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IN 2017, THE ITERAMS PROJECT
CONSORTIUM STARTED THE
ADVENTURE TOWARDS MORE
SUSTAINABLE MINING UNDER
THE EUROPEAN UNION'’S
PROGRAM.

THE PROJECT MARKED A NEW
DIRECTION TO THE MINING
INDUSTRY IN RELATION TO MINE
WATER AND TAILINGS.

No matter whether in water scarce or in water abundant areas, water is a
critical issue for all mining companies and nearby societies. The scope of
ITERAMS is to radically reinvent the role of water and waste in mining and
to transform the current environmental challenges from a liability into an
asset. Water and waste are valuable resources, which must be reused in
the mining industry.

Three and half years later, we have accomplished great results, which
are summarized in this book. We have exciting news how the water loop
can be closed at the mine sites and which aspects need to be considered.

Water technologies, on-line sensors, ore sorting and new approaches
to the valorization of tailings have been piloted at mine sites in Finland,
Portugal and South Africa. These campaigns have demonstrated that new
sensors can reliably monitor contaminants of interest and water can be
cleaned efficiently and made ‘fit-for-purpose’. Real value has been shown
with ore sorting, with rapid adoption in the mining industry expected. Dry
tailings have been transformed into a cement like material in a process
called geopolymerisation. We have developed a protocol on closed water
loops with clear recommendations for all stakeholders, building on the
knowledge created during the project.

The closed water system is complex, requiring expertise from various
disciplines and organizations. This book is the result of fruitful cooperation
between 16 partners from industry, research organizations and universities
across EU member states, Turkey and South Africa. I am particularly
delighted to see the enthusiasm of our industrial partners in applying the
successful research and development results at their operations. I trust
that the ideas of this book will be useful and further adopted by mining
and technology companies worldwide.

Water and waste can be a business case for the companies and at the
same time improve the overall performance of the mining sector.

Paivi Kinnunen
ITERAMS Coordinator
vTT Technical Research Centre of Finland
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STARTING POINTS FOR THE
ITERAMS PROJECT

Since prehistoric times, mankind has mined valuable materials from the
Earth, and it will remain essential for accessing metals and other materials
for the foreseeable future. Mining has a reputation tarnished by its histori-
cal environmental performance, its consumption of water and energy and
its handling of waste. Going forward, mining must change and focus on de-
livering the metals and minerals needed for the world with a strong focus
on sustainability.

The ITERAMS project started with the idea of closing the water cycle at mines,
striving towards zero effluent discharge with dry tailings storage facilities.
Wet processing of ores delivers high water consumption, which leads to chal-
lenges in effluent handling and to availability issues in water-scarce regions.
Only a portion of the untreated wastewater can be recycled because of its
advert effects on the beneficiation process. The rest might be discharged, pos-
ing contamination risk and and incurring energy for treatment. Closing the
water cycle in a new way promises to overcome both these two aspects.
Taking the tailings, the solid by-product of mineral concentration, it
should be possible to generate products with concrete-like properties, which
could be used to cover and stabilize surface storage facilities or used as un-

derground mine backfill materials. Products could also be offered on the mar-
ket or used within the mine for other purposes. Thereby, waste generated
during the mining process can be turned into valuable products. Thus, the
project was to study, test and refine the required technologies, and explore
them under different conditions as case-studies at mine sites. Furthermore,
to investigate whether they are indeed beneficial for the environment and
add value from an economic and social perspective. Water quality changes
over seasonal periods were studied at three mines; one in the arctic climate
with freezing temperatures and heavy snowfall in the winter, and fast melt-
ing of snow in the spring (Kevitsa); one in a temperate region with seasonal
rains and one in an arid environment (named Site B and C). The ore types and
the related process flowsheets were also very different. A portfolio of treat-
ment methods to adapt the recycled water properties to suit the process re-
quirements was explored and tested. In all cases, the amenability of tailings
for the production of different types of geopolymers was assessed. A full sus-
tainability assessment was performed for the cases mentioned above. Ini-
tially planned for three years, the project was extended due to the CoVid “sit-
uation,” which slowed down laboratory work and also the validation work
in the mines. Now, at the end of the project, it is good to present and discuss
whether and how far this portfolio of new technologies indeed can lead to
more sustainable mining, covering environmental, economic, and also so-
cial aspects, and addressing predicted impacts and risks.

This short book is to be seen as a higher-level summary: it aims to guide
users from the initial challenges and ideas to the technical and conceptual
results of the ITERAMS project. Readers interested in more comprehensive
descriptions are referred to the detailed project reports available on the
ITERAMS website’s download section.

Project ambition and work plan fit obviously nicely to the Green Deal,
and to the goal of ensuring access to resources for the European economy [1].

WATER AND WASTE ISSUES IN MINING



Water samples in jars during the on-site testing
of water treatment technologies
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ITERAMS aimed to prove that on-line analysis will detect low-grade ore with
sufficient accuracy in lot sizes which could be sorted from the feed stream. This
will improve the flotation performance and reduce the environmental foot-
print. Furthermore, the project provides an economic analysis of ore losses.

ADVANCING TECHNICAL
SOLUTIONS TOWARDS AN
ITERAMS PORTFOLIO

Year after year, the mining industry generates 5-7 billion metric tons of tail-
ings worldwide. They are mostly disposed of on surface. This can cause en-
vironmental and safety problems including serious water pollution arising
from contamination of surface water, groundwater, and soils due to the leach-
ing of heavy metals, process reagents, and sulphur compounds. Furthermore,
the local water usage of the mining industry can be very high, even domi-
nating [3]. For example, approximately 65 % of fresh water is used in mining
operations in the arid Antofagasta area in Chile [4]. This does not only lead
to a high dependence on available water stocks in the area of a mine but can
also lead to conflicts with surrounding stakeholders.

Building on existing concepts and techniques, ITERAMS has refined, ad-
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vanced, and tested a portfolio of technical solutions for closing the water
loop for mine sites, and for generating useful products from water treatment
and tailings as well. These will be described in this chapter.

TAILINGS

The term “tailings” is used in mining for describing the waste stream
which is produced at mine plants, as a discharge of chemical and
physical processes which are used to extract the desired material
from the ore. It typically has a slurry consistency and consists of
finely ground rock and process effluents.

2.1 ORE SORTING

Ore sorting targets the removal of non-valuable materials as coarse particles
to avoid the processing of ore below the cut-off grade in the following min-
eral processing stage. This will prevent processing of material where the cost
exceeds the value of the ore itself [5;6]. Consequently, ore sorting reduces the
amount of the material to be processed in the next steps, which results in
lower energy demand, less water and reagent consumption and a reduction
of waste. These advantages become even more significant as the ratio of the
excavated waste rock to valuable metals has increased over time [7]. Never-
theless, ore sorting has been ignored by mines for several reasons, such as
the difficulty of measurement and material handling challenges [5].

Engineering)

To detect possible low-grade or waste materials, primary crushed ore was
considered to reflect the inhomogeneous ore structures and grade variations.
Measurements from crushed ore should be able to estimate the sorting po-
tential of the mine feed. Hence, for technical reasons, an on-line sensor was
installed on the main feed conveyor right after the primary crusher of the
Kevitsa mine.

ABOUT ORE SORTING TECHNOLOGIES

There are two different sorting methods: particle sorting separates single par-
ticles from a stream, and bulk sorting separates partial lots from a continu-
ous stream. The detection methods are based on the different properties of
single rock pieces or on average properties of material passing by the sensor.
The measurement can be done by mass (tomography) or colour (optical meth-
ods) or on-line spectral sensors (e.g., XRF, PGNAA, LIBS, LIF, RAMAN and IR).
Even if the same sensor technologies can be applied, the bulk and particle
sorting are fundamentally different and have different strengths and weak-
nesses. Bulk sorting can be performed from a few to thousands of tons per
hour without technical or economic limits. Data from sensors need to be
gathered for a time that depends on the sensor configuration. The mass that
passes during the signal gathering time is the smallest mass unit which can
be separated with a flop-gate or diverter chute. The gathered value is an
average over that mass. The method is efficient to remove gangue fractions
from the feed stream.

ADVANCING TECHNICAL SOLUTIONS “



Particle sorting is more complicated because it requires particles in a nar-
rowly sized band for analysis and removal by compressed air jets. The tech-
nology allows the use of several sensors at the same time. The method can
give high recoveries in sorting. The selection of a sorting method is usually
decided case-by-case, which reflects the uniqueness of each deposit and raw
material feedstock.

ANALYSIS RESULTS AT KEVITSA

The material from the samples which had been collected at the sulfidic min-
eral mine in Kevitsa, Finland was analysed with the XRF sensor. Figure 3 &
4 show the results of the ore sorting campaign. The ore loss ranges between
5% and 10 % at contact, and as the waste quality is not known, some sul-
phide waste is piled wrongly in the inert waste area. This latter case may
eventually lead to contaminated water leakage in the environment. Further-
more, in this preliminary study, it was possible to identify the hard rock
minerals using the LIF method and to detect talc minerals using LIF and IR
methods. Besides, the best on-line option to analyse light elements at the
conveyor was determined to be the PGNAA method even though it is slow.

Figure 2. Material samples
collection at Kevitsa

The data from Kevitsa was further used for analysing the economical bulk
ore sorting potential, should the waste material be sorted from the mine feed.
Economic calculations can be done to estimate how much below cut-off ore
can be sorted, and how much higher ore grade resides in the feed. This was
done by setting an estimated economic cut-off level to the collected data, to
calculate how many tons in the feed fall below the economical cut-off level.
The virtual calculation is based on diverting the material below the cut-off
level to the side, and by replacing it with average grade ore. In Kevitsa, the
potential for the increased value was calculated to be more than 10 Million
Euro annually.
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Figure 3. The study on metal content (%) during 24 hours shows 1 min
(light blue) and 60 min (dark blue) floating average rate from primary
crushed ore [8].
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Figure 4. During 6 hours in the morning, 3 truckloads could have been sorted,
representing about 10 % of the total feed (1 load of high-grade ore HG, 3 loads
of low-grade ore [LG]). The arrow in the figure shows approximately the time
in which one of those truckloads is processed in the primary crusher [8].
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2.2 VALORISATION OF MINE
TAILINGS

The ITERAMS project also studied if the gangue rock in the participating mines
could be used as raw-materials for useful geopolymer products. The tailings
of many existing mining operations contain the aluminosilicate minerals
needed for alkali-activation, at least to some extent. From a sustainability
perspective it makes sense to use solid alkali-activated products, which are
generated from tailings directly at the mine site as

1 backfill material applied to fill open stopes from the (under-
ground) mining operation and

2 cover materials for surface deposits of tailings to store them
ecologically safe and sealed off from the environment.

To understand the process of geopolymerisation, one needs to take a look at
what happens when a solid material gets in contact with a liquid solution: If
for example aluminium or silicon is present in the solid, an alkaline solution
can dissolve these elements. The relative amount of dissolved species depends
on the stability of the solid phase in which the specific element is incorporat-
ed. As an example, silicon dissolves relatively easily from a glassy structure,
whereas it is almost insoluble in the form of quartz with its three-dimension-
al network structure. Therefore, besides the chemical composition of a mate-
rial, the mineralogical composition is crucial for the dissolution of certain spe-
cies in alkaline conditions. Furthermore, the particle size and the particle
composition play a crucial role. In the end it comes down to a simple ques-
tion: Which mineral phase is in contact with the liquid solution?

In mine tailings, most of the fine particles are made up of several min-
erals and only some consist of just one mineral (see Figure 5). Whenever a
mineral phase is not at the surface of the particle, it will not be in contact
with the solution. Therefore, this specific phase will be inactive with respect
to dissolution unless the surrounding material is dissolved. The amount and
ratio of especially aluminium and silicon in the solution govern the structure
of the precipitates formed and consequently have a significant influence on
the properties of the resulting alkali-activated material. It is, therefore, cru-
cial to know the contribution of certain minerals in tailings to the number
of dissolved species in an alkaline solution.
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Figure 5. Simplified illustration of geopolymerisation of an aluminosilicate raw
material. An alkaline solution dissolves Aluminium and Silicon ions that have a
tetrahedral coordination in the solution. When the solubility limit is reached,
aluminosilicate monomers precipitate and subsequently condense into more
complex structures to form a solid network structure in the end.

The material samples from the mines were analysed, using the QEMSCAN
(Quantitative Evaluation of Materials by SCANning electron microscope) meth-
od (see Figure 6). Unfortunately, QEMSCAN is a rather complex evaluation
method and involves a lot of experience and time. Therefore, as an alterna-
tive and simple route, a series of direct dissolution experiments have been
performed to establish a link between the chemical and mineralogical com-
position of certain tailings and the dissolution behaviour of crucial elements.
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The results of the dissolution tests were used to facilitate the mix design for
alkali-activated products. Different known approaches were tested to in-
crease the mechanical strength of the final product: the addition of reactive
materials (e.g. blast furnace slag), increasing the reactivity of the tailings by
grinding, and increasing the reactivity by curing at elevated temperature.
Depending on the tailings type, the mix design, and the curing conditions
the final material shows a compressive strength in excess of 30 MPa even for
curing at low temperatures. Many successful products could be developed
without any further treating of the tailings making this approach also feasi-
ble from an economic point of view.

ADVANCING TECHNICAL SOLUTIONS “



The resulting alkali-activated materials are best used directly at the mine
site, since further valorisation as e.g. construction material might be uneco-
nomic due to the distance of most mining operations to potential end-con-
sumers. Primary possible applications of such materials are therefore back-
fill for underground stopes and surface covers for tailings or waste rock
storage facilities.

Within 1iTERAMS different on-site applications were developed accord-
ing to specific needs of different mine sites:

1 Alkali-activated underground backfill material based on mine
tailings to replace traditional cementitious backfill. This avoids
using cement as the binder and additionally increases the
amount of tailings that can be deposited underground.
Consequently, the amount of tailings to be stored in surface
deposits is reduced and possibly the mine life can be extended.

2 Surface cover for high sulphur waste rock and tailings. This
cover layer can be made watertight and therefore no surface
waters (especially precipitation) can get in contact with the
material underneath. Consequently, the potential formation
of acidic drainage is restrained and these covers act as an
environmental protection layer.

3 Dust reduction layers for surface tailings deposits. During sunny
weather, the evaporation of water from surface deposits of
tailings increases dust formation. This is a constant problem in
arid areas but also present in the arctic during its short summer.
Alkali-activation was investigated and successfully tested to
form a surface layer that has a higher resistance to dust
formation. As a result, the tailings are not spread by wind and
the environmental impact is reduced to a minimum.

The properties and performance of the resulting solutions have been evalu-
ated in lab experiments, especially concerning their long-term stability to
the local needs. For example a surface cover installed in the arctic has to be
able to resist and survive freeze-and-thaw conditions. Additionally, for some
applications, it was possible to perform on-site field tests to confirm the re-
sults of the lab experiments under real conditions. To assess the long-term
stability of these materials, simulation models have been developed based
on the local conditions and the properties of the resulting materials.

VALIDATION OF APPLICATION SCENARIOS

The described scenarios were further developed based on individual needs
of specific mine sites and in accordance with the potential from the avail-
able tailings, especially for direct use without further intensive processing.
As a result, the following possible applications were intended and tested
in small-scale demonstration pilot tests to evaluate their suitability and
performance:

e Cover for high-sulphur waste rock and tailings
e Underground backfill to replace cementitious backfill
e Dust reduction system

The testing for underground backfill and for the dust reduction system couldn’t
be performed at the specific mine sites but was carried out under appropri-
ate conditions elsewhere. The cover scenario for high-sulphur waste rock was
implemented directly at the Kevitsa mine. Here, different recipes for cover
scenarios were tested at small scale on a horizontal and on an inclined sur-
face to mimic the intended real-life application and subsequently evaluate
their performance under realistic conditions.

Precipitation

Minimize water penetration : : .
: — —| Horizontal installation _ coyer (alkali-activated tailings)

Inclined installation

Mitigate acidic rock drainage

k (high Sulphur cc

Figure 7. Cover scenario on high-sulphur waste rock to minimize water
penetration from precipitation and consequently mitigate acidic rock drainage.
This setup was rebuilt in small scale to evaluate possible installation methods
and allow for the further monitoring of the performance of the covers.

Figure 7 shows the basic principle of the cover installation on high-sulphur
waste rock. Five different recipes were prepared to have a pumpable consist-
ency to allow for the installation in large scale by state-of-the-art construc-
tion technologies for pumped concrete. Two different inclinations were suc-
cessfully tested (Figure 8). The horizontal installation was performed in a
similar way. Additionally, a surface pool was installed to allow for accurate
water penetration testing. These covers were also subjected to freeze-thaw
cycles to mimic the climatic conditions at the mine site (Figure 9). Water
penetration as well as surface and drainage water composition will be fur-
ther monitored even after the end of the ITERAMS project to evaluate the mit-
igation of acidic rock drainage over a more extended period.

ADVANCING TECHNICAL SOLUTIONS E



Figure 9. Horizontally
installed cover on
high-sulfur waste rock.
The surface pool was filled
with water and then
exposed to the outside
conditions (temperature
up to -16°C) to simulate
freeze-and-thaw cycles.

First results prove the freeze-and-thaw resistance of the covers and already
indicate their positive effect on water penetration and acidic rock drainage.
A cover scenario using the plain tailings without alkali-activation does not
reduce the water penetration. Only when alkali-activated covers are used,
the water penetration can be limited and consequently mitigate acidic rock
drainage. Additionally, a specific strength of the cover is required to with-
stand freeze-and-thaw conditions.

The tests of the alkali-activated backfill scenario showed the suitability
for underground installations. Based on presently available results a superior
performance compared to the normally installed cementitious backfill can
be expected especially for long-term performance.

Figure 8. Installation on

inclined surfaces of waste

rock at two different

angles. The cover recipe
- o was applied at the top

o =36 end of the inclination.

2.3 WATER TREATMENT
TECHNOLOGIES

At a mine, waters of very different physical properties and chemical compo-
sitions are managed. These include various primary water sources (natural
surface and underground waters, cleaned sewage water) and recycled wa-
ters (pit drainage, site runoff; thickener overflows, tailing pond returns). A
prime objective of the ITERAMS project was to isolate the process water cir-
cuits wholly from adjacent water systems. The reduction of freshwater up-
take and mitigation of the risks of contamination of fresh surface or ground
waters with mining effluents will follow. However, this technical isolation of
the mineral processing plant relies on the implementation of closed loops
across the various process water circuits of the mining operation.

Closing the water circuits without cleaning may affect the overall plant
performance because of the accumulation of compounds. It can cause recov-
ery losses or decreases in product quality. It may also increase the plant’s
maintenance costs because of gypsum formation. These effects are more pro-
nounced for processes with short water circuits, e.g. recovering most of the
water from tailing thickeners. Residence time becoming very short compared
to the kinetics of reactions in water will introduce thermodynamic instabil-
ities. In processes with water remaining in tailing dams for long periods, the
chemical reactions had time to balance. This basically means that a new and
different dynamic, multi-component system is created. If not monitored and
controlled appropriately, it will result in a loss of information about the whole
operation, and hence, a loss of control over the plant performance. - There-
fore, water management needs to be reinvented. This led to the following
research questions for this project:

1 Can the water compositions be modified to allow water reuse
in various unit processes of the plant?

2 Which substances are the most critical or beneficial to the
recovery of specified minerals?

3 What are the acceptable values for the impurities in the
recycling loops?

4 Which water treatment technologies may reach the acceptable
values of the contaminants?

5 How to measure impurities in the process on-line, in real-time,
and at a reasonable cost?

6 Can the final balance of a fully recycled water system be
modelled and estimated?

FIELD SURVEYS TO DETECT CRITICAL COMPONENTS

IN WATER

The three mines in the ITERAMS project provided access to their mine site to
conduct field surveys (Figure 5). As said, they exploit polysulfide deposits with
different mineralogy. They also differ in make-up water quality and availabil-

ADVANCING TECHNICAL SOLUTIONS



ity. The surveys consisted of sampling water and slurry streams inside and
outside the plants. Their chemical and microbial properties were analysed at
third party laboratories. Additionally, the historical exploitation data from the
mines were investigated through multivariate statistical analysis. The aim
was to tease out the most influential factors on the plant performance, in
terms of recoveries, grades and selectivity of the mined minerals. Alongside
this, the feedback from the industrial mining partners was also sought.

Lastly, the kinetics and trends of accumulations of different substanc-
es when the waters are recirculated in closed-loop were investigated through
a dissolution protocol designed explicitly during the project. The protocol
quantifies the potential of a given ore to release its elements into the water,
during the comminution or the flotation operations.

FLOTATION

Flotation is a wet processing technigue where small gas bubbles
attach to and lift fine particles to the top of the vessel (flotation
cell) for collection as a froth. Most of the minerals do not naturally
adhere to gas bubbles. They are hydrophilic. The attachment is con-

The results of the surveys, the feedback from the industrial partners, the his-
torical data analyses, and the estimations of ionic accumulation in recircu-
lated waters allowed to identify several ions (Ca, Mg, NOs, SO, S,0s...), col-
loids and some microbial populations as the critical components for flotation,
all indeed typical for mines with different sulphide ore types. This leads to
the question of why these components are seen as contaminants, in simple
words, why are they bad.

Presence of

Temperature
microorganisms

Mineralogy ———> Water chemistry/quality
Ore dissolution/

\ precipitation

Performance
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trolled by making the surfaces of the wanted mineral particles hy- NG e & Figure 11. Conce_ptual view
drophobic, which will allow the bubbles to attach. The change is Operating conditions of the complex interac-

made by adding chemicals called collectors to the pulp. Collectors tions in minerals flotation
have a specific property to stick both on a mineral surface and on
a gas bubble. These chemicals can be made to selectively adhere
to the elements of a specified mineral surface. The selective ad-
sorption is affected and controlled by modifications in the water
chemistry; its pH, ORP, OD etc. Several of the collector chemicals
have adverse effects on the environment even at quite small con-
centrations in effluent waters. [9].

Figure 10. lllustration
of sampling surveys:
sampling effluents in
the process plant

Effects of these ions on sulphide mineral flotation have been studied before
but mostly as single laboratory test variables. The difference in ITERAMS was
to learn also their interactions and combined complex responses in indus-
trial environments.

Figure 6 depicts the essential interdependencies. Advanced mathemat-
ical methods were used on obtained data-sets to estimate the water varia-
ble correlations with operational and mineralogy changes.

To investigate the causal water relations scientifically, the effects of these
critical components were also studied at a laboratory scale at mine-sites with
local waters. Much effort was used to research sulphur compounds such as
tetrathionates, dithionites, thiosulphates, and sulphate for their effects on
flotation as part of the water property matrix.

It was clearly shown that in general, the presence of the thiosalts re-
sulted in poor flotation performance of some minerals. More detailed results
of these studies are specific to each site. They can be found in the deliverables
and the publications produced during the project. However, due to the recircu-
lation of process water, the accumulation of such contaminants is inevitable.
Therefore, keeping their concentration at a level where the process performance
is not affected is necessary and can be achieved with different water treatment
technologies.



INVESTIGATED WATER TREATMENT TECHNOLOGIES

Several treatment technologies with the potential to decrease the concen-
trations of the previously identified components were considered for the
studies in ITERAMS. They aim to remove or reduce:

1 colloids, by a sequence of coagulation/flocculation of the
suspended solids followed by the sand filtration of the flocs, or

2 dissolved species, suspended solids, colloids and microorgan-
isms by dissolved air flotation (DAF), or

3 dissolved species and microorganisms by ion-exchange resins
(IER), or

4 dissolved species by electrocoagulation.

Most attention was paid to the DAF and IER, possibly using the other meth-
ods (sand filtration, electrocoagulation) rather as supplementary technolo-
gies for a more comprehensive treatment of all components in the process
waters in the future. For this reason, coagulation/filtration, as well as elec-
trocoagulation, are introduced shortly.

The coagulation/filtration process was developed and tested at the lab-
oratory scale (Figure 12). The work included the selection of the best floccu-
lant and the optimal conditions to reach the lowest turbidity of the waters.
The study confirmed that flocculation is an efficient operation to decrease
the colloids in waters, by promoting the agglomeration of particles into dense
flocs more easily separable. Subsequent filtration through a composite ma-
terial removed the flocs and decreased the concentrations of the chemical
reagents used during the flotation of ores by more than 85 %. This process is
efficient in improving the quality of the water.

Water outlet

0.48-1.68mm Activated carbon

0.25-0.3mm Granodiorite fines

0.45-0.55mm Sand 3

0.9-1.1mm
1.6-3.2mm

6-13mm

Sand 2
Sand 1

Figure 12. Experimental
setup for the removal of
suspended solids by sand
r filtration (after floccula-
Water inlet tion)

Granodiorite Gravel
13-19mm

Additionally, electrocoagulation tests were performed to precipitate thiosul-
fate and sulfate from synthetic waters into a solid form that can be removed
by filtration. The tests were conducted in batch and continuous configura-
tions, using Fe/Al electrode pair. The removal of thiosulfate reached 90 % in
5 hours of an experiment at pH 8 and with a current density of 3 A.

VALIDATION OF THE ION EXCHANGE RESINS

Two water treatment methods, dissolved air flotation (DAF) and an ion-
exchange resin (1IER) were selected to demonstrate their applicability for re-
moving the critical components on-site. The studies for the 1ER consisted
of two steps: (1) the adsorption studies on a laboratory-scale, which the
researchers used artificial process water samples for, and (2) the validation
studies with process water from Site B and the Kevitsa mine.
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The objective of the laboratory studies was to gain more knowledge about
various types of ion-exchange resins, and how they perform particularly con-
cerning the removal of sulphates and thiosulphates. Beyond that, the work
consisted of the determination of multiple parameters such as the surface
conversion of the resins, their adsorption capacities, or the effective contact
time between the resin and contaminated water. Furthermore, it was tested
how the regeneration of a resin could be performed. This is necessary as the
resin is only able to absorb a limited number of sulphates, which means that
the adsorption capacity must be restored constantly (see Figure 13).

Synthetic Fresh Synthetic Used
Water Regenerant Water Regenerant1
(NaOH) (NaOH)
ADS 1 REG 1|—>f ADs 2 REG 2 Next
Adsorption
Used l Used
'\I/'\;eated Regenerant1 Treated Regenerant2
ater 1 Water 2
(NaOH) (NaOH) Figure 13. Schematic view
of adsorption and

regeneration experiments

The laboratory batch scale tests showed that a gel-type, strong basic, Type 11
anion resin is suited for the removal of sulphate and thiosulphate ions as
well as residual organics from the process water. The test was conducted
with a water flow rate of 4.5L/h and 0.2kg of resin. Based on these insights,
a commercial resin was selected for further testing, and subjected to further
treatment of its surface. The final tests with synthetic water provided opti-
mistic indications that the sulphate level could be significantly reduced
to 1000-1500 mg/L from approximately 3500 mg/L in less than one hour of
adsorption period.

The insights were subsequently validated at surveys directly at Kevitsa and
Site B, using large-scale ion-exchange columns (1.3 kg for a water flow rate
of 30 L/h). The studies again included investigations on the adsorption
potential, this time with real water streams from the mines, considering dif-
ferent flow rates. As the regeneration process accumulates a significant
amount of sulphate ions in the regeneration solution which make reuse or
safe disposal impossible, a separate test program for removing excess
sulphate was conducted at Site B, applying ettringite precipitation.

The findings from this on-site work show that water treatment using
1ER indeed has potential for successfully decreasing concentrations of sul-
phates, thiosulphates and polythionates in process water of the investigat-
ed flotation plants. Approximately 60-70 % of sulphate and almost all thio-
sulphfate ions could be removed by strong base-type resin from the process
water. In addition, 1ER decreased microbial numbers with an average of 86 %.
Thereby;, it is important to note that the flowrate of water had a significant
effect on the performance of adsorption. As the composition of process wa-
ter could be different for each mine, the required contact time between the
resin and water components should be optimized for each case.

Also, it is possible to regenerate the resin using an alkaline solution so
that it can repeatedly be reused for water treatment purposes. The regener-
ant solution can be used continuously but requires constant addition of fresh
sodium hydroxide to increase hydroxide concentration in the solution. For
removing excess sulphate from the regeneration solution, ettringite precip-
itation tests showed that more than 70 % of the sulphate ion was precipitat-
ed as ettringite and the same regeneration solution could effectively be used
for resin regeneration.

VALIDATION OF DISSOLVED AIR FLOTATION

Not like 1ER, which is - standing alone - unable to remove colloids, DAF was found
to have the potential for removing any kind of identified critical components.
At the same time, it could be used as a pre-treatment step before the ion-
exchange treatment to avoid contamination and blocking of the ion-exchange
resins by fine suspended solids. Both aspects were tested during the project.
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Figure 14. Validation at Kevitsa with pilot DAF test container (35000 L/h).
The orange and black sludge floating on the water surface comprises the
impurities removed from the water.

In the first stage, again, laboratory testing with synthetic process waters for-
mulated based on the water quality data from the mine sites was performed,
following a similar approach at both sites: After having selected an appro-
priate water volume sample for the analysis, physico-chemical characteris-
tics such as temperature, pH, oRrRp, conductivity, turbidity and dissolved ox-
ygen levels were measured for each sample. In the following, before
investigating the actual DAF treatment, the research team screened the op-
timal coagulant/flocculant chemistry, e.g. which pH to choose or which co-
agulant and flocculant to use. For the last step, it was important to choose a

Figure 15. Flocs in the
laboratory DAF column
before the fine air bubbles
are introduced into the
column
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Figure 16. DAF experi-
ments in laboratory
column at Site B (left)
and Kevitsa (right)

flocculant that produced flocs that were light enough to be lifted by the fine
bubbles, but strong enough to withstand the turbulence created during the

DAF process (Figure 15). The DAF experiments were then performed ina 10 L
custom build column (Figure 16). The efficiency of the coagulation/floccula-
tion and DAF process was evaluated on-site based on the change in turbidi-
ty between the initial sample and the sample obtained after the treatment
process and later on from the water analysis results obtained from the ana-
lytical laboratories. The treated water was finally used for laboratory flota-
tion tests.

The experimental work posed some challenges due to the complexity
of the contaminant matrix. It was found that even the certified and accred-
ited analytical laboratories had difficulties in analysing the complicated wa-
ter matrix consisting of inorganic and organic compounds and bacteria which
means that the accurate evaluation of the experimental data was very chal-
lenging and sometimes impossible. This was one of the most significant chal-
lenges encountered during the experimental work. For specific water streams,
very high reagent concentrations (over 5x the usually required concentra-
tion) were needed to achieve adequate removal of the dissolved and sus-
pended species.

The continuous DAF validation was done by taking the feed water for treat-
ment directly from the plant’s process water circulation and using it in small-
scale pilot test containers (Figure 14). Due to the vast water flowrates
(~10Mm?/a) of the minerals processing plant, the continuous pilot-scale equip-
ment could only treat a small fraction of the total water flow. This marginal
treatment could not yet cause any changes to the plants’ flotation perfor-
mance. Consequently, laboratory-scale flotation experiments were still used
to prove the effect of treated water on flotation performance (Figure 17). While
the work at Site B was performed in 10 L columns, the test containers at Kevit-
sa allowed for treatment validation at a pilot-scale test container, capable of
treating 35 m® of water per hour.

At Kevitsa, the first results confirmed that DAF enables efficient remov-
al of non-settleable fine solids and microorganisms from the plant water. Ad-
vanced oxidation, which has been simultaneously tested, was found to have
significant potential to enhance the efficiency of sulphur oxyanion oxidation.



Figure 17. Outotec GTK LabCell for laboratory flotation tests (left), and concen-
trates (right)

This may indicate a substantial decrease in treatment costs. Optimized ex-
periments show that DAF reduces plant water turbidity values from the ini-
tial level of ~200-300 NTU down to 4 NTU, which is a significant reduction.
A noticeable decrease in bacterial marker gene counts was also achieved. Ad-
ditionally, the validation confirms that treatment result obtained in labora-
tory conditions (Figure 18a) can also be achieved in a continuous pilot scale.
The DAF process remains in a state of control even under dynamic produc-
tion conditions where the quality of the feed water changes continuously
(Figure 18b). The results for lab-scale mineral flotation experiments also
confirm that the treated water has a positive impact on flotation recoveries.
However, due to considerable variation in feed water quality, continuous
control of DAF operating parameters is required to ensure adequate treatment
performance.

a) Lab scale

Figure 18. On-site DAF
validation. a) Laboratory-
scale experiments; feed
water (left) and DAF
treated water (right)

b) Continuous pilot-scale
experiments; feed water
b) Continuous pilot scale and treated water quality

At Site B, the experimental results show that water purification consisting
of coagulation/flocculation combined with DAF treatment can remove up to
99 % of the bacteria, and suspended solids to over 96 % when the initial tur-
bidity was high if optimal chemical and process conditions are selected. Nev-
ertheless, the concentration of the targeted thio-compounds has not de-
creased significantly during the treatment. The flotation performance results
however did not show significant differences (Figure 19) when performed
with treated and untreated waters. When considering these results in con-
junction with the laboratory flotation results conducted in synthetic process
waters, we can conclude that even though DAF is very efficient in removing
solids, in the two studied systems these solids most probably do not have a
substantial effect on the flotation performance. This observation is contrary
to results from Kevitsa site tests, where removal of fine solids showed marked
improvements in flotation performance.
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Figure 19. Copper and nickel grade vs recovery in the flotation tests with
treated and untreated water

To improve flotation efficiency compromised by water quality, other water
treatment technologies need to be tested that target these compounds. Never-
theless, as the flotation behaviour of every ore is different, for ore types where
the presence of fine solids and bacteria has a detrimental effect on floatabil-
ity, the coagulation/flocculation in conjunction with DAF can be a feasible
water treatment solution.

VALIDATION OF WATER TREATMENT TECHNOLOGIES ON

THE REMOVAL OF MICROORGANISMS

The previous results have shown that different water cleaning techniques
also removed microorganisms to a varying degree. The performance of DAF
was related to suitable water pH and aiding reagents (coagulants). This was
considered as a noticeable reduction in bacterial marker gene counts depend-
ing on the process optimisation procedure. The best performing experiments
showed a decrease in bacterial target gene numbers from 107 down to 105 cop-
ies per mL (99 % decrease), which may have effects on the process perfor-
mance. However, despite the seemingly efficient removal of microorganisms
(up to 90 %) with the tested water treatment techniques, significant num-
bers of microorganisms still remain.
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2.4 SENSORS FOR WATER
STREAMS

On-line monitoring of water quality from various sources in a mine site is a
prerequisite for sustainable mine site water management. As Ca**, SO.*, and
S,05* ions were found to be some of the major ions accumulated in process
water based on the water chemistry measurements, the development of ap-
propriate sensors focused on these ions. Their concentration has generally
been measured off-line in laboratories and the results have been reported
after one day at best. Therefore, the aim was to develop a prototype for an
on-line measurement system and electrochemical sensors for monitoring
Ca*, SO,”, and S,0,*" ions in water streams in a mine site.

Several probes were developed (Figure 20), all based on ion-selective
electrodes (ISE), owing to their good mechanical strength and the absence
of the liquid junction. The compositions of the electrodes are:

o for Ca* : carbon-based and polymer-coated electrode;

e S,0;* : gold-plated stainless steel electrode or Ag/Ag.S electrode;
e SO.* : hydrotalcite-based electrode;

e SO;* : Ag/Ag2S electrode.

Lastly, Sb,0s/Sb electrodes were developed to monitor pH in the flotation
waters.

Figure 20. (A) Ca," ISE
and (B) SO,* ISE (Pencil
graphite electrode
modified with ionophore),
and (C) Au plated
stainless steel (316L)
electrode for S,0.% deter-
mination

The respective sensitivity, repeatability, detection and quantification limits,
and robustness of these electrodes were determined during the field surveys
of the project. After preparing the electrodes, the electrochemical device was
developed for on-site detection of Ca**, SO.*", S,0;* ions in various water
streams circulated in the flotation process (Figure 21 and 22). The electrodes
and the measurement system were tested at Site B using water samples from
various streams (Figures 23). A comparison of the results taken from electro-
chemical measurement in the mine site and laboratory assay results showed
that the on-line measurement of these ions was possible.

Figure 23. Long term
Measurement of Ca,",
SO,%, S,0,% ions in ETAI
stream at Site B

The results show that ITERAMS succeeded in preparing Ca**, SO.*", S,0,*" sol-
id-state Ion Selective Electrodes (1SE). The measurement techniques of these
ISEs were significantly improved, using differential pulse amperometry (DPA).
Their response was fast, and the surface cleaning was simple. Furthermore,
it was found that the high sensitivity, good reproducibility, and excellent
long-term stability make the new probe and measurement system a suita-
ble device for on-line monitoring of water chemistry. These features were
successfully tested for on-site measurements of sulphate, calcium and thio-
sulphate ions at Site B. The results obtained with Ca*, SO,*” and S,0,*" ISE
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were compatible with sulphate kit measurements and laboratory analysis.
The on-site sulphate, calcium, and thiosulphate determination system be-
came subject of a patent application in Turkey.

The sensors and the measurement system should now be tested for long
term (several months) in various mine sites. Based on the findings from these
tests, the sensors and the prototype could be modified and improved. A sim-
ilar electrochemical measurement concept can be applied for the measure-
ment of some other ions in industrial water.

2.5 MODELLING AND PLANT
SIMULATION

Mathematical and numerical modelling allows to better understand what
happens in the different steps of the beneficiation plant, including the rela-
tionship between the quality of waters and the processing performances.

The existing flotation models have been enhanced to consider the two
main phenomena highlighted during the project: the dissolution of some
minerals releasing ions in process water, and the impact of these ions and
remaining fine particles on the concentration performances. In parallel, mod-
els have been developed for the water treatment technologies, namely the
dissolved air flotation and the ion exchange resin. All these models have been
introduced in a simulation platform, usim PAc, and calibrated to better esti-
mate the impact on the full plant of the observed phenomena at the scale of
laboratory and pilot plant tests.

Plant surveys have been conducted for Kevitsa and Site B through sev-
eral sampling campaigns at different periods to observe the seasonal varia-
tion of the water quality. For that, not only waters have been sampled, but
also solids to estimate the metallurgical performances. Measurement results
have been reconciled to obtain a coherent material balance. The analysis of
the strengths and weaknesses of such procedures end in good practice guide-
lines for orienting the plant surveys towards water quality.

The simulator of the existing flotation circuit of the Kevitsa plant has
then been calibrated to reproduce the observed performances (Figure 24).
Based on the relationship between water quality and concentration perfor-
mances obtained from laboratory and pilot tests, simulations have been per-
formed to estimate the impact of process water treatment on the global plant
performances and the results used in the frame of Lca to estimate the glob-
al advantages of introducing such technologies. The results are not always
the intuitive ones coming from just laboratory tests, and further investiga-
tions will be necessary to verify the suggested plant behaviour.

Such simulation tool can be used for an existing plant to find the more
appropriate technologies and configuration allowing an improvement of its
performances and reduction of its environmental impact. But it can also be
used for process design to consider, as soon as possible, the water quality, its
seasonal variations, and its drift during the life of the mine.
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Figure 24. Flowsheet of the simulator of the Kevitsa flotation circuit

Water accounting is for the environmental impact assessment what metal-
lurgical accounting is for the financial analysis. But both are interdependent
and constitute useful tools for managing a mine site day after day. Indeed,
water and metals are in contact from mine to port.

Traditionally, excepting hydrometalurgical plants, metal accounting is
considering water just as the liquid to deduct from the total measured mass.
The current project demonstrates the importance to consider water not only
for its quantity but also for its quality. In addition, the water cycle goes over
the metal routes, namely the tailings dams or pounds, the meteorological ex-
changes and land interaction, even with underground water. Manage met-
allurgical and water accountings at the same time is certainly the best way
to take advantage of the full monitoring system.

The experience gathered during the project allows to propose guide-
lines for conducting an efficient water accounting in association with the
metal accounting.
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ADVANCING THE SUSTAIN-
ABILITY ASSESSMENT IN THE
PROJECT

As already discussed in the preface, mining operations and related process-
es and products are multifaceted and complex topics. Assessing the sustain-
ability of these operations requires approaches, tools and methodologies that
can capture this complexity. Furthermore, when changes, e.g. novel technol-
ogies, are introduced on-site, a methodological framework needs to be set to
evaluate the positive and negative aspects (impacts, risks) in comparison to
the previous status.

A full sustainability assessment was performed in ITERAMS to investi-
gate environmental, social and economic impacts and risks of the novel min-
ing technologies introduced by the project. Specifically, the assessment aimed
at evaluating if and how the ITERAMS solutions can (1) reduce environmen-
tal impacts and risks of mining operations in a life cycle perspective; (2) im-
prove social performance of mines and trust and acceptance - the so-called
“Social License to Operate”- of mining activities granted by local communi-
ties; (3) increase the cost-effectiveness of mining operations. The sustaina-
bility assessment was performed for two validation sites of the project, Kevit-
sa mine in Finland and Site B in Portugal. Qualitative considerations on
sustainability were also made for a third validation site, Site C in South
Africa, for which data could not be collected due to high confidentiality.

The sustainability assessment combined different qualitative and quan-
titative approaches for the diverse dimensions (environmental, social and
economic) to tackle sustainability from different points of view and identi-
fy any burden-shifting from one dimension to another or within the mine
life cycle.

A PROCEDURE FOR LIFE CYCLE SUSTAINABILITY
ASSESSMENT

A step-by-step approach for performing a full life cycle sustainability assess-
ment (LcSA) (see “Sustainability” on page 9) of mining processes and prod-
ucts was developed in the project (Figure 25).

The steps identified in the procedure can be grouped into three main
areas: (1) preliminary analysis of the mining context to be assessed, (2) anal-
ysis and evaluation of the mining activities in the current status and when
the changes (e.g. novel technologies) are introduced, and (3) use of a multi-
dimensional perspective for the LcsA. All areas are finalized to the sustaina-
bility assessment.

PRELIMINARY ANALYSIS OF THE MINING CONTEXT

Conducting qualitative modelling is the first step recommended for the sus-
tainability assessment. A qualitative, graphical model was created for ITER-
AMS by applying system thinking [11], [12] including substrates for the insu-
lin receptor tyrosine kinase (IRs proteins, [13]). This model can be created in
a fast and easy way; it highlights different variables, stakeholders and im-
pact categories affected by the project and relations among them (Figure 26).
This qualitative model was complemented by a sustainability hotspot screen-
ing which served to identify crucial issues and the main drivers for impacts
in mining operations in general. Literature review and first interviews with
key stakeholders, such as NGOs and mining experts, were conducted. In par-
allel, preliminary environmental and Social Life Cycle Assessment (E- and
S-Lca) and Life Cycle Costing (Lcc) were conducted, by analysing existing
mining processes for Finland, Portugal and South Africa in well-established
LcA databases.

For each site, it is important to have a clear picture of the context where
mining operations occur. A study of the background situations, i.e. local sit-
uations, includes the definition of the socio-economic, social, environmen-
tal and governance conditions in the area. A review of the local circumstanc-
es will also enable the researcher to identify related stressors (such as tailings
spillage, or water contamination) which represent pressures on the environ-
mental, social and economic dimensions, hence potentially creating risks
and impacts.

The results of the preliminary analysis are useful to orient the subse-
quent full sustainability assessment in terms of effort, goal and scope.

ANALYSIS AND EVALUATION OF MINING ACTIVITIES

BEFORE AND AFTER NOVEL TECHNOLOGIES

Data collection is a crucial step for the creation of a mining life cycle (Lc)
model that reflects as far as possible site-specific conditions. Typically, pri-
mary site-specific data collection needs to be performed iteratively with the
mining companies and complemented with secondary data. Primary and
secondary data collected are used to create a Lc model reflecting the current
status of mining operations. In the model, site-specific data are then linked
to background processes in available Lca databases to consider the supply
chains.

The second round of data collection is needed to investigate how chang-
es introduced by novel technologies on site affect the current status of the
mining operations. Once the data for the expected changes on site have been
collected, they need to be integrated into a second life cycle model starting
from the first model for the current status. At this point, a comparison of en-
vironmental and economic impacts of mining operations before and after
the implementation of novel mining technologies can be performed by choos-
ing an impact assessment method. Life cycle models were created with an
extensive primary data collection for two sites of the ITERAMS project, Fin-
land and Portugal. Results of the Lca and Lcc are presented in Chapter 4.
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It should be noted that not all sustainability aspects can be covered by Lca
and Lcc. Therefore, in ITERAMS, LCA is integrated within other sustainabili-
ty assessment methodologies.

A MULTIDIMENSIONAL PERSPECTIVE

Not only potential impacts, but also risks need to be taken into account for
the sustainability assessment of mining processes and products. For this pur-
pose, a hazard-pathway-receptor model was developed to investigate a po-
tential mechanism of harm of a risk with and without the ITERAMS solutions.
Furthermore, cause-effect relations between risks were investigated quali-
tatively.

Tailings emissions to groundwater are largely contributing to toxicity
impacts - both on humans and freshwater - deriving from mining operations
and are known to occur over periods of hundreds of years. A reactive trans-
port geochemical model was created both for the Finnish and Portuguese
sites in the ITERAMS project, by considering different hydrogeochemical units,
such as tailing, permeability, mineralogical composition, and pore water
chemical composition (Figure 27).

To provide a more comprehensive view on the sustainability of mining
processes and products, a new approach was proposed to analyse the social
impacts of introducing novel technologies into mining operations in ITER-
aMs and beyond. It is based on the combination of (1) impacts derived from
mining activities on selected stakeholders, and (2) the local communities’
perception of the impacts. It was analysed if the technical impacts of the
technology could affect the perception of the local population, and therefore
the acceptance of the mine. Further, several issues that are not tackled by
the technology could be identified. Then several recommendations could be
suggested to the company to improve even more the acceptance. This topic
is addressed in Chapter 6.2.

Qualitative modelling 3.USEOF A
screening

MULTIDIMENSIONAL
PERSPECTIVE

Stressor-background situation
identification
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current status

Data collection —
current status.

Integrated assessment:
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and Social License to
Operate
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changes from current
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Figure 25. The different steps foreseen by the procedure for the sustainability
assessment
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Figure 27. Cross-section of the modelled system for the Finnish mine highlight-
ing the different hydrogeochemical units and the various types of fluxes
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Two ITERAMS researchers while collecting samples at
the Kevitsa mine




TWO AND A HALF CASE STUDIES
AT MINE SITES

This chapter reports on the sustainability assessment of the ITERAMS novel tech-
nologies applied to the sites under study, with a focus on environmental and
economic aspects for Kevitsa and Site B. Social aspects are addressed in chap-
ter 6.2. General sustainability considerations are derived for the South African
site (Site C), for which specific evaluations could not be made due to lack of data.

It should be noted that the results presented in this chapter are to be
interpreted in the context of the mines under study and should not be tak-
en as a general conclusion about the sustainability of the ITERAMS techno-
logical portfolio.

APPROACH FOR THE SUSTAINABILITY ASSESSMENT

The sustainability assessment for the ITERAMS technologies in Kevitsa and Site
B follows the methodology presented in Chapter 3. A comparative LcA study
was performed to evaluate the environmental impacts of mining activities in
Kevitsa and Site B before and after the implementation of the novel mining tech-
nologies. Primary data were collected for both mines regarding the operation,
novel water treatment technologies (DAF and IER), sensors and geopolymers.
The life cycle models for the two mines were complemented with secondary
data from the ecoinvent APos 3.6 database to describe the supply chains. Dif-
ferent scenarios were created for the implementation of the ITERAMS solutions
at the two sites: a first scenario with the novel water treatment technologies
and sensors applied to Kevitsa and Site B; a second scenario with novel treat-
ment technologies, sensors and geopolymers to cover the waste rock dump at
Kevitsa and for backfilling at Site B; a third scenario with geopolymers only to
cover the waste rock dump in Kevitsa and for backfilling at Site B; a fourth sce-
nario for Kevitsa with novel treatment technologies, sensors and geopolymers
to cover the waste rock dump and the tailings ponds. Results are calculated us-
ing the Environmental Footprint (EF) v.2, USEtox 2 and AWARE impact assess-
ment methods. Furthermore, a risk assessment is performed to understand the
implications of ITERAMS for environmental risk management at mine sites.

A comparative Life Cycle Costing was conducted based on the same
models and scenarios applied for environmental Lca. Costs and value add-
ed were analyzed for both studied mines and compared before and after the
implementation of the ITERAMS technologies. Due to the high confidential-
ity of economic data, minimal information could be collected as primary
data. Most cost data were obtained from secondary sources (literature, ecoin-
vent database, expert judgement).

Results of the comparative assessment are presented for 1 ton of Copper
equivalent! in concentrate, which was selected as a common measure to
assess the sustainability performance of each site.

1 Copper equivalent (Cu eq.) is defined as CUEQ.% = Cu% + (3, R, V, G)) /
(VeoRew), where R is the metallurgical metal recovery rate, V is the metal
price and G is the metal grade in percent of concentrate

SUSTAINABILITY ASSESSMENT OF THE ITERAMS
TECHNOLOGIES APPLIED TO KEVITSA MINE

The ITERAMS portfolio for the Kevitsa mine consists of DAF and 1ER technologies
to treat process water before this is recycled back to the processing plant. Cal-
cium and sulphate ion and thiosulphate sensors can be also added to monitor
water quality on-site and optimize reagent dosage and water treatment (wT) ef-
fort. From a technical point of view, this implies an improvement of flotation
performance in terms of chemical usage for processing (-5 %) and recovery rate
for copper and nickel concentrates (Cu up to 1.2 % units, Ni up to 1.09 % units);
on the other hand, Cu concentrate grade is expected to decrease by 0.60 % units,
while Ni concentrate grade could increase by 0.16 % units. Overall, the decrease
in Cu grade negatively affects the Cu equivalent which results lower than in the
current situation. The recycling rate at Kevitsa is already very efficient (around
90 %), therefore no changes are assumed regarding raw water intake and dis-
charge in the scenario with wT technologies and sensors; indeed, to have an
even higher recycling rate, new water treatment technologies would be need-
ed, besides what is foreseen by ITERAMS. On the other hand, when geopolymers
are introduced, less water can be discharged (—23 % for scenario 3): a lower vol-
ume of tailings can be sent to ponds as they are used for geopolymer creation.

LCA RESULTS —KEVITSA MINE
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Figure 28. Comparison of environmental impacts at Kevitsa mine among differ-
ent scenarios with ITERAMS technologies: current status; scenario 1: sensors +
water treatment (WT) technologies; scenario 3: geopolymers as cover for
waste rock (WR) dump. EF method v.2, results for 1t Cu eq.

Treating the large volume of process water with DAF and IER at Kevitsa does
not appear overall environmentally beneficial, given that the technical per-
formance of flotation does not significantly improve. As shown in Figure 28,
scenario 1 (sensors + WT technologies) displays higher environmental im-
pacts in the different impact categories if compared to the current situation
without ITERAMS solutions. Specifically, introducing 1ER technology has an
important contribution to impacts. Within IER, ettringite precipitation of res-
in regenerating solution is the most contributing process, due to Aluminium
use and HCl solution for pH regulation. Aluminium and HCl solution are spe-
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cifically impacting the categories “cancer human health effects”, “non-can-
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cer human health effects”, “ecotoxicity freshwater” and “eutrophication fresh-
water”. In addition, electricity usage for DAF functioning negatively affects
the environmental performance of the ITERAMS portfolio. The “water scarci-
ty” category is affected by the water needed for chemical solutions and in-
creased electricity consumption for water treatment, given that the Finnish
electricity mix includes hydropower. Introducing sensors on site does not
significantly increase environmental impacts, except for “ozone depletion”
due to polymers needed for sensor manufacturing. A decrease of Cu equiv-
alent in scenario 1 contributes to larger impacts for “climate change” and
“acidification” in comparison to the current status.

Suppose geopolymers are considered as a cover for the waste rock dump
at Kevitsa (scenario 3), the environmental performance of mining operations
is worse than the current status. This is due to the additional electricity for
geopolymer creation and especially to meet the waterglass content of geo-
polymers (specifically affecting “climate change”, toxicity and eutrophica-
tion categories). However, it should be noted that applying a geopolymer cov-
er to tailings ponds (scenario 4) can have significant environmental benefits,
thus reducing direct impacts on freshwater ecotoxicity (-50 %) and human
toxicity, cancer and non-cancer (-24 %), see Figure 29. If the whole life cycle
(hence also supply chains) is considered, energy for tailing dewatering for
dry disposal and geopolymer creation and chemicals for geopolymers still
have a large contribution to impacts, thus overshadowing direct benefits of
preventing tailing emissions to groundwater.

DIRECT TOXICITY IMPACTS WITH AND
WITHOUT GEOPOLYMER COVER FOR
TAILINGS - KEVITSA MINE

-+ @+ Tailings pond without geopolymer cover -« -®--- Tailings pond with geopolymer cover (scenario 4)

Freshwater ecotoxicity
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Figure 29. Comparison of direct toxicity impacts at Kevitsa mine for tailings
management without (current status) and with geopolymer cover. USEtox 2
method, results for 1t Cu eq.

In terms of environmental risk management, a lower risk of Acid Mine Drain-
age thanks to a geopolymer cover for high sulfur waste rocks and tailings
would be the main benefit. Furthermore, a geopolymer layer would also de-

crease the risk of heavy metal leakage into surface and groundwaters and
sensors would monitor the quality of water flows on-site, hence helping to
comply with environmental regulations.

SUSTAINABILITY ASSESSMENT OF THE ITERAMS
TECHNOLOGIES APPLIED TO SITE B
Introducing water treatment technologies and sensors to Site B can result in
alower chemical dosage for flotation (-5 %) and in an improved recovery rate
(up to 5% for the different concentrates). DAF is applied to raw water for the
plant, while DAF and 1ER are applied to Site B to treat process water for the
plant. This consists of a much lower volume of water to be treated in compar-
ison to Kevitsa. Therefore, introducing wT technologies and sensors on site
(scenario 1) does not result in a much worse (but also not much better) envi-
ronmental performance in comparison to the current situation (Figure 30). For
this scenario, impacts of novel technologies are almost completely balanced
by the benefits introduced by them. Furthermore, scaling in pipes was high-
lighted as a major issue on-site; this can be reduced with ITERAMS if process
water quality improves, thus decreasing the formation of calcium sulfate.
LCA RESULTS -SITE B

) v o 2
S c E E

1
0,95

9
09
0,85
08
0,75
07
0,65
0,6
0,55
05
- s o ¢ = o S s o 03

]

ks =

B Current status B Scenario 1: sensors + WT technologies  ® Scenario 2: sensors + WT technologies + geopolymers backfill

&

Acidification terrestrial an:
freshwater
Cancer human health effect:
Climate chan,
Climate change - biogeni
Climate change - fossi
Climate change - land use an
transform.
Ecotoxicity freshwatel
Eutrophication freshwate
Eutrophication marins
Eutrophication terrestri
lonising radiation, Hi
Land us:
Non-cancer human healtl
effects
Ozone depleti
Photochemical ozon
formation, HH
Resource use, energy carrier:
Resource use, mineral al
metals
Respiratory inorganic:
Water scarcity

Figure 30. Comparison of environmental impacts at Site B among different
scenarios with ITERAMS technologies: current status; scenario 1: sensors + water
treatment (WT) technologies; scenario 2: sensors + water treatment (WT)
technologies + geopolymers as backfill. EF method v.2, results for 1t Cu eq.

If traditional backfill with cement binder is substituted with geopolymer back-
fill and wt technologies and sensors are added on site (scenario 2), the ITER-
AMs portfolio shows worse performance than the current situation. This im-
pact worsening in comparison to the previous scenario 1 is due to the
geopolymer backfill. Indeed, the creation of this material requires chemicals
that negatively affect the environmental performance of the mine. Specifical-
ly, water-glass and sodium hydroxide contribute significantly to “climate
change” and “eutrophication of freshwater”. Water-glass alone has a large im-
pact on human health (cancer effects), ozone depletion and land use - due to
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the construction of factories for chemical production. The water scarcity cat-
egory is negatively affected by water needed for chemical production, chem-
ical solution preparation and the increased electricity for wT technologies,
considering that the Portuguese electricity mix also contains a share of
hydropower.

Water recycling at Site B is very high, up to 94 %, therefore the novel
water technologies will not influence raw water intake and discharge. How-
ever, the presence of sensors can improve water quality monitoring and en-
sure that if there is any leakage, the water quality will improve. This will also
reduce the risk of polluting water resources important for the livelihood of
local communities and acceptance of mining operations (see Chapter 6.2).

From an economic perspective, producing geopolymer backfill will have
higher cost than the traditional cement backfill (Figure 31). Main cost con-
tributors to geopolymer backfill are the chemicals needed for the material
creation, namely water-glass, sodium hydroxide and plastifier. Geopolymers
used for waste rock and tailing cover at Kevitsa mine are up to 35 % cheap-
er than geopolymer backfill. Also, in that case, reagents contribute the most
to economic impacts.

If the value added (the difference between revenues and expenses) is
considered for mining operations at Site B with and without the ITERAMS
technologies, all the three ITERAMS scenarios show an improvement in terms
of the value generated in the whole life cycle, especially if geopolymers are
introduced (Table 1). Indeed, introducing the novel technologies increases
direct mining operating costs only up to 3 %, while generating in turn a con-
centrate with higher copper equivalent, and hence more value. A positive
economic impact can be highlighted for both mines in terms of value gener-
ation in the life cycle if the ITERAMS portfolio is implemented on-site.

Scenario 4: sensors +
WWT + geopolymers
for WRD and tailings

Kevitsa Current Scenario Scenario 2: Scenario 3:
status 1: sensors sensors + WWT geopolymers
+ WTT + geopolymers for WRD
for WRD ponds
EUR/t Cueq. 7616.96 +4% +19% +14% +39%
Current Scenario Scenario 2: Scenario 3:
status 1: sensors  sensors + WWT geopolymer
+ WTT + geopolymer backfill
backfill
EUR/t Cueq. 7141.02 +2% +31% +29%

Table 1. Value added calculation in the life cycle for Kevitsa and Site B
before and after the implementation of the ITERAMS technologies
(change in comparison to current status)

SUSTAINABILITY CONSIDERATIONS OF THE ITERAMS
TECHNOLOGIES APPLIED TO PT MINE A

In the case of the Site C in South Africa, the implementation of a geopolymer
cover for tailing ponds can prevent dust formation and the spreading of tail-
ing dust by the wind. This can have a direct positive effect on toxicity cate-
gories, such as freshwater and human toxicity, especially if it is considered
that some villages are located close to the mine. However, as the two other
validation cases already demonstrated, it is important to pay attention to
possible trade-offs, such as higher environmental impacts for those catego-
ries affected by reagents and electricity for geopolymer production.

From the point of view of water quality, if the issue of bacterial growth
in process water is successfully addressed, this may increase water recycling
possibilities with important benefits from an environmental and economic
point of view for a water-scarce area. Not less, positive social impacts can be
achieved if the recycling rate can increase and less tailings area is needed be-
cause a share of tailings can be used to create geopolymers. This way, land
use can be reduced thus preventing relocation of communities close to the
mine and less water resources needed for agriculture in the area may be con-
sumed for mining.

GEOPOLYMER COST [EUR/T]
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Figure 31. Comparison of cost between geopolymer cover for Kevitsa mine and
traditional and geopolymer backfill for Site B
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Erzberg open-pit mine near Loeben, Austria,
which was visited by the ITERAMS team




IS THE ITERAMS PORTFOLIO
OF TECHNOLOGIES REALLY
SUSTAINABLE?

The ITERAMS project developed, over more than three years of work, a port-
folio of different technologies to tackle various problems in mining, from pro-
cess water quality to water and waste management. Within each technology
developed it is possible to find a wide range of alternatives, such as different
chemical dosages and combinations. Furthermore, depending on the mine,
only some of or all the ITERAMS technologies may be needed. The ITERAMS
portfolio was created with the idea that each mine site is different and hence
requires site-specific solutions, rather than a one-size-fits-all approach.

The technological complexity and variety of the ITERAMS portfolio have
an influence on the sustainability assessment of the technologies, meaning
that it is hard to evaluate the sustainability of the ITERAMS project in gener-
al. It is indeed meaningful for different stakeholders (mining companies, LcA
practitioners, NGOs, local communities...) to consider the sustainability of
the technologies specifically for each site. Nevertheless, testing the ITERAMS
portfolio in the three validation sites offered important insights on positive
and negative sustainability impacts and risks of the technologies for very
different contexts. This was useful to highlight hotspots, trade-offs, and are-
as of further work for ITERAMS technological development in future research.

For how it was conceived, the ITERAMS project offers different and com-
binable pathways for more sustainable mining. To which extent and how this
can be achieved needs to be considered for each mine, by paying attention
that trade-offs or impacts in the life cycle do not overshadow direct benefits.
It should also be noted that if monitoring measures are already in place on-
site and if the mine is already putting effort into improving the environmen-
tal performance, benefits achievable with ITERAMS may not be significant.

At the beginning of the project, a sustainability hotspot screening was
performed to identify main hotspots in mining and to investigate whether
ITERAMS could address widely recognized sustainability issues in the sector.
Tailings management and energy use for ore processing emerged as hotspots
from an environmental and economic point of view. Toxic emissions from
tailings ponds are a major issue for aquatic ecosystems and human health,
thus highlighting also potential implications for local communities. From a
social point of view, employment, fair salary for workers and dependence of
communities on water resources could be identified as the main hotspots. It
can be concluded that most of the identified sustainability hotspots are tack-
led by ITERAMS.

For each of the main technology groups developed by ITERAMS, it ap-
pears important to discuss on the one hand potential positive sustainabil-
ity implications and on the other hand trade-offs and hotspots that may
arise when implemented on site, based on the experience of the three val-
idation sites.

WATER TREATMENT TECHNOLOGIES AND SENSORS
Water treatment technologies were developed in ITERAMS to enhance water
quality at different points at the mine sites so that the overall quality of wa-
ter recycled to the processing plant could improve. This would enable mines
to increase the recycling rate, decrease raw water intake and water discharge.
This may have important benefits for water-scarce areas where mines are of-
ten a competing user of water resources with local communities that need
water for agriculture and farming. In general, discharging less water to local
rivers and lakes can also contribute preserving natural resources and land-
scape, especially when they are important destinations for tourism or have
a local cultural value. Furthermore, a better quality of recycled process wa-
ter can improve flotation performance, thus reducing chemical consumption
and improving concentrate value. In that case, valuable metals and miner-
als can be produced with less effort in terms of chemicals, energy, water and
waste. If this is achieved, it will benefit all environmental impact categories,
especially climate change, human toxicity and water scarcity.

The application of ITERAMS water treatment technologies at the valida-
tion sites has shown that economic benefits can be achieved in terms of a
higher value-added generated in the life cycle, especially when coupled with
geopolymers. However, from an environmental point of view, different con-
siderations can be drawn, and there is room for improvement. The amount
of water to be treated with the technologies and the initial water quality have
a big influence on environmental impacts, as more water for treatment and
low water quality mean more reagents and energy. Specifically, resin regen-
eration in 1E emerged as an environmental hotspot, especially regarding
ettringite precipitation of the NaOH regenerating solution. Ettringite precip-
itation accounts for most impacts for treatment with 1E, see Figure 32, due
to aluminium and chemical usage. The choice of the chemical solution for
PpH regulation before ettringite precipitation appears crucial for environmen-
tal effects, considering for instance that HNO; has larger impacts than HCL
As for DAF, reagent dosage emerged again as an essential parameter for
environmental impacts, especially regarding the coagulant choice where
pix (ferric sulfate) was found to perform environmentally better than pax
(polyaluminium chloride).
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Figure 32. Contribution analysis for IER water treatment technology in Kevitsa
for selected impact categories, EF method v.2. Results for 1 m* of water
treated

Figure 33. Cause-effect
relation among environ-
mental risks at mine sites

SUSTAINABILITY RESULTS

Sensors play a crucial role in achieving suitable process values for water qual-
ity. Environmental benefits achievable with the introduction of sensors on-
site are significant in comparison to very low environmental effects of sen-
sor manufacturing and operation (a small amount of electricity is needed for
functioning) and very low cost (10-20 EUR per sensor).

GEOPOLYMERS

Implementing a geopolymer layer to cover tailings and high sulphur waste
rocks, has important direct benefits for toxicity impacts on humans and fresh-
water. Beside reducing short- and long-term impacts of tailings emissions,
installing a geopolymer cover can significantly improve environmental risk
management for mining companies. Environmental risks often trigger oth-
er risks directly or indirectly (Figure 33). Therefore, by reducing AMD risks
with a geopolymer cover, contamination of soil, groundwater reserves and
other water bodies can be prevented. Furthermore, implementing a dry tail-
ings disposal would reduce the risk of environmental accidents, such as dam
failure, and land consumption. Pollution of water resources and resettlement
are two environmental consequences that are directly observable by local
communities: protection of water resources and land has social and socio-eco-
nomic consequences and contribute to creating a relationship of trust be-
tween mining companies and local communities [13]. However, it should be
noted that geopolymer production requires chemicals and energy for mix-
ing and tailings dewatering, which emerged as environmental hotspots from
the Lca performed for Kevitsa and Site B. In this latter case of the Portuguese
mine where geopolymers were used as an alternative material to cement
backfill, trade-offs of using more chemicals - in particular waterglass - could
be highlighted.

If geopolymers are introduced on site, overall direct mining operation costs
increase by 7% in the case of geopolymer cover for waste rocks at Kevitsa
and by 3 % in the event of geopolymer backfill at Site B. In the scenario of a
dry tailings disposal and geopolymer cover for Kevitsa, costs would increase
by 20 % in comparison to the current situation. However, the value-added
achievable with the combination of geopolymers and wT technologies would
still be positive if the whole life cycle is considered.

ORE SORTING

Ore sorting in ITERAMS has shown a high potential from a technical point
of view: less low-grade material would be processed, concentrate value
would increase, tailings to be disposed would be reduced. Given that, all
consumables, energy and water use for ore processing can be potentially
decreased, with important economic and environmental benefits. How-
ever, it should be noted that waste rocks would increase together with the
related management effort and eventually AMD generation. Moreover, ore
sorting would require the installation of novel technologies which need
energy for functioning.

Experiments were conducted on ore sorting for Kevitsa mine, showing
promising results. However, further reasoning about changes in consuma-
bles, energy and water use in the plant was not part of the project, therefore
ore sorting technologies were not included in the sustainability assessment
of the case studies. Combining ore sorting with the other ITERAMS technol-
ogies could have relevant sustainability implications that should always be
considered in the specific context of the site under study.






SPECIAL TOPICS

The previous chapters have primarily focused on the technical solutions and
their effects on sustainability at the given mine sites. In addition, ITERAMS
has produced two conceptual results, from different areas, but both impor-
tant for the sustainable construction and operation of mines. The first out-
come resulted from the validation work of the water treatment technologies
and provides a protocol for mine sites for managing closed-loop water
cycles. The second outcome describes a methodology which can be applied by
mines, and their stakeholders, for measuring the influence of a technology’s
implementation on the social acceptance of mines.

6.1 A PROTOCOL FOR MANAGING
CLOSED WATER LOOPS AT
MINES

Closing water loops at mines is new territory and poses practical challeng-
es to the operational management at a plant. An important objective of
ITERAMS was, therefore, to not only investigate the behaviour of water in
closed loops and the performance of various water treatment methods but
to give guidelines for the systematic evaluation of water management sys-
tems around mine sites, with a special focus on the effects of water quality
on process performance. This was achieved by the development of a stand-
ardized protocol for smarter water recycling and management.

The main objective is to anticipate and prevent the adverse effect of
closing the water circuit on the process performance nd maintenance. The
protocol is built based on a series of questions that minerals processing en-
gineers should answer before embarking on any major modification in the
water circuit, complemented by a selection of (newly developed) tools that
could support the plant management.

This systematic approach will bring benefits both in the design phase
of new plants and for evaluating different alternatives for closing water cir-
cuits and efficient water management in already existing plants.

THE FINAL PROTOCOL IS A COMBINATION OF
7 SUB-PROTOCOLS:

1 Sub-protocol for evaluating water quality in relation to plant
performance

2 Sub-protocol for identifying adverse components and their limit

Sub-protocol for evaluating the effect of bacteria

4 Sub-protocol for predicting the variation of water quality and
its impact on flotation

5 Sub-protocol for implementing water treatment solution

w

6 Sub-protocol for monitoring and controlling water quality
7 Sub-protocol for implementing water management in plant
design

Sub-protocol 1 describes methodologies for evaluating water quality for
plant performance investigation purposes and not for environmental pur-
poses. Due to the difference in properties of mine discharge water and mine
process water, methodologies that can be applied for mine discharge wa-
ter (for environmental monitoring) might not be applicable for mine pro-
cess water (for process performance improvement). This protocol points
out the limits and disadvantages of the current practices for evaluating
mining process water and provides suggestions for improvements. Precise-
ly, this protocol contains guidelines for (1) analyzing historical data to gen-
erate hypotheses about the potential impact of water quality on the plant
performance, (2) sampling mine process water, (3) stabilizing and analyz-
ing mine process water, and (4) building the water balance which is need-
ed for the elemental balance in the flotation circuit.

Sub-protocol 2 gives guidelines on on-site and laboratory work to be
completed to determine the components of the process water which may be
harmful to the flotation process. This protocol contains novel and innovative
laboratory and industrial approaches both to study and evaluate dynamic
systems observed in the flotation circuit. This protocol aims to provide tools
(1) to determine the possible effects of different inorganic and organic spe-
cies on the solid-liquid and air-liquid interfaces and thus the efficiency of flo-
tation, (2) to measure with simple diagnostic tools, and (3) to determine the
limit that adverse components can affect the flotation circuit

Sub-protocol 3 provides guidelines for studying the microbial load with-
in the flotation circuit and its effect on the flotation performance. Innovative
methods for preserving and analyzing microbial samples in systems contain-
ing solids have been developed and integrated into the protocol. Additional-
ly, the effect of microbiology on the three phases interactions could be in-
vestigated with novel laboratory diagnostic tools.

Sub-protocol 4 describes the dissolution loop protocol that allows the
prediction of changes in process water quality in the case of close water
recirculation. The dissolution protocol can predict the variation of the wa-
ter quality over time due to the dissolution of the ore when the plant is op-
erated in a closed water circuit. Therefore, this protocol should be used as
a tool to complement the traditional processing plant design and water
treatment facility selection and dimensioning. Additionally, the protocol
allows the testing of the flotation sensitivity of the ore with the water ma-
trix that has been created in the dissolution loop. The tests will help to pre-
dict in which direction the performance will incline if the water is recy-
cled. In the case that negative impacts on the flotation or the maintenance
are observed, it could be anticipated beforehand and the solution could be
already included in the plant design or prevented by an appropriate water
treatment process selection.
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Sub-protocol 5 summarises technologies for water treatment that have
been developed within the frame of the project. Those technologies target
different adverse components that have been identified such as fine sus-
pended solids, thiosalts, sulfate, and calcium. The methodology was firstly
developed in the laboratory scale and later validated in the mine-site. On-
site flotation tests performed with treated and no treated water could
confirm the applicability of the methods for treating water and improving
process performance.

Sub-protocol 6 provides novel tools for monitoring water quality, such
as sensors and on-site analysis. Additionally, this protocol highlights the
need to apply multivariate statistical methods to control the water quali-
ty which is characterized by a complex water matrix. A key advantage of
multivariate statistics over univariate statistics is that all available data is
used together for monitoring and diagnostic purposes. These approaches
treat all data simultaneously, therefore, they take into consideration the re-
lation of the variables to each other. This aspect is essential for reducing
the monitoring charts.

Sub-protocol 7 mentions the importance of taking into consideration
the effect of water recycling in the plant design. Knowing the potential im-
pact of recycling water in plant performance and plant maintenance will
allow the design engineer to choose a more suitable ore treatment process
and anticipate room for process modification and improvement. Addition-
ally, implementation of the water treatment method in the early phase of
plant design could help to reduce cost due to plant modification, mainte-
nance, and decline of performance in later modifications.

6.2 UNDERSTANDING AND
MANAGING A MINE’S SOCIAL
LICENSE TO OPERATE

Mining activities alter the milieu of mining communities either originating
a direct social impact - employment rate - or through the influence of envi-
ronmental impacts on social aspects - resettlement due to water pollution.
Historically it has been claimed that mining companies fail to listen and con-
sider the needs and requirements expressed by local communities. This can
lead to conflicts between mining companies and communities, which rep-
resents a big hurdle for mining companies and can be a disadvantage for the
affected stakeholders. Hence, the acceptance of a mining site among local
communities enhances the sustainability of the operation and it is crucial to
ensure that the interests, needs, and livelihood of local stakeholders are con-
sidered. The Social License to Operate (SL0) has emerged during the 1990s as
a somewhat catchy, easy to communicate term to summarise the stakehold-
ers’ acceptance of mining activities [14].

The most common impacts derived from mining activities that simultane-
ously affect the sLo were collected and presented in Figure 34. Five pillars
were identified: environmental, social, socio-economic, procedural fairness,
and communication. Although the first three pillars could appear as suffi-
cient to define the social impacts from mining, procedural fairness towards
the stakeholders and good quality of communication are key for gaining so-
cial acceptance. A wide range of perspectives on the same issue from differ-
ent stakeholders is expected. It is important to pursue the inclusion of all of
them. A basis collection of stakeholders is displayed in Figure 35.
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Figure 34. Most common impacts from mining activities influencing SLO
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Figure 35. Potential stakeholder groups of mining activities
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An innovative approach to determine the social impacts from mining activ-
ities was developed for ITERAMS and beyond combining the impacts on the
stakeholders and the communities’ perception; the first are named techni-
cal impacts and the second perceived impacts. The new approach was test-
ed for s applying online available information, and the results of online in-
terviews. Additionally, fieldwork was carried out in South Spain to analyse
the data collection process in detail. The developed methodology is displayed
in Figure 36. The 13 steps are explained with an example of its application
for Site B for the social Aspect dependence of local communities on water
resources.

Measurement of

Definition of technology impact
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Scale of the Aspect Technology Impact

Definition of the Selection of most
\J/ impact of the —> relevant Aspects in —> \L
ﬁ\ technology (5) the Context (6) 1\

Definition of Analysis of
relevant possible
stakeholders (3) alternatives (8)

|

v

General
description of the
mine, current and

new technology (1)

. e Comparison of
Screening of the  ¢&—— " Quantification of H
\ current perception Screening of future impact of S changes in

of the local perceptiqn of local technology in the percn?ptiqn and
: ——>  population (10) H technical impact
population (4) perception (11) a2)

N2

Recommendations
for the company
a3)

Quantification of
technical impact of
technology (9)

Figure 36. 13-step methodology for the social assessment of mining activities

1 An objective description of the mine describing the current and
the new technologies to be implemented

2 Five Contexts, each of them containing several Aspects, are
explored based on objective information. These are the
vulnerability of local communities analysing aspects like
dependence on water resources or health status of the
population; the risks in the mining sector related to a safe
operation; conflict with other economic sectors like agricultural
activities; the local resources including aspects water quality or
biodiversity; the national and local risks apart from mining like
the level of pollution; the share of the sector in national GPD and
local economy; and the communication and procedural fairness.
The importance of every Aspect is quantified with a predeter-
mined scale, which is presented in table 1 as an example of the
Aspect dependence of local communities on water resources. The
higher the Scale of Aspect, the more important is the Aspect.

Alternatives Identification procedure

High dependence Water resources important for local communi-
ties (water level reservoir in las year < average),
the main consumption of water from the
reservoir is the mine

Scale

1.00

Medium dependence Water resources important for local communi-
ties (water level reservoir in las year < average),
the main consumption of water from the
reservoir is another activity

0.66

Low dependence Water resources not important for local
communities (water level reservoir in last year >
average)

Table 2. Scale of Aspect definition

The Aspect dependence of local communities on water resources for
Site B was evaluated as “Medium dependence” with a Scale of
Aspect of 0.66. The decision was made based on the status of the
Santa Clara Reservoir [15] from where the mine takes water since
1991 [16], and of the Reservoir Monte da Rocha, which is used by
the local population [17]. Besides that, the Oeiras River, which
receives water from the mine, should be preserved, since the river
is the habitat of endangered species and also due to the presence
of fishing activities in the region [18].

Stakeholders are selected in an iterative process between (2),

(3), and (4).

Authorities, environmental agency, trade unions, residents,
farmers, mining workers.

Each relevant Aspect identified in (2) for the selected stakeholders
in (3) is evaluated regarding the local communities’ perception -
they can be identified as “Good”, “Indifferent”, or “Not Good”.
Dependence of local communities on water resources It is considered
as “Not Good” for the local population according to posted
information in social media and comments in local newspapers/
according to interviews carried out with local stakeholders.

All Aspects defined in (2) are qualitatively analysed in terms

of whether they may be affected by the technology (ITERAMS)

or not. Additionally, it is identified if the technology would

only affect certain conditions.

Potential improvements from ITERAMS are identified.

The outcomes of (2) and (5) are jointly considered to decide
which Aspects are the most relevant. If the importance of an
Aspect is higher than zero, and it may be potentially affected

by ITERAMS, it is considered for further evaluation.

According to the results for (2) and (5), the dependence of local
communities on water resources is considered as a relevant Aspect.
The scale presented in table 2 is applied to quantify the impact
of the technology on different aspects for different stakeholders.
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Implementation of the technology will have a negative impact in this
Aspect, in this term, for this Stakeholder

Implementation of the technology will not affect this Aspect, in this term,
for this Stakeholder

Implementation of the technology will have a positive impact in this
Aspect, in this term, for this Stakeholder

Table 3. Definition of the Technology Impact

0

Implementation of the technology will have a negative impact in this
Aspect, in this term, for this Stakeholder

o Implementation of the technology will not affect this Aspect, in this term,
for this Stakeholder

Implementation of the technology will have a positive impact in this
Aspect, in this term, for this Stakeholder

Table 4. Definition of the Technology Impact for Aspect dependence of
local communities on water resources at Site B

The conditions defined in (5) support the building of scenarios
that may originate from different outcomes.

It does not apply to Site B.

Scores are calculated to quantify the impact of the technology
for every stakeholder group; the Scale of the Aspect (1) is
multiplied by the technology impact (7). The obtained result
indicates the relevancy of an Aspect from a minimum of -1 to
a maximum of +1. It is possible to aggregate the scores for a
Context, a stakeholder group, or even to a single score
evaluating the general impact of ITERAMS.

For most of the stakeholders, the results of multiplying the Scale
of the Aspect (0.66) and the Technology Impact (+1) is 0.66.

10 Combining the Current Perception (4) and the Technology

1

Impact (7) the future perception. An 8-level scale indicates

how the perception will be affected by the technology, from
negatively affected to positively affected.

Residents, other economic activities, and associations like
NGOs, activists, and trade unions will likely perceive that the
situation with access to water, which is currently an issue, will
be improved. On the other hand, mining (and related activities)
workers will experiment a lower perception.

The Future Perception (10) is multiplied by the Scale of the Aspect
(2) to quantify the impact of the technology on different Aspects
and Stakeholders. The obtained result indicates the relevancy of
an Aspect from a minimum of -1 to a maximum of +1.

The obtained score for Residents, other economic activities, and
associations is 0.66 (higher perception), while the score for

mining (and related activities) workers will not be affected is
-0.33 (lower perception).

12 A joint analysis of (9) and (11) supports the understanding of
how the impacts of the technology can affect the Social License
to Operate.

It becomes clear that different stakeholders perceive the
impacts differently depending on their connection to the mine.

13 The identification of the social impacts and how they are
perceived from the communities in the present as well as in the
future, after incorporating new technologies, provides mining
companies with valuable information; whether the investments
will result in an improvement of the Social License to Operate
or not.

Water availability and water quality issues can be improved
with the technologies. This information should arrive at the
local communities to affect social acceptance. Further, it needs
to be communicated in a way that people understand how it
affects their daily lives. The perception of environmental
agencies controlling water issues will be positively affected.

SPECIAL TOPICS
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WHAT DID WE ACHIEVE IN
ITERAMS

Towards the end of the ITERAMS project, it is good to step back and check
what has been achieved. What are the technical and conceptual results of
the ITERAMS project?

For one, ITERAMS brought together about 30 institutes and 250 persons,
with collaboration from the mining industry to mining technology provid-
ers to science and consultancy, in about 7 countries and 2 continents, and
led to a successful exchange of knowledge and experiences.

ITERAMS brings substantial advancements in water treatment technol-
ogies, in ore processing, and especially for closing the water cycle in mines.
This advancement refers to progress on individual technologies (DAF, ion ex-
change, filtration, among others) but also in a smart and efficient combina-
tions of the technologies. The different validation mine sites in the project
confirmed that there is no “one ITERAMS solution” for closing the water cy-
cle, consisting of a certain pattern of technologies that are interconnected in
one approved set, but rather, ITERAMS is offering a solution portfolio, which
has been tested and validated in small scale. This solution portfolio should
be adapted to the specific requirements of a mine site and its operating mode.

Further, ITERAMS achieved a better understanding of conditions that
are suitable for creating geopolymers from tailings obtained from ore pro-
cessing and was able to successfully create these geopolymers and validate
the models and concepts in relevant tests. It was no surprise to see that the
initial properties of tailings vary tremendously from mine to mine, and that
a “one fits all” approach and recipe for obtaining geopolymers is out of the
question. This is further explained and elaborated in chapter 2.

Sensors are an essential element in a well-managed water circulation
system; in ITERAMS, new sensors for measuring ion concentration in water
streams have developed, based on Ion-Selective Electrodes (1SE). Conceptu-
ally, a water treatment protocol has been developed, to guide interested us-
ers towards a promising and effective water treatment design, for a mine site.

Not the least, a sustainability assessment for mine sites has been de-
veloped and successfully applied, that is at the same time able to capture
the various sustainability effects of a mine operation, on-site and to local
communities, as well as through the supply chain and life cycle, for envi-
ronmental, social, and economic impacts. For validation sites with very dif-
ferent conditions, a complete sustainability model has been created. The ap-
proach includes a procedure of how to understand and evaluate a social
license (sLo) to operate for a mine site, and aspects affecting this sLo. A
tiered approach, with an initial qualitative modelling and hot spot screen-
ing, helps to identify and focus on those parts of the mine and model that
matter, and thus to make the modelling efficient, and also meaningful. Fur-
ther, the approach reflects a diversity of mining backgrounds, mining oper-
ation modes, and can adapt.

ITERAMS project team, meeting in Orléans, France

With ITERAMS’ results, it is thus possible to close the water cycle in a mine
site, to produce, depending especially on geological conditions, geopolymers
from residues of the treatment of the circulated water, to assess the sustain-
ability of the operations, and to guide and steer the operation of the mine
towards sustainability.



View on the Erzberg open-pit mine in Austria




CONCLUDING, WHAT DO
ITERAMS” PROJECT SOLUTIONS
OFFER?

The 1TERAMS portfolio offers different technologies for (1) water treatment,
(2) geopolymer creation to be used as cover for waste (tailings and waste
rocks) or as backfill material; (3) water quality monitoring through sensors;
(4) ore sorting; (5) a methodology for an integrated life cycle sustainability
assessment of mining technologies; and (6) a protocol for water manage-
ment. Therefore, results included both technical experiments and findings
as well as environmental, social, and economic sustainability -qualitative
and quantitative- evaluations. The above-mentioned methodological devel-
opments can also be considered as a core outcome of the ITERAMS project.
Given the wide range of technical, sustainability, and methodological results
achieved, ITERAMS addresses the needs and issues of different stakeholders
related to mining and the raw material sector.

ITERAMS FOR MINING COMPANIES

ITERAMS offers a number of technical solutions to tackle crucial challenges
for mines: how to handle and improve water and waste management to be
more efficient, hence increasing productivity and decreasing costs, and to
comply with local environmental regulations. The developed water manage-
ment protocol describes step by step different actions to be undertaken to
close the water loop and choose the best water treatment technologies. In
recent years, we faced the growing demand for social and environmental re-
sponsibility of mining operations arising from local communities and soci-
ety as a whole. Positive sustainability impacts, hotspots, and trade-offs of
the ITERAMS portfolio detected with the LcsA represent a useful starting point
to orient technical choices towards more a sustainable mining. ITERAMS can
influence the social acceptance of the mining activities by improving the en-
vironmental, social, and socio-economic effects derived from the operation
of a mine. Mining companies may also go beyond to improve the social ac-
ceptance by working on issues that are not tackled by the new technologies
and by treating the local communities fairly and by establishing a good com-
munication.

ITERAMS FOR LOCAL COMMUNITIES

ITERAMS demonstrated that novel mining technologies can address environ-
mental, social, and socio-economic issues affecting local communities. En-
vironmental risks of mining operations can be reduced, thus preserving health
and safety of local populations and natural resources (land, water) impor-
tant for their livelihood. The main identified social issues related to mining
were water issues, employment, and economic development. A positive ef-
fect of the novel technologies on the social hotspots is possible. Beyond the
technical improvements, to consider the stakeholders’ opinions, perceptions

and views appears crucial to create a relationship of trust and respect with
local communities. The project proposed a methodology to evaluate, either
in a qualitative or quantitative way, social impacts, and changes in the sLo
if novel technologies are introduced on site. The LcsA framework developed
in ITERAMS ensures that considerations on social and environmental respon-
sibility of mining and implications for local communities are part of the eval-
uating process of novel technologies.

ITERAMS FOR LOCAL GOVERNMENTS AND OTHER
INSTITUTIONS

Local authorities worldwide require mining companies to reduce pressure on
water resources and to comply with environmental regulations on emissions,
water discharge, and quality and waste disposal. ITERAMS offers a portfolio
of technologies that address different requirements to be met for environ-
mental regulation compliance. With ITERAMS technologies it could be easier
to meet these requirements. Furthermore, if mining companies manage to re-
duce their environmental footprint by implementing ITERAMS technologies,
local authorities may promote more stringent environmental regulations,
based on the achievable environmental performance with ITERAMS. This may
be more significant for those countries that lack of strict mining environmen-
tal legislation and for those sites where water and tailings management is not
yet successful. Local governments should also take care that mining compa-
nies behave socially responsibly and that no conflicts arise with local com-
munities: by addressing social issues in mining and providing a way to eval-
uate them, ITERAMS can help to build and preserve good relations between
companies and communities and to better handle local resources.

ITERAMS FOR NGOS

NGOs in mining contexts often work on monitoring environmental and so-
cial impacts of mining activities and sometimes act as an intermediary be-
tween local communities and the mines. The results of the Lcsa can offer
useful information on positive and negative impacts of the novel ITERAMS
technologies on mining operations. Furthermore, ITERAMS offers a method-
ology for social assessment and for evaluating social perception on mining
that can be applied by NGOs in their daily work.

ITERAMS FOR THE SCIENTIFIC COMMUNITY AND SOCIETY

IN A BROADER PERSPECTIVE

The scientific community will benefit from the methodological advancements
and findings achieved by the ITERAMS project both in terms of sustainability
and technologies. ITERAMS can be considered as a starting point to explore
areas of further work in future projects, but also for on-going research activ-
ities, for instance about Lca, risk assessment, and all the other technological
aspects (microbial contamination of process waters, alkali-activated materi-
als ...). Not least, society in a wider perspective can benefit from the achieve-
ment of the ITERAMS project, when it goes in the direction of supplying raw
materials by consuming less resources and reducing or avoiding impacts.

CONCLUSIONS FOR STAKEHOLDERS E






OPPORTUNITIES FOR FUTURE
WORK

ITERAMS was an ambitious project with about 30 partners from all over
Europe and even Africa. In 3.5 years, it was possible to make significant
advancements and achievements, as indicated in the previous chapters.
Yet still, further work is on the table.

Significant parts of the ITERAMS portfolio have been validated in small-
scale testing at the mine sites, demonstrating the feasibility of the concept.
Now, pilot demonstrations on a larger scale will be beneficial, e.g. for the use
of alkali-activated materials or geopolymers in various applications. This will
allow to evaluate the technology under real operating conditions.

For analysing the effects of tailings leaching, existing models proved to
be too granular and too time-consuming to be computed until a point where
the overall releases from the tailings can be estimated. The analysis thus
needed to revert to a relatively simple emission-factor model that is not able
to consider complex interactions of compounds in acid regimes. It would be
very interesting to improve existing aqueous geochemical calculation tools,
such as PhreeqC to reflect interaction sufficiently, within an acceptable time
frame. The expected, more detailed model results would then facilitate the
formulation of recipes for specific applications of alkali-activated materials
and geopolymers.

Alack of water quality data currently limits a reasonable control of wa-
ter quality impacts on flotation performance. The sensors and work protocol
developed in the course of ITERAMS already are a considerable step forward.
Still, more work would be beneficial to better integrate sensors, refine water
quality models, and thereby make the flotation more effective and efficient,
which in turn has direct consequences for refined process control for a mine
with a closed water cycle. This would also provide the industry with capa-
bilities to run simulations to create short-term forecasts for site’s water vol-
umes and for water quality in different production and environmental con-
ditions, and thus would simplify mining operations’ management.

For the sustainability assessment, the qualitative modelling as the first
step was effective in ITERAMS for understanding the situation at each mine
site, and for the more detailed, following modelling as well. It should be fur-
ther established and probably structured, for different use cases. Despite a
somewhat difficult time with access restrictions in force at mines, it was pos-
sible to collect sufficient data from the mine sites, for the detailed models,
and to indeed reflect the quite broad modelling scope of environmental, so-
cial, and economic impacts, at the mine site and the life cycle, including risks.
Now, towards the end of the project, it becomes clear that this detailed mod-
elling can provide a relatively comprehensive, high-resolution picture of the
sustainability of the ITERAMS solution portfolio in the different cases. Let’s
therefore wish that this detailed modeling becomes more common practice.

When looking at the detailed results, it is apparent that the ITERAMS
solution portfolio does not always in itself reduce the impacts at the inves-

tigated mine sites, at times of regular operation. The risk the mine poses to
its local environment, in terms of environmental, social, and also economic
risks, is, however, drastically reduced. The case studies investigated in the
project are already applying “some sort of water closing” technologies, in-
dependent of the project. It would therefore be interesting to apply the
ITERAMS technical portfolio and also sustainability modelling approach to
other cases, copper mine sites with wet processing, where the water cycle
is remains relatively open.

One thing we can state with some certainty: more intelligent ore sort-
ing at the place of excavation, due to improved analysis of the material, de-
livers a more tailored and efficient mine operation, generating less tailings.

FUTURE WORK ﬁ
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