
Vol.:(0123456789)1 3

Journal of Sustainable Metallurgy (2021) 7:1483–1505 
https://doi.org/10.1007/s40831-021-00428-1

THEMATIC SECTION: MINE TAILINGS: PROBLEM OR OPPORTUNITY? TOWARDS 
A COMBINED REMEDIATION AND RESOURCE RECOVERY APPROACH

Physical–Chemical Characterization of the Neves Corvo Extractive 
Mine Residues: A Perspective Towards Future Mining and Reprocessing 
of Sulfidic Tailings

Alexandra Gomez Escobar1   · Jorge M. R. S. Relvas1   · Álvaro M. M. Pinto1 · Mafalda Oliveira2

Received: 31 May 2021 / Accepted: 11 August 2021 / Published online: 14 September 2021 
© The Minerals, Metals & Materials Society 2021

Abstract
Neves Corvo is an underground high-grade Cu–(Sn)–Zn mine, located in the Portuguese part of the world-class Iberian Pyrite 
Belt (IPB), which is currently producing copper, zinc, and lead concentrates. The operation is owned by SOMINCOR, a 
subsidiary of Lundin Mining, with a maximum capacity of 2.6 Mtpy for the copper processing plant and 1.0 Mtpy for the zinc 
processing plant. From 2010 till end of 2019, the mine has accumulated 7.3 Mt of waste rock and 17 Mt of thickened tailings. 
These mining residues are stored in Cerro do Lobo Tailings Management Facility (Cerro do Lobo TMF), which completes 
a volume of 47 Mt since the beginning of the operation in 1989 (30 Mt are slurry tailings). The deposition method changed 
in 2010 from slurry subaquatic deposition to sub-aerial thickened tailings stack (vertical expansion) in co-deposition with 
potentially acid-generating (PAG) waste rock. X-ray fluorescence analysis have shown copper and zinc grades variation in 
the waste rock between 0.12 and 0.4%, and 0.1% and 0.3%, respectively, and concentrations up to 0.6% and 1.3% of copper 
and zinc, respectively, in the tailings. Mineralogically, the tailings consist mainly in pyrite, sphalerite, chalcopyrite, ± arseno-
pyrite, ± tetrahedrite-tennantite, and gangue minerals such as quartz, phyllosilicates, carbonates, and some oxides, and have 
a non-uniform particle size distribution ranging between 1 and 100 µm. The waste rock fraction is millimetric to centimetric 
in size and is formed by the local host rocks, mineralogically consisting in quartz, chlorite (clinochlore and chamosite), 
calcite, and variably abundant disseminated sulfides, largely dominated by pyrite. Both mining residues might be envisaged 
as materials with valorization potential both for base metal recovery (tailings) and/or as non-metallic raw materials for 
construction or other applications (waste rock).
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Introduction

Despite its small territory, Portugal has a high geological 
and geodynamic diversity, responsible for high metalloge-
netic potential for a significant variety of ore types, which 
has generated in the past, and still does, considerable inter-
est for the mining industry. As a consequence, besides three 
active mines – Panasqueira (W-Sn), Neves Corvo (Cu–Zn) 
and Aljustrel (Zn-Cu)—Portugal has a relevant mining leg-
acy, especially as a result of the post-industrial revolution 
period, when mining assumed a good position at economic 
scales in the country [1]. However, in result of poorly reg-
ulated environmental concerns during much of that time, 
there are now a significant number of abandoned mine sites 
spread all around the country, most of them from ancient 
exploitation of basic and precious metals, as well as tung-
sten, uranium, lithium, and a little bit of coal [2]. The lack of 
closure plans, waste management and remediation of tailing 
facilities led to many degraded mining areas, 175 of which 
inventoried by the Portuguese public company Empresa de 
Desenvolvimento Mineiro -EDM- [3]. Most abandoned mine 
sites in Portugal correspond to waste piles comprising waste 
rock, tailings, slags, and mine water resulting from metal-
lic operations with high potential to Acid Mine Drainage 

(AMD) generation [1, 4]. The identification of these issues 
and the need in finding suitable means for the recovering and 
environmental remediation of these areas was the main basis 
for specific Portuguese legislation in 2001 (Decree Law No. 
198-A/2001). By 2015, 95 heavily impacted mining areas 
have already been recovered by EDM, and some more are on 
process of remediation. Similar histories and scenarios could 
be described in many other places worldwide, particularly in 
the European continent [5].

It is known that operations in the mining industry include 
mining (exploitation), mineral processing, and metallurgi-
cal processes. All three of these principal activities produce 
solid, liquid, and gaseous wastes [6] called either mine 
waste or tailings depending on the stage of the process. The 
waste generated by mining operations has different physical 
and chemical properties; for example, their volume varies 
depending on the mining method and type of raw material, 
and their chemical composition depends on the type of ore, 
geological settings, and beneficiation process [7]. Therefore, 
mining produces large quantity of waste [6, 8, 9] and its pro-
duction has grown dramatically over the last century [10]. 
With an expanding world market for mineral commodities, 
mining companies are exploiting lower grade ore bodies [9], 
implying that increasingly larger quantities of waste rock 
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and tailings are produced. Recent estimates indicate that 
production of mine tailings in the world can go up to five 
to fourteen billion tons per year [11, 12]. Today, mining, 
and quarrying waste production represents the second larg-
est rate, at 28% of the total waste volume generated in the 
EU27 countries, preceded only by construction and demo-
lition industry [13]. Some mining operations can generate 
tailings that represent around 97 to 99 percent of the total 
ore processed [14], which is why tailings and mine waste 
management has become one of the main issues addressed 
in the mining industry. The poor management of these resi-
dues, especially sulfidic tailings, do represent not only a sig-
nificant environmental hazard [1, 15], but also a spatial and 
engineering challenge sometimes with massive technical and 
economic implications [16].

Another major issue involving mine wastes and tail-
ings is that these residues are often poorly characterized 
as a potential mineral resource. In fact, few years ago the 
South African code for the reporting of exploration results, 
mineral resources, and mineral reserves -SAMREC (2016)- 
followed by the “Committee for Mineral Reserves Interna-
tional Reporting Standards -CRIRSCO (2019)- have sug-
gested the following definition of mineral resource: “The 
term Mineral Resource covers in situ mineralization as well 
as residues, low grade stockpiles or tailings that have been 
identified and estimated through exploration or assessment 
and sampling…”. These documents establish that with the 
proper characterization methodology, resources and reserves 
can be estimated from mine sites and tailings facilities as 
they become an economic interest for the companies and a 
possible source of metals: “If some portion of stope-fill or 
stockpile, residue or low-grade stockpiles, remnants, pillars 
and tailings is currently sub-economic, but there is a rea-
sonable expectation that it will become economic, then this 
material may be classified as a Mineral Resource” [17, 18]. 
So, high demand for minerals in the industry and society's 
appetite for commodities have changed the mining business 
in favor of critical raw materials (CRM) and secondary raw 
materials that can result from the recovery and reprocess-
ing of extractive waste [1, 12], especially in cases where 
those raw materials, although economically important for 
the European economy, have their supply dependent on third 
parties with high associated risk [15]. Furthermore, many 
metals, which are by-products of base metal production and 
did not have significant application in past years, are now 
used in new, high-tech, and green technologies, which have 
increased their net value; however, their known reserves are 
still very limited and/or poorly constrained [19].

Recently, the European Innovation Partnership (EIP) 
on Raw Materials launched a “call to arms” to transform 
the “extractive waste problem” into a “resource-recovery 
opportunity” [20]. In order to develop a highly skilled work-
force to mitigate environmental risks and to economically 

recover valuable raw materials, the European Training Net-
work (ETN) for the remediation and reprocessing of sulfidic 
mining waste sites (SULTAN project) provides the first-ever 
training program dedicated to the reprocessing of tailings.1 
By integrating active mines and abandoned tailings ponds 
in its approach, this project challenges the scientific com-
munity and the various stakeholders to question whether the 
mines actually end their productive life after the shutdown 
of the exploitation operation of its primary resource. A cir-
cular exploitation strategy (following the circular loop of 
Refuse, Reform, Reduce, Reuse, Recycle with a final desti-
nation with minimum waste), is increasingly adopted at the 
early stages of any resource's life cycle assessment. One of 
the goals of the SULTAN project, through the Faculty of 
Sciences of the University of Lisbon, Portugal, focuses on 
the geometallurgical characterization of (i) Cerro do Lobo 
Tailings Management Facility (TMF), and (ii) of its three 
types of mine residues: fresh waste rock (SUL_NC_01), 
tailings (SUL_NC_02) and stored-oxidized waste rock 
(SUL_NC_03) in order to identify possible valuable metals 
(Cu, Zn, Pb) and by-products (e.g., In, Se, Ag) for reprocess-
ing and valorization (on-going research performed by the 
various SULTAN partners). Figure 1 illustrates the differ-
ent mining operations from where each of these materials 
is obtained. SUL_NC_01 represents the crushed waste rock 
coming out of the underground operations that could not be 
used in the backfilling process; SUL_NC_02 consists of the 
composite material resulting from the mixture of copper and 
zinc processing plant tailings, and SUL_NC_03, represents 
oxidized waste rock that have been stored in a stockpile for 
around 30 years, since the beginning of the mining opera-
tions. All the three materials have a final disposal at the 
Cerro do Lobo Tailings Management Facility (TMF).

Taken as a whole, the high variability of physico-chemical 
characteristics of tailings represents a wide set of geochemi-
cal, geotechnical, and environmental challenges [21], which 
define their physical and chemical behavior and, therefore, 
the potential environmental footprint of such materials and 
their optimal disposal methods. Here, we present the physi-
cal–chemical characterization of the Cu–Zn tailings and 
other mine residues produced at the Neves Corvo mine, 
taken as a case study representative of an active, large-scale 
mining operation in Europe. This is part of an on-going 
broader research that will make use of a holistic view over 
the whole resource circuit, from mine to TMF, towards a 
geometallurgical model, to be presented at the end of the 
project, that might assist in evaluating the potential for future 
mining and reprocessing of sulfidic extractive mine residues.

1  https://​etn-​sultan.​eu/​sultan-​proje​ct/

https://etn-sultan.eu/sultan-project/
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Neves Corvo Mine: Case Study

Neves Corvo is a high-grade Cu–(Sn)–Zn volcanic-hosted 
massive sulfide (VMS) deposit located in the Portuguese 
sector of the Iberian Pyrite Belt, 220 km south of Lisbon, in 
the district of Beja (Baixo Alentejo province). Underground 
mining at Neves Corvo started in 1988 and has been con-
tinuously conducted, producing copper, tin (now exhausted), 
zinc and lead concentrates from five massive and stringer 
sulfide orebodies: Neves, Corvo, Zambujal, Lombador 
and Graça, the latter being already fully mined. Two other 

orebodies, named Semblana and Monte Branco, were more 
recently discovered, in 2010 and 2012, respectively, being 
still undeveloped (Fig. 2).

Copper production at the Neves Corvo mine has started in 
1989, followed by tin production, between 1990 and 2001, 
and by zinc/lead production in 2006 [22]. Currently, cop-
per, zinc and lead production are carried on two processing 
plants with a maximum capacity of 2.6 Mtpy for the cop-
per circuit and 1.0 Mtpy for the zinc–lead circuit. In 2020, 
mineral reserves for the Neves Corvo deposit (proven plus 
probable) have been estimated to a total of 57.6 Mt, of which 

Fig. 1   Types of material 
sourced by the Neves Corvo 
mine operation investigated 
in the course of the SULTAN 
Project

Fig. 2   Neves Corvo orebodies 
after SOMINCOR, 2019
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29.7 Mt are classified as copper ores at 2.0% Cu, 0.8% Zn, 
0.3% Pb and 30 g/t Ag, and 30.1 Mt are classified as zinc 
ores at 0.3% Cu, 7.3% Zn, 1.8%Pb and 62 g/t Ag [23]. Esti-
mated copper and zinc resources at Neves Corvo (measured 
plus indicated) are 61.9 Mt at 2.3% Cu, and 71.3 Mt at 6.9% 
Zn, respectively [23].

The underground mining operations at the Neves Corvo 
mine employ several stopping methods, being bench-and-
fill and drift-and-fill the most representative. Filling is 
made with a paste composed by the finer fraction of tail-
ings (< 50 µm) and cement [24]. Underground levels were 
related to a datum of 1000 m below sea level, while the mine 
surface elevation is approximately at 1220 m above datum 
[25]. There are two accesses to the underground workings: 
by shaft (for ore and waste) and by a ramp from the surface 
(for people and material coming in and out of the mine). 
The shaft is located to the west of the Corvo orebody; its 
main use is to transport the ore from the 700 m level to the 
surface and it is equipped with a double drum winder and 
two capacity skips. Conveyors are used in deeper levels to 
transport the ore to the 700 m level [25–27].

Underground operations comprise two crushing stages: 
(i) the upper ground crusher station, located at the 700 m 
level, is used to process ore and waste from the Upper 
Corvo, Neves, Zambujal and the exhausted Graça orebod-
ies, with a 600t/h capacity for the jaw crusher and approxi-
mately 1,500t of capacity in storage; and (ii) the secondary 
crusher station, located at the 550 level, which serves the 
lower section of the mine, being used to process ore from the 
Lower Corvo and Lombador orebodies, also with a capacity 
of 600t/h [25]. Mining activity and production of base metal 
concentrates in Neves Corvo generates two different types 
of residues: (i) waste rock, the hosting rock extracted and 
crushed during mining operations; and (ii) tailings, the final 
residues from copper and zinc processing plants. More than 
60% of the waste rock generated is used directly as waste 
fill underground, being the remaining fraction crushed and 
hoisted to the stockpiles at surface. The waste rock occurs in 
a size fraction ranging from 0 to 200 mm as it comes from 
underground crushing stages, and consists mainly of vari-
ably mineralized felsic volcanic rocks and dark shale with 
sulfides in veins and disseminations [22, 28, 29].

Ore Geology

The Iberian Pyrite Belt (IPB), where the Neves Corvo mine 
locates, is a widely known metallogenic province in the 
south of Portugal and Spain, where numerous volcanic-
hosted massive sulfide (VMS) deposits occur as massive 
sulfide lenses commonly clustered in small areas and hosted 
by a variably thick volcanic sedimentary sequence [30–34]. 
Neves Corvo stands out in the IPB for its high copper and 
zinc grades, huge tonnages, and occurrence of uniquely high 

tin grades in massive and stringer cassiterite ores [29, 35]. 
The detailed stratigraphy, geochronology and physical vol-
canology of the Neves Corvo world-class deposit has been 
object of numerous studies [36–39], while its extraordinary 
ore-forming processes still fuel some metallogenic debate 
[29, 40–45].

Three different styles of mineralization (massive, fis-
sural and “rubané”) and at least thirteen ore types have been 
described at Neves Corvo: 1-the massive sulfide mineraliza-
tion includes copper (MC), tin (MT), copper-tin (MS), zinc 
(MZ), copper-zinc (MCZ), lead (MP) and zinc–lead (MZP) 
ores; 2-the fissural (or stockwork) mineralization includes 
copper (FC), tin (FT) and zinc (FZ) stockwork ores; and 
lastly, 3-the “rubané” mineralization (banded ores, named 
after the French word, consisting in fact in sheared stock-
work mineralization tectonically emplaced on top of the 
massive sulfide lenses; [29] includes copper (RC), tin (RT) 
and zinc (RZ) ores [22, 43]. The various types of “rubané” 
ores, as well as the massive and stringer cassiterite ores (MT, 
FT) are now exhausted.

The ore mineralogy at the Neves Corvo deposit comprises 
major, minor and trace minerals, including native gold, bis-
muth, and a variety of lead, copper and tin sulfosalts, and 
cobalt and arsenic sulfides and selenides, [1, 46–48]. Pyrite 
is by far the most abundant sulfide mineral, often associated 
to sphalerite, galena, chalcopyrite and arsenopyrite [28]. 
Minor amounts of tetrahedrite, tennantite, stannite, cassit-
erite, kesterite and pyrrhotite can be found filling spaces in 
pyrite grains or replacing pyrite. The most common gangue 
minerals are quartz, chlorite, sericite, and carbonates (mostly 
siderite and ankerite) [28, 46, 48, 49].

Mineral Processing‑Ore Beneficiation

At present, the Neves Corvo mine has two operative pro-
cessing plants: one for copper and one for zinc (and lead). 
The copper processing plant has an annual capacity of 2.6 
million tons per annum (mtpa), and the zinc processing plant 
has a capacity of 1.1 mtpa [24]. Copper and zinc concen-
trates leave the mine transported by train to SOMINCOR’s 
port located in Setubal municipality and are further shipped 
to a variety of commercial smelters in Europe. Lead concen-
trate is stored in containers and taken to maritime ports [24].

Table 1   Distribution of ore types at Neves Corvo processing plants

Copper processing plant Zinc (and lead) 
processing plant

Ore types MC MZ
MCZ FZ
FC MP

MZP
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Following the previously described underground crushing 
stage, the material is sorted as a function of the ore types 
and distributed to the copper and zinc processing plants 
(Table 1). Then, the main sequence of operations followed 
at the processing plants comprises secondary and tertiary 
crushing, grinding, flotation and thickening. At the end of 
the crushing and grinding stage, materials are classified in a 
closed circuit to be returned to grinding stage if material is 
still too coarse, whereas the fines follow to a flotation stage 
and finally to a thickening stage. The products that result 
from a previous stage feed the next one [50].

The main concentration process both at the copper and 
zinc processing plants is flotation, which follows crushing 
and grinding stages and precedes the final thickening phase. 
At the copper processing plant, two concentrates are pro-
duced: copper and zinc, being zinc a by-product obtained 
from the complex ores, where copper and zinc sulfides occur 
together (MCZ). The zinc processing plant also produces 
two concentrates: lead and zinc as main products. The end 
of the zinc circuit requires an IsaMill stage to reduce particle 
size to very fine-grained material (< 20 µm) in order to lib-
erate finer particles going through another flotation circuit. 
Some of the concentrates are sent to a cleaning flotation 
stage to obtain a higher recovery of metals [50].

Tailings from both processing plants are mixed and the 
composite is pumped to the Cerro do Lobo Tailings Manage-
ment Facility (TMF) just as it comes out of the concentra-
tion processes, always that the coarser fraction is not needed 
for paste filling in the mining operations. When this is the 
case, the mixed tailings are classified by size using hydro-
cyclones, and only the finer fraction is pumped to the Cerro 
do Lobo TMF.

Tailings Disposal at Cerro do Lobo Tailings 
Management Facility (TMF)

Since the beginning of the mining operations at Neves 
Corvo, the tailings dam was designed to held originally 
17.5 M m3 of tailings using a sub-aqueous disposal method 
through pipelines coming from the processing plant and 
spaced 100 m each from the main embankment, in order 
to distribute evenly the material. The Cerro do Lobo TMF 
is delimited by a conventional clay-cored rockfill embank-
ment, 3.3 km long, 42 m height and with an approximate 
area of 190 ha. The original embankment has been modi-
fied three times using the downstream dam construction 
method to guarantee the storage capacity needed in each 
stage of development of the mining operation [51].

Considering that about 90% of the mill tailings are 
heavy metal-bearing sulfides it was required to design 
an environmentally safe disposal system that might kept 
simultaneously opened the possibility of recovery of resid-
ual values in copper, zinc, and tin in some point in the 

future [52]. The capacity of the Cerro do Lobo TMF as it 
was originally designed would have reached its threshold 
in 2011, shortening the lifetime of the mine in 15 years; 
by that time the mine reserves were estimated to last until 
2026. A 10-year-long research project was carried out 
seeking a solution for a suitable disposal method for the 
mine. By the end of 2010, the tailings storage process 
was finally converted to sub-aerial deposition using thick-
ened tailings in a co-deposition system with containment 
berms built with waste rock [51]. Waste rock is temporar-
ily stored in a stockpile located at the north of the mining 
complex. The tailings are pumped and disposed flowing 
according to ground’s slope, until it stabilizes. Later on, 
the layer starts its consolidation process, releasing the 
water downstream the layer’s slope. Based on the pilot 
plant and experience in management of Neves Corvo tail-
ings, keeping the material free of water avoids oxidation 
and possible events like liquefaction, infiltration or slip-
ping within the facility [53].

Sub-aerial disposal presents many advantages such as 
minimizing environmental impacts (less sulfide oxida-
tion and leaching residues), optimizing the geotechnical, 
geochemical, and hydrogeological stability of the tailings 
dam and allows the co-deposition with waste rock, which 
increases the capacity of storage and prevents modifica-
tions of the embankment. Between 2010 and 2019, the 
Neves Corvo operation has accumulated 7.3 Mt of waste 
rock (SUL_NC_01), which were stored at the Cerro do 
Lobo TMF together with 17 Mt of thickened tailings 
(SUL_NC_02), while 3.1 million tons of waste rock 
remained in a temporary stockpile (SUL_NC_03).

Tailings and Mine Waste: Physico‑Chemical 
Characterization

Sampling, Analytical Procedures and Methods

The materials that are object of this study refer to two 
types of mine residues—waste rock and tailings—and 
the sampling plan designed includes three different sets 
of samples: (i) sampling of fresh waste rock (SUL_
NC_01),(ii) sampling of stored waste rock (SUL_NC_03); 
and (iii) sampling of tailings at Cerro do Lobo TMF and 
processing plants (SUL_NC_02).

Sampling of Waste Rock Stockpile

The study of old and fresh waste rock was based on a sam-
pling campaign that was ran, respectively, at a stockpile 
located in the mining complex (SUL_NC_03), and at a 
disposal point at Cerro do Lobo TMF (SUL_NC_01). Both 
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materials consist of run-of-mine (ROM) residues resulting 
from the primary crushing underground. The difference 
between these two waste materials lies on their storage 
time: while SUL_NC_01 was picked up on the exact day 
the material was carried out from the mine, SUL_NC_03 
has collected from a stockpile where material has been 
kept for a period of 25 to 30 years after its underground 
extraction during an early stage of the mine’s life. During 
this time period, mineral processing operation has been 
changed several times, including major changes associated 
to the startup of the zinc processing plant in 2001.

At the stockpile, two tons of SUL_NC_03 were col-
lected and mixed from four different positions: bottom, 
top, eastern, and western flank, crosscutting the different 
oxidation layers in order to guarantee the representativity 
of the material. At the mine waste disposal point at Cerro 
do Lobo TMF, two tons of SUL_NC_01 were taken from 
the pile as it came out of the mine, splitting the mate-
rial homogeneously with a backhoe until a 1m3 container 
was filled. Both samples were sieved in situ at 25 mm 
mesh, (oversized rocks used as aggregates), homogenized, 
and split into 10 sub-samples weighting 25 kg each, the 
remaining material being stored indoors for future use, if 
needed.

As a consequence of the long exposure to weathering 
effects of the old waste rock (SUL_NC_03), different lay-
ers of oxidized material, showing contrasting colorations, 
are visible in the stockpile (Fig. 3). Samples of different 
layers at the stockpile (black layer (SUL_AGE_01W) red-
dish (SUL_AGE_05W), grayish (SUL_AGE_03W), yel-
lowish (SUL_AGE_02W) and finally, the whitish layer 
(SUL_AGE_04W)) were taken both for X-ray diffraction 
(XRD) and for X-ray fluorescence (XRF) analysis, in order 
to compare the composition and mineralogy of each layer. 
Samples were dried in an oven at 40 °C for 16 h to remove 
humidity, split in a riffle until individual samples weight-
ing 60 g were obtained, and powdered in a tungsten ring 
mill as preparation for XRF analysis.

Sampling of Cerro do Lobo Tailings Management Facility

Cerro do Lobo impoundment is divided into areas where 
tailings were (and are) progressively disposed following a 

sequence of filling, compaction, drainage of water and grad-
ual covering, which allowed to sample separately the mate-
rial disposed in October 2019, in March 2019, and in 2014.

Sample no 1 (SUL_AGE_01T) was taken on the western 
flank of the impoundment from the discharge point in Octo-
ber 2019; sample no 2 (SUL_AGE_02T) was taken from 
the cell were tailings were disposed in March 2019; and 
samples no 3 and 4 (SUL_AGE_03T and SUL_AGE_04T) 
were taken from the southeastern sector of the dam, cor-
responding to material already stored for 5 years: sample 
3 (SUL_AGE_03T) was collected at the border of the cell, 
whereas sample 4 (SUL_AGE_04T) was picked up at the 
center of the cell (Fig. 4).

Sampling of tailings was performed by collecting about 
1 kg of blended material of 50 cm-deep holes. All samples 
were dried at 40 °C for 16 h and split into smaller sub-sam-
ples for XRD, laser diffraction and XRF analyses. A com-
plete drilling campaign (CPTu), covering the whole sectors 
of the impoundment, is now under progress by initiative of 
SOMINCOR-Lundin Mining. In a further step of this on-
going research, these drill holes, which extend down to the 
bottom of the impoundment, will allow the in-depth charac-
terization of the tailings stored at the Cerro do Lobo TMF 
and its evolution through time.

Fig. 3   Different colors shown 
by the old waste rock material, 
as they can be seen “in situ” 
(left) and after drying the cor-
responding samples (right)

Fig. 4   Sampling points at Cerro do Lobo Tailings Management Facil-
ity
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Particle Size Distribution and Grindability Optimum 
Time

As mentioned above, the samples SUL_NC_01 and SUL_
NC_03, (fresh waste rock and old waste rock, respectively) 
were sieved in situ at 2.5 cm, which means that the starting 
material was still too coarse for any reprocessing method 
or for further analysis. In order to treat separately the mil-
limetric particles of the sample, coarser sieving for five sam-
ples was done using the following mesh sizes: 8 mm, 4 mm, 
2.35 mm and 1.25 mm. Each fraction retained in the dif-
ferent meshes were weighted, powdered in a tungsten mill, 
and analyzed by XRF. Since there was very little material 
in the fraction < 1.25 mm, eleven sub-samples were passed 
through the mesh 1.25 mm in order to get five sub-samples 
of approximately 1—1.3 kg each, equivalent in weight to the 
coarser fractions sub-samples. The material below 1.25 mm 
was then sieved for 15 min in a ROTAP machine, generating 
sub-samples within the following mesh fractions: 335 µm, 
250 µm, 106 µm, 63 µm, 45 µm and 20 µm.

Particle size distribution in 130 samples of the tailings 
collected daily, between July and October, and in 53 samples 
of thickened tailings, were analyzed by laser diffraction at 
SOMINCOR’s laboratory. In addition, particle size distri-
bution of tailings either from the Cerro do Lobo TMF, or 
from the two Neves Corvo processing plants was measured 
using a Malvern 2000 and a Granulolaser Master 5000 laser 
diffraction particle size analyzers at the University of Lis-
bon and at the STEVAL laboratory in Nancy, respectively. 
A total of 10 samples were measured and taken as repre-
sentative of the materials studied in this research (control 
data). As tailings samples are fine powders below 100 µm, 
no sample preparation was required prior to laser diffraction 
analysis.

3 sub-samples, weighting 1.3 kg each, of both SUL_
NC_01, and SUL_NC_03 waste rock materials, were used 
to find a grindability optimum time reference equation, by 
grinding each of them in a ball mill at 15, 22.5 and 30 min. 
Each ground product was sieved in a ROTAP machine for 
20 min with the purpose of getting a granulometric curve 
corresponding to each grinding time and to estimate the D80 
of the final product. Then, a linear regression of the data was 
made for the “time vs. D80” plot, which permitted to obtain 
the y = mx + b equation required to find the optimum grind-
ing time for any desired particle size.

The experimental “time vs. D80” plot was based on the 
results obtained from each granulometric analysis after each 
grinding time, whereas the theoretical “time vs. D80” plot 
was based on the forecasting of D80 values from the cumula-
tive passing percentage calculated.

Geochemistry

A total of 47 samples (30 samples of waste rock, and 17 
samples of tailings) were analyzed with a hand-held portable 
XRF Thermo Scientific NITON XL3t Gold +  + , in static 
mode. The instrument uses an Ag x-ray tube (no radioactive 
source), with a maximum current of 0.2 mA, a maximum 
voltage of 50 kV, and a maximum power of 2 watts. All 
samples were analyzed in a static and closed platform. All 
the analyses were made in the “Mining Cu/Zn mode” pre-
defined in a library available in the portable system, with 
all 4 beam times set to 30 s, for a total of 120 s per sample, 
as the instrument operates on four different filters yielding 
4 spectra per sample, which provides measurements for 35 
elements. The sample preparation before analysis consisted 
of depositing the powders in sample cups covered with a 6.0 
μ thick polypropylene film. To evaluate the accuracy of the 
XRF analyses, blank duplicates were analyzed randomly. 
Moreover, whenever possible, the results were compared 
with high-quality measurements (calibrated) produced at 
SOMINCOR’s XRF laboratory (Fig. 5).

The quality of analytical data produced by portable XRF 
instruments rely very heavily on careful sample prepara-
tion, either in the form of pellets or capsules, to maximize 
precision and accuracy of the results, which, in addition, are 
highly improved when the readings are made in static mode 
inside a dedicated closed platform, as it was the case.

A set of 17 sub-samples were analyzed at ALS Geochem-
istry for whole rock geochemistry. The analytical methods 
used were major elements by XRF and ICP-AES; trace 
elements by Li Borate fusion (fused bead, acid digestion 
and ICP-MS), four acid digestion and ICP-AES, aqua regia 
digestion for the volatile trace elements; and total carbon and 
sulfur by combustion analysis (Leco furnace).

Fig. 5   Portable XRF results vs SOMINCOR -calibrated- XRF Results
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Mineralogy

X-ray power diffraction analysis for 3 representative sam-
ples of the SUL_NC_01 and SUL_NC_03 waste rock 
materials were performed at AGQ Mining & Bioenergy 
laboratory in Spain. The samples were crushed in a disk 
mill and ground in a tungsten mill until they achieve a D80 
of 10 µm. The powdered samples were then split at Lisbon 
University until that a 20 g subsample was obtained, and 
then sent to the laboratory.

X-ray power diffraction of 14 waste rock samples from 
the stockpile was ran by SOMINCOR –through Escorsa 
Labs, resorting to a PANalytical X’pert PRO MPD, work-
ing with a Bragg–Brentano θ–θ geometry of 240  mm 
diameter, at a 45 kV voltage and a current of 40 mA; the 
machine is equipped with a CuKalpha radiation and oper-
ates with a divergent slit of 0.5°.

Semi-quantitative estimates of the mineral proportions 
in each sample obtained from XRD analyses through 
Rietveld method were combined with the geochemical 
data yielded by XRF, ICP-AES and ICP-MS, in order 
to provide the weight proportions of the various min-
erals present in the different samples per size fraction 
(cf  [54].). This modal mineralogy was calculated for 
515 samples using the GEO module of HSC Chemistry 
10 software by Outotec. Error estimation of mass pro-
portion of minerals in the samples was calculated using 
Monte Carlo Simulation with 200 iterations. All mass 
proportions were calculated using the Non-negative Least 
Square (NNLS) method. Nevertheless, it should be men-
tioned that, although quite robust and consistent, this 
approach to modal mineralogy cannot avoid the limita-
tions arising from the fact that the mineral reference list 
for the various minerals was built on the basis of their 
stoichiometric compositions (c.f. Section 4.4) and not on 
their rigorous individual compositions measured sample 
by sample.

Acid Base Accounting and Net Acid Generation

Acid base accounting (ABA) and net acid generation 
(NAG) tests were carried on for waste rock samples (SUL_
NC_01 and SUL_NC_03) at AGQ Mining & Bioenergy 
laboratory in Spain. ABA tests included sulfur specia-
tion using combustion-infrared TOC method, and Acid 
Potential (AP) and Neutralization Potential (NP) by using 
the Sobek test (Sobek et al., 1978) procedure, determined 
by reacting the sample with HCl, and back titrating with 
NaOH. Net Neutralization Potential (NNP), Neutraliza-
tion Potential Ratio (NPR) and Net Acid Generation pH 
(NAGpH) were used to classify waste rock samples SUL_
NC_01 and SUL_NC_03.

Net acid generation (NAG) tests were used to determine 
the balance between acid-producing and acid-consuming 
components of the waste rock using hydrogen peroxide to 
ensure oxidation of sulfides at different stages of the test. 
Acid produced by oxidation was consumed by carbonates 
and/or by other acid-consuming components of the waste 
rock samples. At the end of each stage, the sample is fil-
tered to separate the solids from the NAG solution. The 
pH and acidity of the solution was then measured (NAG 
pH), while the solids were recovered to repeat oxidation 
using another dosage of hydrogen peroxide.

Results and Discussion

Particle Size Distribution

Considering the low proportion of fine particles passing the 
1.25 mm mesh during coarse sieving (15.25% and 13.07% for 
SUL_NC_01 and SUL_NC_03, respectively), the fine sieving 
process was not enough to guarantee the representativity of 
the samples with a single sieving operation, implying its rep-
etition for five times until we got a composite sample of waste 
rock passing through 1.25 mm mesh equivalent in weight to 
the ones used for coarse sieving.

Figure 6 graphically shows the particle size distribution 
for samples SUL_NC_01 and SUL_NC_03. The approxi-
mate values of D80 are 30 mm (30000 µm) for SUL_NC_01, 
and 22 mm (22000 µm) for SUL_NC_03, meaning that 80% 
of these materials pass through those sizes, respectively. In 
fact, although the materials were sieved “in situ”, during the 
sampling campaign, the samples remained generally coarse.

The material over 4 mm represents (Table 2) 58.05% in 
the fresh waste rock (SUL_NC_01) and 56.94% in the old 
waste rock (SUL_NC_03), both having a similar particle 
size distribution, which reflects the fact that the under-
ground crushing stage did not suffer significant modifica-
tions through time along mining operations.

Grain size distribution of tailings samples was obtained 
by laser diffraction analysis. Considering the disposal 
method used at Neves Corvo and the different uses given 
to the tailings, particle size distribution is not always 
homogeneous as seen with the waste rock. When backfill 
is carried on during mining operations only particles finer 
than 50 µm are pumped to the Cerro do Lobo TMF, which 
constrains the granulometry of the thickened tailings at 
the end of the process.

Samples taken directly from the Cerro do Lobo TMF, 
such as SUL_AGE_01T, SUL_AGE_02T, SUL_AGE_03T 
and SUL_AGE_04T, have an approximate D80 of 15 µm, 
while a sample taken at the last stream of the process-
ing plants before being pumped to the Cerro do Lobo 
TMF (SUL_NC_02) that has a D80 of 40 µm (Fig. 7). The 
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latter sample was taken in the feeding valve to the hydro-
cyclones, prior to size separation (either to send the whole 
material to the thickener, or to split it in two fractions for 
backfilling and final disposal).

The particle sizes in the samples collected at the Cerro 
do Lobo TMF range between 1 and 30 µm, while the tail-
ings collected at the last stream of copper and zinc pro-
cessing plants, have particle sizes ranging between 1 and 
100 µm.

Figure 8 shows the daily D80 variations of tailings col-
lected at the last stream of the processing plants before dis-
posal at the Cerro do Lobo TMF for a period of three months 
in 2019. The average value of D80 of tailings for the third 
trimester of 2019 is about 23.6 µm, which corresponds to 
a higher production of finer particles in the beneficiation 

Table 2   Cumulative weight retained coarse and fine sieving – sam-
ples SUL_NC_01 and SUL_NC_03

Size (µm) SUL_NC_01 SUL_NC_03
Cum Weight % Cum Weight %

Material retained 
weight percentage

 > 250,000 0.00% 0.00%
 > 8000 34.13% 30.96%
 > 4000 58.05% 56.94%
 > 2350 72.03% 73.80%
 > 1250 84.75% 86.93%
 > 335 94.07% 96.39%
 > 250 95.58% 97.45%
 > 106 98.54% 98.76%
 > 63 99.88% 99.48%
 > 45 99.96% 99.74%
 > 20 100.00% 99.98%
 > 1 100.00% 100.00%
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Fig. 7   Particle size distribution PSD from laser diffraction analysis in 
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process compared to the average value of D80 for the last 
10 years, which is 34.9 µm (SOMINCOR, 2019).

Grindability Optimum Time

Three representative samples of each type of waste rock 
(SUL_NC_01 and SUL_NC_03) were ground at different 
times (15, 22.5 and 30 min). Each ground product was sieved 
in a ROTAP machine to get a particle size distribution in a 
size range between 1 and 10,000 µm (Fig. 9). Two values of 
D80 were considered for this analysis. The first value was 
extracted from the granulometric curve which represents 
experimental data, and the second value corresponds to a 
forecast based on a linear trend of the cumulative passing 
percentage values calculated.

In Fig. 10, the plots “time vs. D80” for samples SUL_
NC_01 and SUL_NC_03 were drawn both for experimental 
and theoretical values, and their corresponding linear regres-
sion trends were computed to obtain the line equation in the 
form y = mx + b , where “y” is the time required to achieve a 
certain value of “x” (D80), “m” represents the gradient of the 
line, and “b” is a constant value (y-intercept). This approach 
provides the means to calculate the grindability optimum 

time for any particular size of particles. For instances, if the 
desired particle size for processing waste rock is 90 µm, as it 
is used for ore beneficiation at the processing plants of Neves 
Corvo, grindability optimum time would be 37 min for 
sample SUL_NC_01, and 33 min for sample SUL_NC_03. 
Shifts between the times obtained from experimental and 
theoretical approaches for both samples does not exceed 1%, 
which at laboratory and pilot plant scale does not represent 
a major variability. Upscaling of grindability optimum time 
for industrial use will however involve mill parameters that 
are not considered in this analysis.

Within the framework of the SULTAN project, optimum 
grindability time between 30 and 37 min was set at TU 
Clausthal, Germany, for grinding 200 kg of the two samples 
considered, aiming to prepare the material for pilot-scale 
sulfide flotation, in order to remove the sulfide fraction to 
produce a cleaner waste for industrial applications (ceramics, 
tiles, bricks, etc.). The achieved value of D80 felt between 85 
and 90 µm, which was exactly what was expected (Fig. 11).

Fig. 9   Cumulative curves after 
grinding times 15, 22.5, and 
30 min with experimental D80 
values for samples SUL_NC_01 
and SUL_NC_03
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Geochemistry

Fresh and Old Waste Rock

Whole-rock geochemical analyses for samples SUL_NC_01, 
SUL_NC_02 and SUL_NC_03 measured by portable XRF 
were positively compared with corresponding data obtained 
at ALS Geochemistry, and XRF analyses performed at 
SOMINCOR’s XRF laboratory (Fig. 5). A summary of XRF 
data is shown in Table 3. Waste rock samples composition 
is dominated by SiO2 (42–55 wt%), Fe2O3(12–17 wt%) and 
Al2O3(9–14 wt%), with significant sulfur content, up to ca.5 
wt% S, and low base metals contents (0.12–0.4 wt% Cu 
and 0.09–0.3wt% Zn). Tin and lead contents in waste rock 
samples do not surpass 600 ppm (133–537 ppm @Sn and 
346–565 ppm @Pb), which precludes any possible interest 
in considering the recovery potential of these elements from 
waste rocks. In general terms, both materials (SUL_NC_01 
and SUL_NC_03) have similar compositions regarding 
their major constituents; however, when it comes to a del-
eterious element such as arsenic it becomes quite clear that 

the altered material stored in the stockpile (SUL_NC_03; 
1000–1020 ppm As) shows supergene enrichment relative 
to the fresh waste rock (SUL_NC_01; 466–472 ppm As), 
which obviously has relevant environmental implications.

Figure 12 shows the concentration of target elements by 
size fraction for SUL_NC_01. Values for copper and lead 
show little variation as a function of particle size distribu-
tion, except for a slight increase of copper grade in the frac-
tion between 4 mm and 1.25 mm. Conversely, the trend of 
zinc contents along the different size fractions clearly shows 
two peak values: one in the coarser side of the granulometric 
curve (fraction 2.38 mm), and the other in its opposite side 
(fraction 20 µm). A possible interlocking of “zinc-bearing 
particles” in the coarser fraction and already liberated “zinc-
bearing particles” in the finer fraction can possibly explain 
this trend as it will be investigated by detailed optical inspec-
tion, automated mineralogy, and Mineral Liberation Analy-
sis (MLA) in the next stage of this on-going research.

The composition of sample SUL_NC_03 at the vari-
ous size fractions (Fig.  13) shows a flat trend for lead 
that is similar to the one observed in fresh waste rock. 
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However, it reveals significant differences relative to sam-
ple SUL_NC_01 regarding the behavior of copper and zinc. 

Differently from the fresh waste rock, where zinc content 
was higher than copper and variable along the granulometric 
curve, the oxidized sample SUL_NC_03 shows zinc deple-
tion and a homogeneously low zinc distribution along size 
fractions. Instead, the copper content in this sample shows 

Fig. 11   Cumulative and non-cumulative particle size distribution of pilot-scale grinding for sample SUL_NC_01 at TU Clausthal (March 
2020—SULTAN Project)

Table 3   Bulk chemistry of samples SUL_NC_01and SUL_NC_03 
(summary)

ID SiO2_% Al2O3_% Fe2O3_% K2O_% S_%

SUL_NC_01 51.19 9.68 15.63 2.61 4.98
SUL_NC_01 51.49 9.56 15.62 2.59 4.29
SUL_NC_01 55.31 13.50 16.97 2.12 4.99
SUL_NC_03 42.63 8.94 12.59 3.37 3.20
SUL_NC_03 42.92 9.08 12.52 3.37 3.18
SUL_NC_03 54.46 14.69 13.01 2.83 3.22
ID Cu_% Zn_% Pb_ppm As_ppm
SUL_NC_01 0.12 0.30 565.73 472.08
SUL_NC_01 0.12 0.30 565.37 460.65
SUL_NC_01 0.17 0.36 805.00 466.37
SUL_NC_03 0.33 0.12 346.41 1018.89
SUL_NC_03 0.34 0.12 336.94 1011.41
SUL_NC_03 0.43 0.09 365.00 1015.00
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a general copper enrichment relative to the fresh waste rock, 
which is particularly significant in the finer fractions, and 
especially in the particles sized between 335 µm and 63 µm. 
This copper behavior is most likely related with supergene 
enrichment of the old waste rock stockpile and secondary 
copper allocation to fine-grained alteration minerals.

The metal contents of samples SUL_NC_01 and SUL_
NC_03 show values that might be potentially interesting 
for the possible reprocessing of these materials. However, 
as the D80 of both samples is in the millimetric range and 
considering that ore processing at beneficiation stage only 
uses sizes below 63 µm, crushing and grinding would be 
needed prior to any other processing stage. The composi-
tion of these waste rock residues does not preclude as well 
their potential for further use looking to other, non-metallic, 
industrial applications.

Layers in Waste Rock Stockpile

As it has been referred in Sect. 3.1.1 and shown in Fig. 3, 
the long exposure to weathering effects of the old waste rock 
stockpile led to formation of different layers of oxidized 

material showing contrasting colors. Samples representa-
tive of each of these colored layers were separately ana-
lyzed by XRF and the corresponding results are presented 
in Table 4. These results are particularly interesting when 
compared with the composition of the old waste rock mate-
rial SUL_NC_03 above described, as the later represents 
in fact a mixed composite of the various layers (see sam-
pling procedures in Sect. 3.1.1). The compositions of the 
different colored layers provide a means to better under-
stand the chemical modifications related with the mete-
oric alteration suffered by the stockpile though time. In a 
way, the succession of colors, starting with the black layer 
(SUL_AGE_01W) and going through the reddish (SUL_
AGE_05W), grayish (SUL_AGE_03W), yellowish (SUL_
AGE_02W) and finally, the whitish layer (SUL_AGE_04W), 
illustrate a rough profile of supergene alteration. The black 
layer is for sure the one where pyrite (and other sulfides) is 
better preserved. Along the path composed by those four 
initial layers one can see the progressive decrease in iron 
and sulfur contents and variable metal leaching. In fact, it 
represents a copper(zinc)-enriched basal horizon where the 
above leached metals and sulfur do precipitate as secondary 
products, especially sulfates.

In samples SUL_AGE_01W (black layer), SUL_
AGE_02W (yellow layer), SUL_AGE_03W (grayish layer) 
and SUL_AGE_05W (reddish layer) sulfur contents vary 
between 2.2 and 5.0 wt%. Whereas these four colored sam-
ples have as main constituents SiO2 (39–45 wt%), Fe2O3 
(10–20 wt%), and Al2O3 (7–12 wt%), consistently with 
the results of the old waste rock material above described 
(SUL_NC_03), sample SUL_AGE_04W (white layer) pre-
sents very low SiO2 (3.8 wt%), Fe2O3 (1.6 wt%), and Al2O3 
(2.1 wt%) contents, and a pronounced increase of the sulfur 
content (10.8 wt%), consistently with chemical precipitation 
and occurrence of sulfate minerals in this layer, accompa-
nied by base metal enrichment (much higher values of Cu—
1.3wt%—and Zn—1.0wt%).
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Table 4   Bulk chemistry of 
samples SUL_AGE_01W(black 
layer), SUL_AGE_05W(reddish 
layer), SUL_AGE_03W(grayish 
layer), SUL_AGE_02W(yellow 
layer), and SUL_AGE_04W 
(white layer)

ID (top to bottom) SiO2_% Al2O3_% Fe2O3_% K2O_% S_%

SUL_AGE_01W (black layer) 42.726 11.727 20.111 2.258 5.021
SUL_AGE_05W (red layer) 39.622 7.013 18.422 1.964 3.444
SUL_AGE_03W (grayish layer) 45.096 9.274 13.261 2.799 3.796
SUL_AGE_02W (yellow layer) 41.853 7.734 10.601 2.858 2.290
SUL_AGE_04W (white layer) 3.805 2.053 1.602 0.264 10.754
ID (top to bottom) Cu_% Zn_% Pb_ppm As_ppm Sn_ppm
SUL_AGE_01W (black layer) 0.564 1.847 1427.940 1567.920 353.460
SUL_AGE_05W (red layer) 0.458 0.078 172.040 694.950 433.850
SUL_AGE_03W (grayish layer) 0.269 0.182 153.870 638.040 239.890
SUL_AGE_02W (yellow layer) 0.245 0.086 195.370 347.910 241.490
SUL_AGE_04W (white layer) 1.345 1.028 15.750 124.300 22.730
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Tailings

Sample SUL_NC_02 represents the tailings streams com-
ing out of the processing plants before being mixed and 
sent to the Cerro do Lobo TMF tailings, i.e., the non-valu-
able materials, thus the gangue minerals plus the valuable 
metals that were not able to be recovered during benefi-
ciation process. Expectingly, tailings have as main con-
stituents Fe (~ 26 wt%), SiO2 (~ 33wt%) and sulfur (24–28 
wt%), (Table 5) reflecting the mineralogical composition 
of the residue of the processing plants: pyrite, quartz, and 
phyllosilicates.

This study focuses on the recovery of valuable met-
als and by-products from sulfidic tailings. Grades of Zn 
(0.7–1.3 wt%), and Pb (0.3–0.7 wt%) might be interest-
ing, whereas grades of Cu (0.3–0.6wt%) might be com-
pared with primary ores of some deposits around the world 
(porphyry copper deposits), which makes Neves Corvo 
tailings a possible source of mineral resources by the end 
of the mine’s operation. Other possible by-products in tail-
ings, such as Sn (600–100 ppm), Sb (200–500 ppm), Ag 
(13–20 ppm) and Co (200–250 ppm), might be interesting 
in the future as well.

Considering the tailings samples collected on surface in 
three different sectors of the Cerro do Lobo TMF, which 
correspond to disposals made in October 2019, in March 
2019, and in 2014, no significant compositional variations 
have been detected so far, with the exception of a slight 
reduction of SiO2 (from 30 to 22 wt%) and a slight increase 
in iron (Fe) content (23 to 27 wt%) observed in samples 
from March 2014. The on-going drilling campaign (CPTu) 
at the Cerro do Lobo TMF will provide a complete set of 
samples that will allow the 4D (space–time) geochemi-
cal characterization of the Cerro do Lobo TMF tailings, 
which will be combined with historical data to build an 
integrated model for the tailings dam.

Mineralogy

Mineralogical analyses of fresh waste rock mate-
rial (SUL_NC_01) by semi-quantitative XRD analy-
sis (Fig.  14), revealed a mineral composition domi-
nated by quartz (57.3%—SiO2), Chlorite (chamosite 
(21,9%—(Fe2+, Mg)5Al(AlSi3O10)(OH)8)), biotite 
(2.4%—K(Mg,Fe)3(AlSi3O10)(F,OH)2) and muscovite 
(16.4%—KAl2(AlSi3)O10(OH)2), with minor proportions 
of sulfides, such as pyrite (2.3%—FeS) and chalcopyrite 
(0.2%—CuFeS2).

Other minerals, macroscopically identified in hand speci-
men, such as jarosite (KFe3+(SO4)2(OH)6), gypsum (CaSO4. 
2H2O) and plagioclase (NaAlSi3O8-CaAl2Si2O8), were 
detected in much lower abundances.

XRD analyses performed at SOMINCOR’s XRD labora-
tory for 14 sub-samples of oxidized waste rock stockpile, 
(SUL_NC_03) allowed the mineralogical characterization 
of the oxidized waste rock material stored in the stockpile 
(including the various colored layers). Table 6 summarizes 
the mineral phases identified and their approximate relative 
proportions.

The main mineral constituents of the oxidized waste rock 
stockpile (SUL_NC_03) are quartz (56.7%—SiO2), musco-
vite (17.0%—KAl2(AlSi3)O10(OH)2), and chlorite (21.8—
chamosite ((Fe2+, Mg)5Al(AlSi3O10)(OH)8) with minor 
proportions of pyrite (2.5%—FeS2; only a few anomalous 
abundances above 10%), gypsum (2%—CaSO4⋅2H2O), car-
bonates, and some minor additional silicate minerals. It is 
important to notice the recurrent occurrence of gypsum in 
this old waste rock material, resulting from the weather-
ing of sulfides into sulfates, as it differentiates it from fresh 
waste rock where this mineral was not identified.

The semi-quantitative mineralogical XRD characteriza-
tion of SUL_NC_02 (Fig. 15) has shown that quartz (30%—
SiO2), pyrite (43.1%—FeS2) and chamosite (22.5%—(Fe2+, 
Mg)5Al(AlSi3O10)(OH)8), with very minor amounts of chal-
copyrite (0.3%—CuFeS2) and phyllosilicates (4.1%), are 

Table 5   Bulk chemistry of 
sample SUL_NC_02 (summary)

ID Cu_% Zn_% Fe_% Pb_% As_ppm S_%

SUL_NC_02_1 0.35 0.93 25.55 0.31 5110.69 24.78
SUL_NC_02_2 0.35 0.95 25.29 0.31 4817.69 24.16
SUL_NC_02_3 0.33 0.79 25.72 0.30 4981.23 24.87
SUL_NC_02_4 0.31 0.80 25.56 0.31 5135.10 24.94
SUL_NC_02_5 0.31 0.89 25.45 0.30 4887.38 25.08
ID SiO2_% Al2O3_% K2O_% CaO_%
SUL_NC_02_1 33.56 7.17 0.73 1.08
SUL_NC_02_2 33.36 6.97 0.74 1.04
SUL_NC_02_3 32.05 7.12 0.76 1.05
SUL_NC_02_4 32.54 7.33 0.74 1.08
SUL_NC_02_5 33.51 7.36 0.73 1.20
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largely predominant in the tailings stream of the processing 
plants.

 It is known that XRD is much more accurate in meas-
uring large and abundant crystalline structures rather than 
small and very minor ones. Therefore, it is likely that other 
minerals,, such as sphalerite (Fe,Zn)S), galena (PbS), tetra-
hedrite ((Cu,Fe)12Sb4S13) and some carbonates, might have 

not been detected in the XRD spectra if occurring in very 
minor proportions or small crystalline phases.

Modal mineralogy, also known as element-to-mineral 
conversion, was also performed in order to add to our XRD 
mineralogy estimates, ground on an independent approach, 
of the mineral proportions present in the chemically ana-
lyzed samples. After testing different alternatives, a plausible 

Fig. 14   Diffraction spectra of samples SUL_NC_01(top) and SUL_NC_03 (bottom) (fresh and oxidized waste rock)
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Table 6   Mineral proportions in sub-samples from the oxidized waste rock (SUL_NC_03)

X-ray diffraction (XRD) Analyses of Neves Corvo Waste Rock from the stockpile (SOMINCOR, 2019)

Sample Subsample 1 Subsample 2 Subsample 3 Subsample 4 Subsample 5 Subsample 6 Subsample 7

Quartz % 50 51 63 56 53 47 44
Muscovite % 42 34 7 34 31 45 42
Gypsum % 2 2 3 2 2 1 1
Pyrite % 2 3 20 1 4
Jarosite % 3 4 2
Clinoclhore % 4 8 5 6 5
Chamosite % 5 8
Chalcopyrite % 2
Ankerite % 0 2
Braunite %  < 1
Bustamite % 3
Calcite % 1

Sample Subsample 8 Subsample 9 Subsample 10 Subsample 11 Subsample 12 Subsample 13 Subsample 14

Quartz % 49 44 49 42 47 43 47
Muscovite % 42 37 32 39 42 42 43
Gypsum %  < 1  < 1 2 1 1 1
Pyrite % 2 12 3 9 2
Jarosite % 2 2 3
Clinoclhore % 6 10 6
Chamosite % 6 12 8 7
Chalcopyrite % 1
Braunite % 1  < 1
Calcite %  < 1  < 1
Dolomite % 2

Fig. 15   Diffraction spectra for sample SUL_NC_02 (tailings)
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mineral conversion assessment for samples and sub-samples 
of SUL_NC_01, SUL, NC_02 and SUL_NC_03 was found. 
The GEO module of HSC Chemistry 10 software by Outo-
tec, which involves three calculation rounds with Non-nega-
tive Least Square (NNLS) algorithm, was adopted. The first 
round included sulfides (except pyrite) and minerals which 
could be estimated based on one single element; a second 
round with minerals belonging to the classes of silicates 
(except quartz) and carbonates; and a third round with pyrite 
and quartz (as main gangue minerals). Table 7, Table 8, and 
Table 9, show the mineral proportions per sample plus/
minus the standard deviation estimated by running Monte 
Carlo simulation with 200 iterations. It is important to men-
tion that it was chosen not to normalize the mass proportions 
to a total of 100% in order to prevent hiding the possible 
occurrence of minor minerals (silicates gangue) that might 
be missing in the general list of minerals used. The tables 
displayed show that the modal mineralogy estimated fully 
confirm the XRD semi-quantitative characterization above 
presented: quartz, muscovite, and chamosite are largely 
predominant in the waste rock material (SUL_NC_01 and 
SUL_NC_03), whereas pyrite, quartz, and phyllosilicates are 
predominant in the tailings material (SUL_NC_02).

As mentioned in Sect. 4.3.2, the white layer (sample 
SUL_AGE_04W; Table 8) is not representative of the 
whole stockpile, since it corresponds to a bottom layer 
that only appears in areas where pronounced precipitation 
of sulfates occurred at the base of the pile. The gypsum 
content in this sulfate-rich layer more than doubles the 
average value for the stockpile shown by sample SUL_
NC_03. The uncommonly low total shown by sample 
SUL_AGE_04W in Table 8 turns it clear how the set of 
minerals listed for the remaining samples is unsuitable to 
describe the modal mineralogy of this particular sample.

Acid Base Accounting and Net Acid Generation

There are several combinations of methods as part of the 
state of the art for the prediction and control of drainage 
chemistry such as monitoring data, field kinetic tests, labo-
ratory kinetic tests, retention tests, mineralogy, total metals 
and whole rock analysis, and acid base accounting [55]. As 
already mentioned, at the Neves Corvo mine, the method Ta
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8 Table 10   Average values of sulfur speciation for SUL_NC_01 and 

SUL_NC_03 sub-samples

SUL_NC_01-average SUL_NC_03-average

Sulfur speciation Value (%) Sulfur speciation Value (%)

Stotal 4.87 Stotal 3.95
Sulfates 0.97 Sulfates 1.40
Sulfides 3.91 Sulfides 2.55
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developed by SOMINCOR for the disposal of tailings at 
Cerro do Lobo TMF by co-deposition with waste rock is 
aimed at guaranteeing the best conditions for the geochemi-
cal and geotechnical stability of the tailings dam. By avoid-
ing the contact between the mine residues and water and 
air, it is intended to prevent oxidation and, consequently, 
the harmful effects of possible associated acid mine drain-
age. Waste rock stockpiles are kept in the industrial complex 
before its disposal at Cerro do Lobo TMF, with controlled 
drainage systems that prevent percolation of waters to the 
soil.

Two different tests—Acid Base Accounting (ABA) 
and Net Acid Generation (NAG) – were applied on six 
sub-samples of fresh (SUL_NC_01) and old waste rock 
(SUL_NC_03). Mine waste rocks in Neves Corvo, both 
old and fresh, consist of variably altered and mineralized 
silicate rocks—mostly felsic volcanic rocks, and/or sili-
ceous metasediments—in variable proportions. However, 
although the main constituents (> 70%) of these materials 
are quartz, chamosite,, muscovite and some carbonates, 
there is still a variable percentage (5–20%) of dissemi-
nated sulfides such as pyrite, chalcopyrite, ± sphalerite 
and ± arsenopyrite, among other minor sulfide minerals, 
which could lead to potential generation of acid mine 
drainage. As expected, there is a slight difference in sul-
fur speciation between fresh (SUL_NC_01) and oxidized 
waste rocks (SUL_NC_03). Sub-samples of SUL_NC_01 
show higher concentration of sulfur and larger proportion 
of sulfide minerals, while sub-samples of SUL_NC_03 
show a decrease in sulfur concentrations, but a larger pro-
portion of sulfates (Table 10). This difference obviously 
reflects the oxidation of sulfide minerals in the stockpile, 
with emphasis on pyrite (ca. 20% pyrite in SUL_NC_01 
versus ca. 9% pyrite in SUL_NC_03), and re-precipita-
tion of sulfur under the form of sulfate minerals such as 
jarosite, gypsum, among others. As it is common in VMS 
deposits, pyrite is by far the mineral with the largest poten-
tial for AMD generation in Neves Corvo.

The ABA and NAG results obtained in the course of 
this study are summarized in Table 11. Net neutralization 
potential (NNP) and Neutralization Potential Ratio (NPR) 
for the Neves Corvo waste rock samples were calculated 

based on the results obtained from ABA tests. Net Neu-
tralization Potential (NNP) corresponds to the difference 
between neutralization potential (NP) and acid production 
potential (AP), while the Neutralization Potential Ratio is 
the ratio between NP and AP [56]. Materials are classified 
as acid producing if NNP is less than − 20 kg CaCO3/t, 
non-acid producing if NNP greater than 20 kg CaCO3/t 
and considered uncertain if NNP value is between − 20 
and 20 kg CaCO3/t. For NPR, it is considered that values 
of NPR < 1 are to produce AMD and values of NPR > 2 
are to prevent AMD [55, 57, 58].

Both samples SUL_NC_01 and SUL_NC_03 should 
be classified as acid producing materials since their aver-
age NNP values (− 112.84 kg CaCO3/t and − 79.5 kg 
CaCO3/t, respectively) are clearly below the established 
limit. For Neves Corvo waste rock samples, the values of 
NPR are < 1 (0.075 for SUL_NC_01 and 0.003 for SUL_
NC_03), confirming that both of them are considered as 
potential generators of AMD.

NAG test is a valuable quantitative proxy to the poten-
tial for net acid generation of a mine residue, especially 
when coupled with the results obtained for ABA tests [55]. 
NAGpH values below 4.5 indicate the material is potentially 

NNP = NP − AP

AvgNNPSUL_NC_01 = 9.16 − 122 kgCaCO3∕t

AvgNNPSUL_NC_03 = 0.25 − 79.75 kgCaCO3∕t

AvgNNPSUL_NC_01 = −112.84kg CaCO3∕t

AvgNNPSUL_NC_03 = −79.50kg CaCO3∕t

NPR = NP∕AP

NPRSUL_NC_01 = 9.16∕122 NPRSUL_NC_03 = 0.25∕79.75

NPRSUL_NC_01 = 0.075 NPRSUL_NC_03 = 0.003

Table 11   Summary of ABA and 
NAG test results – waste rock 
samples

SUL_NC_01 Avg SUL_NC_03 Avg

Acidic potential (AP) 122.00 kgCaCO3/t Acidic potential (AP) 79.75 kgCaCO3/t
ABA (neutralizing poten-

tial) Sobek method
9.16 kgCaCO3/t ABA (neutralizing poten-

tial) Sobek method
0.25 kgCaCO3/t

pH paste 4.27 pH paste 4.27
NAG (pH 4.5) 48.9 kgH2SO4/t NAG (pH 4.5) 25.0 kgH2SO4/t
NAG (pH 7.0) 67.1 kgH2SO4/t NAG (pH 7.0) 39.3 kgH2SO4/t
NAGpH 2.36 NAGpH 2.55



1503Journal of Sustainable Metallurgy (2021) 7:1483–1505	

1 3

acid generating, whereas NAGpH values equal or higher 
than 4.5 mean that the material is potentially net acid neu-
tralizing. NAGpH values for samples SUL_NC_01 and 
SUL_NC_03 confirm the indications previously given by 
their net neutralizing potential—NNP. The NAGpH values 
obtained for samples SUL_NC_01 and SUL_NC_03 were 
2.36 and 2.55 (Table 11), respectively, which is very much 
consistent with these mine waste rocks being potential acid-
generating materials.

Conclusion

Neves Corvo mine produces two types of residues: waste 
rock and tailings. By using a sub-aerial disposal method 
in co-deposition with waste rock, Cerro do Lobo TMF has 
stored, between 2010 and 2019, 17 Mt of thickened tailings 
and 7.3 Mt of waste rock. In addition, 3.1 million tons of 
waste rock remained in a temporary stockpile at the min-
ing complex. Tailings contain significant concentrations of 
valuable metals. Particle size analysis confirmed the fine 
grade of these residues and the challenge they represent for 
possible reprocessing and future mining. Grades of cop-
per (0.3–0.6 wt%) and zinc (0.7–1.3 wt%) suggest them as 
the main target elements to recover. Mineral phases identi-
fied in the tailings samples are dominated by pyrite (FeS) 
and quartz (SiO2), accompanied by other sulfides such as 
sphalerite, chalcopyrite, and galena, silicate minerals such 
as chlorite (clinochlore and chamosite) and plagioclase, 
and a minor proportion of carbonates. An on-going drilling 
campaign at Cerro do Lobo TMF and further studies at the 
resulting samples will allow us to characterize in depth the 
mineral associations, grade variability, and speciation of by-
products for modeling and resource estimation.

Waste rock material is characterized for having a granulo-
metric distribution toward the coarse (millimetric) fraction. 
However, when material was analyzed separately in differ-
ent size ranges it was possible to observe the variability of 
valuable elements (Cu, Zn) according to size classification, 
which could lead to possible metal recovery and additional 
valorization of gangue residues—their main constituents 
(42–55% SiO2, 9–15% Al2O3 and 12–17% Fe2O3) , as aggre-
gates and/or construction raw materials. Similar mineral-
ogy was identified for both fresh and oxidized waste rock 
(quartz, chamosite, pyrite); however, the mineral composi-
tion of oxidized waste rock includes additional phases that 
result from weathering reactions, such as jarosite, gypsum, 
ankerite, among others.
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