] Hazard Mater 169:838-846

Silva SR, Procépio SO, Queiroz TEN, Dias LE (2004) Caracterizacio
de rejeito de mineragdo de ouro para avaliacdo de solubiliza¢ao
de metais pesados e arsénio e revegetagao local. Rev Bras Cienc
Solo. https://doi.org/10.1590/S0100-06832004000100018[inPor
tuguese]

Singh S, Sukla LB, Goyal SK (2020) Mine waste & the circular econ-
omy. Mater Today Proc 30(2):332-339

Skoronski E, Ohrt AC, Cordella RO, Trevisan V, Fernandes M, Miguel
TF, Menegaro DA, Dominguini L, Martins PR (2017) Using acid
mine drainage to recover a coagulant from water treatment residu-
als. Mine Water Environ 36:495-501

Souza Junior TF, Moreira EB, Heineck KS (2018) Barragens de rejeito
e contengdes no Brasil. Holos 5:1-39 ([in Portuguese])

Spooren J, Binnemans K, Bjorkmalm J, Breemersch K, Dams Y, Folens
K, Gonzalez-Moya M, Liesbeth H, Komnitsas K, Kurylak W,
Lopez M, Mikinen J, Onisei S, Oorts K, Peys A, Pietek G, Pon-
tikes Y, Snellings R, Tripiana M, Varia J, Willquist K, Yurramendi
L, Kinnunen P (2020) Near-zero-waste processing of low-grade,
complex primary ores and secondary raw materials in Europe:
technology development trends. Resour Conserv Recy. https://
doi.org/10.1016/j.resconrec.2020.104919

Tayebi-Khorami M, Edraki M, Corder G, Golev A (2019) Re-thinking
mining waste through an integrative approach led by circular
economy aspirations. Minerals. https://doi.org/10.3390/min90
50286

Twardowaska I, Allen HE, Kettrup AAF, Lacy WJ (2004) Solid
waste: assessment, monitoring and remediation. Elsevier, UK,
pp 319-394

Valente T, Grande JA, De La Torre ML (2016) Extracting value
resources from acid mine drainages and mine wastes in the Ibe-
rian Pyrite Belt. In: Drebenstedt C, Paul M (Eds), In: Proceedings
of Mining Meets Water — Conflicts and Solutions, pp 1339-1340

Von Ketelhodt L (2009) Viability of optical sorting of gold waste rock
dumps. Proc, World Gold Conf, pp 271-277

@ Springer


https://www.ibge.gov.br/geociencias/informacoes-ambientais/climatologia.html
https://www.ibge.gov.br/geociencias/informacoes-ambientais/climatologia.html
https://www.ibge.gov.br/geociencias/informacoes-ambientais/climatologia.html
https://doi.org/10.1007/s10230-016-0408-2
https://doi.org/10.1590/1980-5373-mr-2019-0194
https://doi.org/10.1590/1980-5373-mr-2019-0194
https://doi.org/10.1016/j.mineng.2019.105870
https://doi.org/10.5380/geo.v70i0.31541
https://doi.org/10.5380/geo.v70i0.31541
https://doi.org/10.1590/S0100-06832004000100018[inPortuguese]
https://doi.org/10.1590/S0100-06832004000100018[inPortuguese]
https://doi.org/10.1016/j.resconrec.2020.104919
https://doi.org/10.1016/j.resconrec.2020.104919
https://doi.org/10.3390/min9050286
https://doi.org/10.3390/min9050286

	Geoenvironmental Study of Gold Mining Tailings in a Circular Economy Context: Santa Barbara, Minas Gerais, Brazil
	Abstract
	Introduction
	Materials and Methods
	Results and Discussion
	Surface Effluent Water
	Solid Tailings
	Batch Test to Recover Sb, As, and Au from Solid Tailings

	Conclusion
	Acknowledgements 
	References




