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Abstract: Global situations such as economic recovery after a pandemic, geopolitical instability, and
future digital and energy transition are some of the drivers for the European Union (EU) to explore
new and existing sources of raw materials. The Iberian Pyrite Belt in the southwest of the Iberian
Peninsula (Spain and Portugal) hosts a great number of tailing deposits from centuries of mining
operations. A unique tailings deposit has been studied and characterized. The similarities with other
tailing deposits deeply studied suggested the presence of critical raw materials. Furthermore, a very
gross reserves estimation was made. The characterization and reserves estimations were compared
with the bibliography from mining companies who operated in the area decades ago and from the
bibliography available at Fundación Riotinto. The presence of critical raw materials was confirmed,
some of them in high concentrations. Moreover, a singular difference was found compared with other
similar tailings stored within the Iberian Pyrite Belt. The main valuable metals identified were Au
(2.25 ppm), Ag (215 ppm), Co (131 ppm) and Cu (0.29%). The reserves estimation showed that this
deposit potentially hosts 1.86 t of Au, 177 t of Ag, 108 t of Co or 2358 t of Cu; in other words, with a
copper average price of 8366 US$/t in December 2022, the tailings deposit contains a potential value
of more than 19 million USD.
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1. Introduction

The current energetic model and the increasingly technology-based economy are two
of the main drivers for demand increase for mineral resources, especially those known as
base and critical metals [1]. Countries with an extensive need for materials for their social
and economic development are playing a key role in global demand for resources.

Often, these raw materials are technically and economically challenging to obtain from
primary deposits. Moreover, primary deposits with high grades are becoming depleted,
so new orebodies with lower grades and high complexity appear to be the new future for
the mining industry [2]. The appetence for raw materials thus cannot be satisfied without
understanding the social and environmental consequences it has. In 1987, the report “Our
Common Future” by the World Commission on Environment and Development defined
sustainable development as a “development that meets the needs of the present without
compromising the ability of future generations to meet their own needs” (in other words,
ensuring their inter-generational equity) [3]. Historically, mining activities have been linear
processes; however, nowadays, a shift is required toward a more circular management of
mineral resources.

To reduce the import imbalance and increase its self-sustainability, it is a priority
for the EU to find new sustainable and affordable secondary supply sources within the
European borders. During 2011, the EU issued the first list of critical raw materials, which
has been updated four times since then. This list highlights those raw materials considered
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strategic for the European economy but also those at high risk of availability or supply [1].
Existing tailing dams along the EU are nowadays under the spotlight due to containing
both categories of raw material, secondary and critical raw materials.

The role of mine wastes in the sustainable supply of raw materials has yet to be
evaluated in depth. There are four types of mine waste deposits with high potential:
(1) mine dumps with discarded by-products from the past mining of other minerals that now
are considered critical; (2) mine dumps containing minerals in which present technologies
have reduced the cut-off grade, making lower grade ores now profitable; (3) mine tailings
with elements that were not previously identified or recovered with conventional separation
techniques [4]; (4) tailings from extraction plants not properly scaled to the ore grade of
the input, producing low recovery factors. The mineral resources in these deposits can
have massive scales, particularly in open pit mines where the rate between ore and the
by-product is very low.

Mine waste deposits thus represent a very suitable secondary source of mineral
resources. The lower costs in terms of energy, resources and risk compared to primary
extraction operations make it reasonable to explore the potential of materials that have
been already unearthed [5,6]. In addition, the mineral extraction from mine waste is not
only economically profitable but can also restore degraded landscapes and in many cases
can mitigate or remove uncontrolled sources of acid or metal-rich drainages [7].

In relation to this, the Iberian Pyrite Belt, in the southwest of the Iberian Peninsula,
hosts some of the oldest mines in the world [8]. It is known that original Riotinto mine was
already mined during Roman times, being gold and silver two of the metals extracted at
that time. More mining operations have taken place within the Iberian Pyrite Belt since
then; consequently, the number of tailing deposits is also increasing.

Tailings and residues from mining and metallurgical processes used to be mainly
stored in waste rock dumps and/or tailing deposits. Tailings characteristics vary depending
on the ore mined and the treatment applied to the ore. Waste rock dumps often host material
extracted from the mine. This material corresponds to pure gangue, low-grade ores or
simply complex ores difficult to treat with available technologies. On the other hand,
tailing deposits store material rejected during the separation/concentration treatment of
the mineral of interest. Generally, tailings are fine grain size materials; the reason lies in the
fact that minerals have to be finely grinded in order to be liberated and concentrated later
on. For years, the Iberian Pyrite Belt was one of the largest sources of pyrite for sulfuric acid
production [8]. Morrongos was the name given to the residues generated after open-air
pyrite roasting [9]. In some cases, Morrongos were processed again with the objective of
extracting the remaining fresh pyrite or its copper-bearing minerals [8,10].

The Iberian Pyrite Belt is one of the most widely studied areas with regard to geology
and mining. Many researchers have studied the variety of tailing deposits, especially in the
Riotinto district [11–15] and those related to residues from open-air pyrite roasting [16,17].

The main objective pursued by this study is to perform a wide characterization of a
unique abandoned tailings deposit located in the southwest of Spain. The similarities with
other waste deposits storing residues from open-air pyrite roasting suggests the presence
of critical raw materials. In addition, a very gross reserves estimation was made in order to
assess its potential as a secondary resource of raw materials or critical raw materials. The
characterization and reserves estimation were compared with the bibliography from mining
companies who operated in the area decades ago and from the bibliography available at
Fundación Riotinto.

2. Materials and Methods
2.1. Sample Selection

The studied abandoned deposit is located within the Pyrite Belt in Minas de Riotinto
(Figures 1 and 2), Huelva (Spain). It is known as “Zarandas”, its reference ID for the
Instituto Geológico y Minero de España (Table 1) national tailing deposit database is
0938-8-0002 [18].
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Table 1. Tailings deposit identification and coordinates by Instituto Geológico y Minero de España [18].

ETRS89

Name ID Latitude Longitude Coordinate Z

Zarandas 0938-8-0002 −6.559775509295264 37.67314575524642 262

This deposit hosts a mix of fine material rejected from a washing plant which treated
residues from open-air pyrite roasting, low copper content pyrites and chlorites [8,10].
The plant aimed to wash these materials in order to obtain a concentrate of pyrites under
specific parameters, for instance: sulfur grade (>48%) and materials with a particle size
between 1/2 and 1/4 inches [8,10]. The plant was a combination of three concentration
stages, medium dense separators, Wilfley shaking tables and flotation cells. The fines and
ultra-fines were considered waste, as there was no market for them.
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2.2. Sampling and Preparation

A sample of 2 kg was collected. Surface samples were gathered from a single spot with
a shovel and stored in a propylene bag in 2020. The sample was sieved at 2 mm, homoge-
nized manually (Figure 3), and aliquot samples were taken for its chemical, mineralogical
and physical analysis.
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homogenized [own elaboration].

2.3. Sample Characterization
2.3.1. Chemical Analysis

For the solid sample, wavelength X-ray fluorescence (WDXRF) was performed in an
ARL ADVANT‘XP + sequential model from THERMO (SCAI-Málaga University, Málaga,
Spain). Concentration data were obtained using the UNIQUANT Integrated Software. The
chemical composition was complemented for trace elements by ALS Laboratory group
and Atalaya Mining Laboratory. Base metals were determined inductively by coupled
plasma optical emission spectrometry (ICP Avio 500, Perkin Elmer Inc., Waltham, MA,
USA) (ICP-OES) with A33 and IT-LAB-28 protocols, a multi-acid digestion procedure with
HCl, HNO3, HF and HClO4, and an acid digestion with HNO3 and HCl, respectively. Rare
earth elements were determined by the ME-MS81 ALS procedure, PGM following the
PGM-ICP23 protocol, and gold was determined by a 30 g FA ICP.

2.3.2. Mineralogical Analysis

Mineralogical characterization was examined by three techniques. The first miner-
alogical test was completed with a CAMEVA system [19,20]. The test was carried out at
the Laboratory of Applied Microscopy (LMA, Universidad Politécnica de Madrid, Madrid,
Spain). CAMEVA is a multispectral reflectance microscopy system conceived to identify
and characterize the mineral phases present in a sample; this system is able to identify
minerals from their multispectral signature in the visible and near-infrared range between
400 and 1000 nm.

The second technique employed was XRD using the Minerals Edition of Aeris compact
X-ray diffractometer (Malvern Panalytical B.V., Almelo, The Netherlands) (40 kV–15 mA),
with a goniometer radius of 145mm, Kα = 1.79 Å cobalt-anode X-ray tube, 0.04 Soller slits,
1/4 divergence slits, 23 mm mask, low beam-knife, step size 0.02◦ and acquisition time of
80 s/step. [21]. For XRD analysis, the sample particle size was already below 50 µm, so no
further milling was required in order to improve mineral quantification. The sample was
prepared in a 27mm backloading sample holder to reduce preferential orientation.
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Finally, the mineralogical study was concluded with SEM-EDS analysis and carried
out by the Centro de Investigación en Química Sostenible (CIQSO) at Huelva University.
It was performed using a JEOL JSM-IT 500 HR microscope fitted with an Oxford X-Max
150 field emission source for SEM.

2.3.3. Further Chemical and Physical Characterization

Four particle size distribution measures were taken by a laser diffractometer, the
Mastersizer 3000E (Malvern Panalytical, Malvern, UK). The final result is an average of the
four measures.

The composition and paragenesis of copper-bearing minerals are very complex and
varying. There is a range of tests that can be performed to differentiate the valencies of copper
in a copper-bearing ore, in other words, the mineralogical forms of copper in the ore [22].

A sequential copper test designed by METCON Research Inc. [23] was performed
in order to estimate the distribution of copper minerals in the sample as a function of
the total copper present in the ore. The test follows three stages. Firstly, the sample is
leached with sulfuric acid (5%), and the metal extracted is considered acid-soluble oxidized
copper compounds. Second, the residue is leached with sodium cyanide (10%), so the metal
extracted corresponds to non-refractory copper minerals or secondary copper sulfides.
Third, the final residue is digested with three acids, HCl, HNO3 and HClO4 and analyzed.
The copper reported is defined as refractory copper mineral or primary copper sulfide
(chalcopyrite).

A 50 mL pycnometer was used to determine the specific gravity. In addition, nat-
ural pH and Eh were measured using a Crison micro pH 2000 and Eh in a pH 60 DHS,
respectively, after stirring for 1 h in distilled water (0.25 mL) with a sample (0.1 g) using a
thermostatic bath with stirring.

2.4. Tailings Deposit Volume Estimation

The tailings deposit volume was calculated with Global Mapper software. The volume
was estimated overlapping two Digital Terrain Models, the “original terrain” (Figure 4) and
present terrain (Figure 5), so the fill volume was calculated. In order to create the original
terrain model, an old paper plan [24] was scanned, digitalized and georeferenced with
AutoCAD Civil 3D; the level curves and surface model were created with Global Mapper
(Figure 4).
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Figure 5. DTM used for volume estimation. (a) Original terrain [own elaboration]; (b) Latest DTM
available at Instituto Geográfico Nacional (derivated work from MDT02 2019 CC-BY 4.0 scne.es) [25].

The latest DTM available, MDT02 (2015-Date), at the National Institute of Geography
of Spain (Instituto Geográfico Nacional) was downloaded as the present terrain. The
features of the latest DTM are shown in Table 2.

Table 2. Latest DTM file features available at Instituto Geográfico Nacional (MDT02 2019 CC-BY 4.0
scne.es) [26]. Flight 2015–2021.

Features Second Flight

Density 0.5–2.0 p/m2

Geodetic system ETRS89 zones 28–31
Altimetric system Orthometric heights, reference geoid EGM08

RMSE Z ≤20 cm
Estimated planimetric accuracy ≤30 cm

Simultaneous picture Yes, since 2016
Document size 2 × 2 km (exception Madrid)

Document format LAS 1.2 format 3
MDE 2 m × 2 m

RMSE Z (MDE) ≤25 cm
Estimated planimetric accuracy (MDE) ≤50 cm

This volume estimation is compared with previous estimations carried out by two
mining companies which operated in the area between 1999 and 2014.

3. Results
3.1. Compounds and Elements Present in the Sample

Compounds and elements analyzed by X-Ray Fluorescence (XRF) are reported in
Table 3. The principal elements present in the sample were Fe (20.38 wt%), Si (7.31 wt%),
S (5.00 wt%), As (2.30 wt%), Al (2.18 wt%) Pb (2.08 wt%) and Ca (1.01 wt%). Base metals
such as Ag (215 ppm) and Cu (0.29 wt%) and critical raw materials such as Sb (2700 ppm),
Bi (425 ppm) and Co (131 ppm) were identified by XRF as well.
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Table 3. X-Ray fluorescence analysis [own elaboration].

Major Compounds (wt%)

Fe2O3 SiO2 Al2O3 CaO PbO K2O SO3 TiO2 As2O3 Sb2O3 BaO

29.14 15.64 12.5 4.12 3.04 3.04 2.24 0.76 0.71 0.36 0.32
ZnO CuO SnO2 MgO Ag2O P2O5 Bi2O3 ZrO2 Co3O4

0.32 0.26 0.24 0.09 0.07 0.05 0.02 0.02 0.02

Major elements (wt%)
Fe Si Sx As Al Pb Ca Ba K Cu Sb

20.38 7.31 5.00 2.30 2.18 2.08 1.01 0.64 0.63 0.29 0.27

Minor elements (ppm)
Sn Ti Zn Bi Mg Px Ag Zr Co Hg Se

0.20 0.19 0.19 425 413 377 215 148 131 102 80

Chemical analyses with ICP-OES (A33 and IT-LAB-28 protocols) are shown in Ta-
ble 4. The major elements identified were Fe (25.26 wt%), S (12.76 wt%), As (2.97 wt%),
Pb (2.59 wt%), Al (1.92 wt%) and Ca (1.11 wt%). Base metals such as Cu (0.29 wt%) and
Zn (0.20 wt%) or Ag (199 ppm) were present in lower concentrations. Critical raw materials
were present too, such as Sb (0.15 wt%), Bi (348 ppm) and Co (35 ppm).

Table 4. ICP-OES analysis [own elaboration].

Major Elements (wt%)

Fe S As Pb Al Ca K Cu Zn Sb Ti

25.26 12.72 2.97 2.59 1.92 1.11 0.62 0.29 0.20 0.15 0.12

Minor elements (ppm)
Sn Mg Bi Ba Ag Hg Zr Sr Co

805 742 348 269 199 117 110 49 35

Analysis for REE, PGM and Au are reported in Table 5. REEs were present in the
sample), as well as Au (2 ppm), while PGMs were reported in lower concentrations, such
as Pt (0.008 ppm) and Pd (0.003 ppm)

Table 5. Content of minor elements including Au, REE and PGM [own elaboration].

Minor Elements (ppm)

Ba Sn Sr Ce V Rb La Y Cr Nd Ga

4030 1265 54 44 41 39 26 21 20 18 9

Nb W Th U Pr Hf Dy Sm Gd Yb Er

9 8 7 5 5 5 3 3 3 3 2
Au Cs Eu Ho Ta Tb Tm Lu Pt Pd TRRE

2 2 0.8 0.73 0.7 0.52 0.37 0.35 0.008 0.003 130.37

3.2. Mineralogical Composition

The results obtained by the CAMEVA system indicated the presence of pyrite (27.98 wt%),
hematite (15.35 wt%), minio (4.65 wt%) and enargite (0.14 wt%). Four major mineral phases
were identified by XRD, pyrite, quartz, muscovite and gypsum. SEM-EDS reported an
inequigranular distribution with particles from 200 to 0.1 µm, while the main minerals
identified were silicates and iron oxides (Figure 6). Moreover, Ca+Fe sulfates and pyrite
were reported. The presence of Pb was mainly associated to O+S, while Cu+Zn+Ti had
minor concentrations (Figure 7). The mineralogical results are summarized in Table 6.
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Table 6. Mineralogical composition of the sample performed by CAMEVA, XRD and SEM-EDS
[own elaboration].

Technique Mineralogy

CAMEVA Pyrite, hematite, minio *, enargite
XRD Pyrite, quartz, muscovite, gypsum

SEM-EDS Pyrite, quartz, iron oxides, calcium and iron sulphates
* Minio is a lead-bearing mineral, it is considered a fairly unusual mineral. Its color is red and in the past, it was
widely used as pigment.

3.3. Particle Size Distribution Sample

SEM-EDS analysis reported the presence of a fine material range from 0.1 to 200 µm
(Figure 6c). The particle size distribution was measured 4 times (Figure 8) with a laser
diffractometer; the average of the results is represented in Table 7. The D50 and D80 reported
were 1.93 µm and 23.53 µm, respectively.

Processes 2023, 11, x FOR PEER REVIEW 10 of 16 
 

  
(i) (j) 

Figure 7. X-Ray elements map [images provided by Centro de Investigación en Química Sostenible, 
Huelva University]. (a) Micrograph at 10 µm; (b) Multielement X-ray map; (c) O map; (d) Si map; 
(e) Fe map; (f) S map; (g) Pb map; (h) As map; (i) Cu map; (j) Zn map. 

Table 6. Mineralogical composition of the sample performed by CAMEVA, XRD and SEM-EDS 
[own elaboration]. 

Technique Mineralogy 
CAMEVA Pyrite, hematite, minio *, enargite 

XRD Pyrite, quartz, muscovite, gypsum 
SEM-EDS Pyrite, quartz, iron oxides, calcium and iron sulphates 

* Minio is a lead-bearing mineral, it is considered a fairly unusual mineral. Its color is red and in the 
past, it was widely used as pigment. 

3.3. Particle Size Distribution Sample 
SEM-EDS analysis reported the presence of a fine material range from 0.1 to 200 µm 

(Figure 6c). The particle size distribution was measured 4 times (Figure 8) with a laser 
diffractometer; the average of the results is represented in Table 7. The D50 and D80 
reported were 1.93 µm and 23.53 µm, respectively. 

 
Figure 8. Particle size distribution graph [own elaboration]. 

  

Figure 8. Particle size distribution graph [own elaboration].



Processes 2023, 11, 1642 11 of 16

Table 7. Particle size distribution results and average [own elaboration].

Test D10 (µm) D50 (µm) D80 (µm) D90 (µm) D100 (µm)

#1 1.91 8.49 21.10 37.90 182.00
#2 1.99 9.61 29.70 80.00 1110.00
#3 1.90 8.64 20.10 32.30 140.00
#4 1.92 8.89 23.20 45.60 307.00

Average 1.93 8.91 23.53 48.95 432.25

3.4. Sequential Copper, Specific Gravity, Natural pH and Eh

Table 8 shows the results from sequential copper test, specific gravity, natural pH and Eh.

Table 8. Copper distribution, specific gravity, natural pH and Eh [own elaboration].

Sequential Copper

Copper Distribution Leaching Agent Concentration (ppm) Distribution (%)

Oxidized copper H2SO4 2056 78.5
Secondary copper sulfide NaCN 334 12.8

Primary copper sulfide Unleached copper 227 8.7
Total 2617 100

Specific gravity pH Eh (mV)

2.97 2.04 665

3.5. Tailings Deposit Volume

The Zarandas tailings deposit has been studied by different mining companies over the
years [24,27]. Volume estimation is key for reserves estimation; three different approaches
are presented in this article. The volume and tons estimated are shown in Table 9. A density
of 1.86 g/cm3 was used to calculate the tons of tailings deposited.

Table 9. Volume and tons estimations (1999–2022) [own elaboration].

Company Date Software Status Volume (m3) Tons

MRT SAL 1999 Datamine Before
mining

activities

586,689 1,091,241
EMED Mining 2014 Surpac 582,125 1,082,753

MRT SAL 2002 Datamine After mining
activities

343,239 638,425
Present study 2022 Global Mapper 443,340 824,612

3.6. Reserves Estimation
3.6.1. Present Reserves Estimation

A gross reserves estimation using the tons and the sample XRF analysis for Fe and Cu,
ICP-OES for Ag, Sb and Co, and ICP for Pd, Pt and Au has been made during the present
study. The reserves are reported in Table 10.

Table 10. Reserves estimation 2022 [own elaboration].

Total kg Tons

Volume Tons Analysis Pd Pt Au Co Ag Sb Cu Fe

443,340 824,612
XRF - - - 108 177 2193 2358 168,056

ICP-OES - - - 29 164 1237 2358 216,543
ICP 2.47 6.60 1.86 - - - - -
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3.6.2. Reserves Estimation Comparison

A comparison between reserves estimation worked out in 2002 and 2022 is shown
in Table 11.

Table 11. Comparison between 2002 and 2022 [own elaboration].

Metals (t)

Company Date Total (t) Au Ag Zn Cu S Pb

MRT SAL 2002 638,425 0.87 58 945 2552 174,215 11,053
Present study 2022 824,612 1.86 177 1567 2358 41,231 17,152

3.7. Tailings Deposit Aging

Along the years, we observed a change in the deposit landscape due to its physical–
chemical properties as well as for weathering. Landscape changes are shown in the
orthophoto sequence from 1956 to the present (Figure 9) [25]. It is also represented by the
DTM generated and used during the present study (Figure 10).
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4. Discussion

The Zarandas tailings deposit hosts the rejected material from a nearby old washing plant.
Base metals (Cu, Zn and Pb) were identified as well as critical raw materials (REE,

PGM, Sb, Co and Bi) and precious metals (Au and Ag). These metals and critical raw
materials account for more than 20,000 t. Some metals concentrations are nowadays
sufficient to be taken into account for mining purposes—Au, Ag and Cu, for instance—
while other elements of great added value (i.e., REE) are present but in concentrations
below the earth’s crust abundance [28,29]. On the other hand, it is important to note the
high concentration of potential deleterious metals such as As (2.30 wt%), which highlights
the importance of analyzing metals when tailings deposits are characterized. The high
content of As may affect the potential treatment applied to the material to benefit any metal
of interest. Treatments such as leaching would need to be very selective.

Small differences were found between the results obtained by different chemical
analysis methods (XRF vs. ICP-OES). It is observed in Fe assays, 20.30 wt% vs. 25.26 wt%,
or in S assays, 5.00 wt% vs. 12.76 wt%. For a more accurate sulfur determination, a Leco
Sulphuur analyzer is recommended. However, other metals such as Cu and Zn correlated
well, 0.29 wt% for Cu in both cases, and 0.19 wt% vs. 0.20 wt% for Zn. Greater differences
are identified in minor elements (i.e., Ag, Co, . . . ); this could be explained due to the fact
that XRF analysis is semi-quantitative.

Mineralogical analysis presented serious challenges due to the physical–chemical
effects of the sample. The origin of the material (roasted pyrite), weathering along the
years and particle size were identified as the main causes for challenging mineralogical
interpretation. Three samples were prepared for CAMEVA mineralogical examination,
and issues during the preparation were reported due to fine grains (0.1–200 µm) found
in the sample. Only one of the three samples (sample C) had sufficient quality to be
examined. Furthermore, the examination reported sphalerite content (4.65 wt%); however,
this content was not consistent with Zn concentrations reported in the XRF analysis. A
second look was required, and it was found that sphalerite and minio (a Pb-bearing oxide
mineral) had similar multispectral signatures; this finding correlated better with Pb content
(2.08 wt%). Results from the CAMEVA system would be considered as inconclusive if no
other techniques were applied during the study; however, the combination of different
mineralogical techniques allowed a better interpretation. Mineralogical analysis using
X-ray diffraction with Aeris overcame the limitations of microscopic techniques when
analyzing fine-grained materials (D80 = 23 µm). It was beyond the scope of this paper to
perform quantitative XRD analysis via the Rietveld method.

The presence of fine material in the tailings deposit was confirmed twice: first with
SEM-EDS analysis and second with the use of a laser diffractometer. This fine particle size
would be key for potential metallurgical separation/extraction technique selection.

One of the most interesting metals found during the characterization was copper. The
copper content of the sample (0.29 wt%) is higher than the cut-off grade (0.16 wt%) reported
by the nearby Riotinto mine in its latest NI 43-101 report (September 2022). However,
the copper-bearing minerals might not be the same. The main copper mineral in Atalaya
Mining is chalcopyrite (1.1 wt%) [21]. The mineralogical analysis (CAMEVA, XRD and
SEM-EDS) carried out during the study did not show which minerals bear copper. This
could be explained due to the fact that the tailings deposit hosts morrongos (residues from
pyrite roasting processes). Additionally, a sequential copper test showed that 78.5% of
copper was soluble and more than 90% could be considered as leachable, which would
make a leaching treatment ideal for copper beneficiation. Moreover, the acidic natural pH
reported (pH 2.0) would decrease the acid consumption in a hypothetical leaching process
in acidic medium. Further investigation is required on this regard.

The first volume estimations were completed in 1999–2002 by MRT SAL [24,30], the
second were completed in 2014 by EMED Mining, and finally, the last were completed in
2022 during the present study by the author. Although the estimation carried out by EMED
Mining was completed in 2014, it must be noted that during 1999–2000, some mining
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activities were reported in the deposit. A volume of 243,449 m3 was mined due to its gold
(1.40 g/t) and silver (94 g/t) content. Different techniques as well as software were used in
order to estimate the volume present in the deposit.

The present study showed differences with the estimation completed in 2002, which were
mainly in the volume, 824,612 m3 vs. 638,425 m3, and metal grades. Nevertheless, the copper
(metal) content is in the same range, as the volume is lower in a case but higher in grade.

The gross estimation reserves demonstrated differences between analysis techniques;
however, metals such as Cu or Ag were not very affected, although others such as Co or Sb
decreased their presence significantly. For economic estimations, the most conservative
figures were taken into account.

The presence and concentrations of secondary and critical raw materials might make
this deposit attractive from an economic point of view. The deposit has a potential value of
19 million USD in copper and 1.47 millon USD in cobalt (LME average prices for December
2022) [31,32].

As seen in Figures 9 and 10, the deposit aging provides evidence. According to the
IGME online tailings deposit database [18], this deposit represents a source of pollution to
the Riotinto river and a source of dust in the surroundings. This situation might change if a
process that benefits the secondary and/or critical raw materials present in the deposit is
found.

5. Conclusions

The main conclusions of the present research are summarized:

1. Due to the chemical complexity of the sample, it is necessary to combine different
analysis techniques for a correct characterization.

2. Mineralogical analyses indicate the presence of altered mineral phases, oxides and a
low proportion of sulfides.

3. Several critical raw materials have been identified: As, Cu, Sb, Co, Bi, REE and PGM.
Some of them have significant concentrations (Au, Ag).

4. Coarse size material is usually stored in waste dumps, while fine material is normally
stored in tailing dams. The storage of this ultra-fine grain size material in a waste
dump shape deposit is unusual. The fact of the ultra-fine size of the material might be
one of the factors accelerating the aging of the deposit.

5. The chemical and physical properties of the sample, as well as the sequential leaching
test, suggest that metallurgical techniques such as leaching or a combination of
flotation and leaching might be a successful process for metal extraction.

6. The Zarandas deposit hosts approximately 824,612 m3 of material. As it was estimated
from a single small sample taken from a single spot, metals such as copper or cobalt
account for 2358 t and 108 t, respectively. It means that the deposit has a potential
value of 19 million USD in copper and 5.5 million USD in cobalt.
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