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Abstract

The current study presents the effect of process chemistry as well as climate conditions on the water balance of a heap leach
operation for black-schist ore. The research is based on the actual water balance at the Terrafame (former Talvivaara) mine
site in Finland during the years 2017 and 2018 (base case). In addition, scenarios with a deviation in climatic conditions
(Antofagasta case), chemistry (non-heat generation case) and effects of climate change (RCP4.5 (representative concentration
pathway) case and RCPS8.5 case) were investigated. In the first case, the annual precipitation and evaporation were simulated
for a highly arid climate such as in the Antofagasta Mountains, whereas in the second case, an assumption was made of no
excess heat generation (exothermic reactions) in the heap reactions. The base case predicted a requirement of 9,000,000 m*
annual discharge of water from the site with the heaviest annual rainfall. The discharge requirement and therefore the water
footprint of the plant was shown to be highly dependent on the climatic conditions, as the Anfofagasta case predicted a
discharge of water from the site as low as zero. Heat generation, typical of the reactions dominating in a boreal black-schist
heap leach operation, was shown to be vital for water management operations and therefore discharge management in Nordic
climatic conditions (the non-heat generation case), where the discharge requirement was shown to be nearly threefold com-
pared to the base case (2018). If the black-schist ore body resided in Antofagasta, the freshwater consumption would be over
eight times the current consumption in the base case in Finland. Climate change scenarios show that the changing climate
would increase the range of variation but only increase the need for water discharge from the site by 5% in the wettest years,
while raw water utilization would increase by 46 to 83% during the driest years. In general, the results highlight the issues
related to the mass and energy balance of a heap leach nickel process, and therefore feasibility—showing that although the
heat generation is ore- and process-specific, the water consumption as well as discharge to the surrounding environment is
highly dependent on the climatic conditions (precipitation, temperature) in the geographical location.
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Introduction

The importance of nickel and cobalt mining has increased
along with electrification; both metals are required as raw
materials for batteries. Battery production in the world in
2025 is forecast to be 500 GWh, up from 120 GWh in 2017.
This indicates the consumption of almost 60% of annually
produced Co and 10% of Ni for battery needs alone (Euro-
pean Commission 2018). Therefore, it is evident that an
increase in mining as well as a better understanding of the
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chemistry related to battery metals production are a neces-
sity. All mines utilize water to support mining, mineral
processing, and metals recovery. The challenges associated
with the water balance (need, consumption, discharge) differ
greatly in arid and wet conditions. The Terrafame operation,
located in northern Finland (Terrafame 2017), is a unique
case in many aspects. It uses an oxidative heap leaching
process in boreal conditions, where the ambient tempera-
ture falls below — 30 °C during the coldest winters. In this
geographical area, there is also a net precipitation of water
every year. In addition to extreme weather conditions, the
reactive nature of the ore results in minor metal cation dis-
solution in contact with rainwater, typical of sulfide ores.
The reactive nature of the Terrafame orebody was evident
before mining began (Parviainen and Loukola-Ruskeeniemi
2019). As a result, wide areas of the heap leach operation
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transform rainwater to pregnant leach solution (PLS) or
contaminated water. Mine water problems are certainly not
unique to Nordic operations and are widely discussed in
the scientific literature (e.g. Attiogbe 2017; Gasparon et al.
2007; Jhariya et al. 2016; Ochieng et al. 2010; Rybnikova
and Rybnikov 2017).

The average annual rainfall (with both rain as water and
the water value of snow) at the Terrafame mine site is ~
730 mm, according to local weather station readings from
1962 to 2008, with observations ranging from =~ 500 to
1000 mm. The estimated annual ground evaporation aver-
age is 300 mm, with observations ranging from = 230 to
355 mm. Historically, the accumulation of snow on the
ground starts from October and has mostly melted away in
April (FEI 2019). This is atypical for heap leaching, which
is more commonly located in dry areas (Ghorbani et al.
2016). For example, in the Antofagasta region of Chile—an
important mining area that contributes 63% of Chile’s gross
national product (ICA 2017)—the average annual rainfall
was 1.7 mm between 1961 and 1990 (INE 2017). This is
0.23% of the average at the Terrafame mine. Therefore, at the
Terrafame operation, natural water accumulation challenges
the discharge operation with a substantial excess of water,
whereas in the Antofagasta type of climate, the challenge is
the lack of fresh water. So, for example, while the Zaldivar
operation in Antofagasta had to look for a fresh water source
100 km away from the mine (Lo 1996), the Terrafame opera-
tion had to apply for a permit to discharge excess water from
the mine area (Terrafame 2017). Another example of a mine
area in a dry climate is Kalgoorlie in Western Australia.
There, average annual rainfall is 268 mm/a (BOM 2019)
while the annual evaporation is ~ 250 mm/a (Sudmeyer
2016). However, the challenges at Terrafame are not totally
unique. For example, in the Congo Basin, the annual average
rainfall is 1430 mm/a (Munzimi and Hansen 2015) and the
annual mean evaporation 1098 mm (Chishugi and Alemaw
2009). While both rainfall and evaporation are greater than
at Terrafame, the difference between the two is similar.

Krogerus and Pasanen (2016) studied the water balance at
the Yara Siilinjdrvi and Boliden Kylylahti mine sites, located
~ 100 km south and 140 km southeast of the Terrafame
mine, respectively. They presented geological, geophysical,
and surface water studies, and suggested actions for water
management. Kauppila et al. (2011) listed the water balance
factors at the Terrafame mine. The data from 2009 (after
one year of mining) predicted practically no discharge from
the site. After a longer period of mine operation, it became
evident that discharge was necessary (Terrafame 2017).

Punkkinen et al. (2016) presented the elements required
for a sufficient water balance, starting from precipitation,
evapotranspiration, runoff, and changes in water storage,
and then splitting the balance into processing, natural, and
tailings dam waters. They further discussed the modeling

software options: deterministic, spreadsheet-type models
and probabilistic, dynamic models. Their advice was to
use dynamic (complex) probabilistic models, which has
been criticized for possibly leading to over-engineering and
hence potentially damaging project evaluations (Swanson
et al. 2016). While complex modeling programs may have
their benefits, there is little that cannot be performed with
a spreadsheet model in able hands. Ultimately, the reliabil-
ity of a model depends on the quality of the inputs and the
awareness of the users. A typical water balance in nature is
in the form of Eq. (1):

dlnventary = P—E—Ro+Ri (1)
where d,,,10ry 18 the change of water volume in the balance
area (pond, ground, etc.), P is the precipitation (rainfall) in
the balance area, E is the evaporation from the balance area,
Ro is the runoff (flow out) from the balance area to adjacent
areas, and Ri is the opposite of runoff, flow from adjacent
areas into the balance area.

This balance changes at a mine for several reasons. A
mining operation where ore is removed from the ground
typically mines a relatively dry material; the processing of
this material typically adds moisture to it, which requires a
water source. Also, the operation might use water for other
processing purposes, especially in the hydrometallurgical
industry. On the other hand, runoff is generally undesirable
from a mining operation if the rainwater comes into contact
with contaminating material at the mine site. Hence, there
is typically a discharge purification step that is governed by
an environmental permit. As an example, recent permitted
components at Finnish mines, metal plants, and a recently
built pulp mill are listed in Table 1. Furthermore, due to the
potential of water contamination, mining operations should
avoid run-on from nearby areas into the mining areas where
the risk of contamination exists. This could be arranged
by creating preferred flow patterns for runoff streams with
ditches and pumping if necessary. Environmental permits
depend greatly on the type and size of the plant as well as the
geographical location and discharge possibilities. A typical
mine water balance is in the form of Eq. (2):

d;,, = P_E-Ow + Pw-D )

where d,, is the change in water volume in mine ponds and
dams, P is the precipitation in the mine area, E is the evapo-
ration from the mine area, Ow is the new ore-bound moisture
during processing, Pw is the other process water used apart
from rainwater (e.g. fresh lake water), and D is the discharge
of water from the mine site (bleed).

The current study investigated the water balance of the
Terrafame operation with different scenarios. The reactivity
of the ore and the amount of heat generated at the Terrafame
heaps are extraordinary for heap leach operations (Arpalahti
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Table 1 Examples of recent permitted concentrations (mg/L) and amounts of dissolved species (t/a) in the discharge solution of Finnish indus-

trial sites

Site Products Ni Cu SO, Ni Cu SO, Note Ref
Terrafame Ni, Zn, Cu, Co precipitates 0.3 0.3 3,000 0.35 0.1 24,000 Pending application (AVI 2018)
Boliden Kevitsa Cu, Ni concentrates 03 0.1 2000 065 02 4333 Calculated SO, (int), not men- (AVI2014a)
tioned in permit
Nornik Ni, Co products 2 0.5 16,500 0.365 0.09 36,000 SO, (mg/L) not mentioned in (AVI 2014b)
permit, approximated by the
information in the permit, Cu
tonnes calculated
Boliden Kokkola Zn N/A N/A N/A 10 0.5 N/A  Permits shared by production (AVI 2008)
site operations. SO, not men-
tioned at all
Agnico Eagle Kittildi ~ Au 0.3 N/A 2,000 N/A N/A 5,500 (AVI 2013)
Metsi Fibre Aiinekoski Cellulose products N/A N/A 778 N/A  N/A 35478 SO, not mentioned or limited in  (AVI2015)

the permit, approximated by
the Na amounts

and Lundstrom 2017). This offers the potential to go beyond
natural ground evaporation, which, in a net positive rainfall
area, is a positive factor for water management. The objec-
tive was to compare water balance scenarios at a site where
the ore is not as reactive, and where the operation would be
located in an arid area, such as the Antofagasta Mountains.
The observations were carried out using local climate data
(INE 2017; FEI 2019) and the 2018 base case water balance.
Furthermore, the effects of climate change on the Terrafame
water balance were estimated using different scenarios, to
obtain predictions of the future water balance.

Materials and Methods
Scenarios

The current study is based on the actual water balance at the
Terrafame mine site in Finland during the calendar years
2017 and 2018 (base case). This period was selected because
the primary heap area of the plant was fully constructed by
the beginning of 2017, and consequently these 2 years rep-
resent a full-scale operational water balance for the mine.
In the base case, the range of rainfall and evaporation were
also compared with sub-scenarios of the wettest and driest
year between 1962 and 2008 (FEI 2019). For the maximum
rain and minimum evaporation, a rainfall of 1,000 mm and
ground evaporation of 230 mm were used and in the base
case with minimum rainfall and maximum evaporation, a
rainfall of 500 mm and ground evaporation of 355 mm were
used.

In addition, scenarios with different climatic conditions
(Antofagasta case) or chemistry (non-heat generation case)
were investigated. In all of the considered additional scenar-
ios, the transfer of solutions was adjusted to keep the water
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inventory levels within the annual balance. The Anfofagasta
case assumed the orebody to be located in the Antofagasta
Mountains, a very dry climate, with an annual rainfall of
only 1.7 mm (INE 2017). In this scenario, the evaporation
was assumed to equal the precipitation on the water side of
the balance, and 300 mm per annum on the PLS side, as the
heaps are kept wet by irrigation.

In the non-heat generation case, the focus was on the
chemistry of the orebody in the heap, not producing enough
heat to generate any extra evaporation. The Terrafame ore
produces a large amount of heat and that extra evaporation
helps in dealing with the positive net precipitation (rainfall
minus ground evaporation) of water. In this scenario, the
average rainfall and evaporation data were taken from the
Terrafame area (FEI 2019).

Lastly, the effect of climate change was estimated up to
2085 by generating four extra scenarios based on the base
case: two scenarios with the representative concentration
pathway (RCP) of 4.5 and two scenarios with a RCP of 8.5.
The RCP number signifies the magnitude of greenhouse gas-
ses and particles on the heat balance of the world in watts per
m? by the year 2100. The RCP8.5 case signifies the worst-
case climate change estimated, i.e. over triple CO, emissions
worldwide by the year 2100 compared to the pre-industrial
era, while in the RCP4.5 case, the emissions of CO, are
merely doubled by the year 2100 from the pre-industrial era
(Ruosteenoja 2013). The year 2085 was selected because it
was the end point of the data in Ruosteenoja (2013).

The precipitation in Finland is estimated to increase by
12.5% and 20% for the RCP4.5 and RCP8.5 cases, respec-
tively, by 2085 (Ruosteenoja 2013). It was assumed for the
purpose of this article that the ranges of variation change
by the same percentage. These values were used to alter
the precipitation range: the maximum precipitation from the
base case (1000 mm) to 1,125 mm for the RCP4.5 case and
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1200 mm for the RCP8.5 case and the minimum precipita-
tion from base case (500 mm) to 563 mm in the RCP4.5
case and 600 mm in the RCP8.5 case.

The increment in temperature at the same point, in 2085,
is estimated to be 3.7 “C in the RCP4.5 case and 6°C in the
RCP8.5 case. The effect on ground evaporation is not listed
and therefore has to be estimated separately. Monthly data of
ground evaporation as a function of temperature was tracked
(FEI 2019) in Fig. 1.

Plotting the data in Fig. 1, the increased temperature due
to climate change can be estimated by monthly increasing
the temperature. As a result, the annual ground evaporation
increases by 45% and 77% in the RCP4.5 and RCP8.5 cases,
respectively, for an average year and it is assumed to change
with the same percentage magnitude for the range of change
observed. This was used to alter the minimum evaporation
from the base case (230 mm) to 333 mm in the RCP4.5 case
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Fig. 1 Ground evaporation in mm/d as a function of average tempera-
ture in C (FEI 2019)

Fig.2 The parameters con-
tributing to the PLS (pregnant
leach solution) and water circuit
balances
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and 406 mm in the RCP8.5 case and maximum evaporation
from the base case of 355 mm to 513 mm in the RCP4.5
case and 627 mm in the RCP8.5 case.

Water Balance Modeling

The water balance was split into two parts: (i) the process
circuit with the PLS, covering the heap leach area and the
metals recovery plant (containing a significant amount of
metals); and (ii) the water circuit, catching water in the mine,
for example and containing a small amount of metals from
contact with the ore or waste rock.

The following parameters influencing the total water bal-
ance at Terrafame were observed: the catchment area for
rainfall and ground evaporation, rainfall, ground evapora-
tion, the metals recovery plant water balance of usage and/
or return to process circulation, the moisture bound to new
ore during the leaching process, and discharge of water from
the site. Figure 2 presents the parameters contributing to the
PLS and water circuit balances.

The water balance, as defined above, differs from the
water balance in nature. In nature, variables such as the
surface water flow to and from the balance area has to be
accounted for. The PLS circuit area is lined with a geotextile
and the solution is contained within the lined area. Similarly,
the water circuit area is surrounded by a ditch system to pre-
vent water from entering or leaving. The water in the PLS or
water circuit is assumed not to penetrate the groundwater at a
significant rate. It is also assumed that the bonding of water
to material is negligible in the water management ponds and
area, though there is a significant effect of water bonding
to the crushed ore at the PLS circuit. The water balance is
therefore defined by Eqgs. (3) and (4):

Water circuit

Evaporation

From the water circuit

to the PLS circuit Mine, waste rock
1 area, ponds

Metals recovery
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1
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yentoryprs = Pheaps—Eground heaps— Eextraeaps—OW + | — Mppg + Ww

3
where dj, ..i0rvprs 18 the change in PLS volume in the
ponds, Py is the precipitation in the heap leaching area,
E oy pund heaps 18 the ground evaporation from the heap leaching
area, E,,, peaps 18 the evaporation from the heap leaching
area caused by the heat of reaction, Ow is the new ore-bound
moisture, Mp; ¢ is the effect of the metals recovery plant on
the PLS balance, and Ww is the water from the water ponds
transferred to the PLS ponds.

=P E uter +/ —Mw — Ww—D )

dlnventorywater water”

where d,enoryparer 18 the change in water volume in the mine
water ponds and dams, P, is the precipitation in the mine
area where risk of contamination exists, E,,,,, is the evapo-
ration from the mine area, excluding the heaps, Mw is the
effect of the metals recovery plant on the water balance, Ww
is the water from the water ponds transferred to the PLS
ponds, and D is the discharge of water from the mine site.

Parameters

Catchment area: The heap leach and other PLS circuit rain-
fall catchment area was 580 ha in both 2017 and 2018. The
water circuit rainfall catchment area grew from 1080 ha in
2017 to 1330 ha in 2018 as the area of lined waste rock was
increased.

Rainfall: The rainfall was monitored daily at the mine site
by measuring the new water in a container during the time
that rainfall fell as water and by melting the snow that fell in
the same container. Thus, the water value of the snow was
obtained. However, this was a single measurement on a mine
site of ~ 60 km?, which adds potential error to the analysis
of the water balance.

Ground evaporation: The ground evaporation was moni-
tored daily from a Finnish Environment Institute weather
station near the mine site (FEI 2019), Fig. 3. The summer is
short in the region of the mine and the daily average temper-
ature remains below 0 °C for nearly half of the year, below
the freezing point of water. As this period starts from before
the change of year, there is a possibility of carry-over of
snow from the previous year, adding complexity to the esti-
mation of the annual water balance. As the weather station is
approximately 15 km away from the site, this measurement
is also a potential source of error in the analysis of the water
balance.

Metals recovery plant solution balance: The metals
recovery plant solution balance was tracked by the effect
it had on both the PLS and the water circuits. All the flows
were tracked with flow meters. The detailed reasons for
water usage at the metals recovery plant are beyond the
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Fig.3 The daily average temperature during the PLS (pregnant leach
solution) and water circuit balance observation period

scope of this article. However, it can be said that chemicals
such as sodium hydroxide and milk of lime demanded fresh
water and that the bleeding of precipitated hydroxide slurries
removed solution from the PLS circuit into the water circuit
through the metals recovery plant.

Moisture bound to new ore: The new ore as mined is
nearly dry, with 0.5 to 1% by weight moisture. As the mate-
rial is stacked in heaps and irrigated, the increase of mois-
ture bound to the ore is ~#10% by weight. This value is based
on earlier experience with excavations of old ore and is an
average, contributing to potential error in the analysis of the
PLS balance. Nevertheless, a significant amount of moisture
is bound to the new ore.

Discharge of water from the mine site: To maintain a safe
amount of water reserve at the mine, a certain amount must
be discharged annually. This amount was carefully con-
trolled to remain within the boundaries of the environmental
permit at the mine.

Results
Base Case

The water balance in the plant is presented in two parts:
the PLS circuit balance and the water circuit balance
(Tables 2, 3). Positive numbers reflect an increase in vol-
ume and negative numbers a reduction in volume. The
rainfall in 2017 and 2018 was 743 and 600 mm while
ground evaporation was 260 and 314 mm, respectively.
The utilization of raw lake water by the metal plant was
close to 1,000,000 m? for both years and can be seen in
Tables 2 and 3 as “added solution from metals recovery
plant”. In Table 2, the extra evaporation is added to explain
the volume change in the pond solution over the year,
which can be attributed to the high temperature generated
on the heaps during the leaching process (Arpalahti and
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Table 2 PLS circuit solution balance during the observation period

Year 2017 2018

Pond solution volume change, m’ - 15,000
Rainfall, m’

From the water circuit to the PLS circuit,
3

— 110,000
4,310,000 3,480,000
1,830,000 3,370,000

m

Added solution from metals recovery 400,000 1,020,000
plant, m’

Ground evaporation, m> -1,510,000 - 1,820,000

Ore moisture increase, m> —1,750,000 — 1,790,000

Extra evaporation, m3 —3,300,000 — 4,370,000

Table 3 Water circuit solution balance during the observation period

Year 2017 2018

Pond water volume change, m? -1,330,000 —750,000
Rainfall, m? 7,990,000 7,980,000
Ground evaporation, m’ -2,810,000 — 4,180,000
Added solution from metals recovery 530,000 —590,000

plant, m?

From the water circuit to the PLS circuit,
3
e

- 1,830,000 - 3,370,000

Discharge of waters from the site, m> —5,240,000 — 2,510,000

Balance uncertainties, m> 30,000 1,920,000

Lundstrom 2017). In Table 3, the balance uncertainties
are the difference between the calculated balance pond
volume change and the actual volume change. A higher
error was monitored for 2018. It can be seen from Table 2
that the ground evaporation and extra evaporation together
are larger than the rainfall for both of the observed years.
This, in addition to the moisture needed by the new ore,
accounted for 1,830,000 m* and 3,370,000 m® of solution
being transferred from the water circuit to the PLS circuit
in 2017 and 2018, respectively. Incidentally, it can be seen
from Table 3 that the 3,370,000 m? transferred from the
water circuit to the PLS circuit in 2018 was more than
the discharged 2,510,000 m®. Even though the PLS circuit

balance at the site needs additional water, the catchment
area of the water circuit is large enough that there would
be a need for the discharge of waters from the site to adja-
cent water bodies in years similar in rainfall and evapora-
tion to 2017 and 2018.

The base case with max. rain and min. evaporation,
i.e. an increase in annual net precipitation from 600 to
1000 mm and a decrease in ground evaporation from 314
to 230 mm, suggested an increase of up to 5,800,000 m? in
rainfall as well as a decrease in ground evaporation down
to — 1,334,000 m>. This is a 169% higher net precipitation
(rainfall minus ground evaporation), i.e. 4,466,000 m?>, than
the base case (2018) of 1,660,000 m3. Similarly, the base
case with min. rain and max. evaporation was calculated,
i.e. a decrease in annual precipitation down to 500 mm and
an increase in ground evaporation from 314 to 355 mm.
This sub-scenario suggested 2,900,000 m? rainfall and
-2,059,000 m? ground evaporation. These balances are
shown in Tables 4 and 5. The greatest effect of the maxi-
mum net precipitation of water can be seen in the discharge
of waters from the site, which increased from 2,510,000 m>
to 8,977,000 m?, or by 258%. Correspondingly, in the mini-
mum net precipitation case, the discharge of waters resulted
in a positive value in the balance, signifying that no dis-
charge is needed (from the perspective of the PLS and water
balances alone) and more lake water is needed during dry
years—an increase from 1,000,000 m? to 3,960,500 m>, or
by 296%.

Antofagasta Case and Non-heat Generation Case

The dry climate in the Anfofagasta case showed that the
increase in the required fresh water was ~ 746% higher in
an arid climate compared to the Terrafame base case. It was
modeled that 8,460,000 m? of fresh water would be required
in the Antofagasta case, whereas the base case required only
an addition of 1,000,000 m> of fresh water. The amount of
fresh water required in the Antofagasta case corresponds to
850 m3/h every hour, around the year. On the other hand,
considering a non-heat generating heap leach process hypo-
thetically located in Finland (non-heat generation case), the

Table 4 PLS circuit solution
balance for the maximum
and minimum annual net

Scenario

Base case with max. rain
and min. evaporation

Base case with min. rain
and max. evaporation

precipitation Pond solution volume change, m?

Rainfall, m?

From the water circuit to the PLS circuit, m’
Added solution from metals recovery plant, m>

Ground evaporation, m3
Ore moisture increase, m>
Extra evaporation, m?

0 0

5,800,000 2,900,000
674,000 4,299,000
1,020,000 1,020,000

- 1,334,000 —-2,059,000
- 1,790,000 - 1,790,000
—-4,370,000 —4,370,000
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discharge of waters would increase from 2,510,000 m? to
6,853,000 m> compared to 2018, i.e. an increase of 173%.
This difference would be fairly similar to the extreme net
precipitation case, and naturally, these scenarios are cumu-
lative. In addition, the modeled metal recovery plant bal-
ance had to be adjusted to remove solution from the PLS
circuit in this scenario. This could be achieved by treating
the recovered metal solution with lime, but this would result
in additional costs and tailings (Tables 6 and 7).

The RCP4.5 and RCP8.5 Climate Change Scenarios

The climate change scenarios showed that the change
would be more profound during dry and hot years rather
than wet and cold years. During the maximal rain/mini-
mum evaporation scenarios, the required discharge from
the site increased only 5% in both the RCP4.5 and RCP8.5
cases, compared with the base case with similar conditions
(Tables 8,9). Yet during the minimum rain, maximum
evaporation scenarios, the required raw water amount
increased by 46% and 83% in the RCP4.5 and RCP8.5
cases, respectively, compared with the base case with sim-
ilar conditions (Tables 10, 11). This is in accordance with
the estimated numbers; ground evaporation would increase

Table 5 Water circuit solution
balance for the maximum

and minimum annual net
precipitation

Table 6 PLS circuit solution
balance for the Antofagasta case
and the non-heat generation
case

Table 7 Water circuit solution
balance for the dry Antofagasta
area and orebody without heat
generation

Scenario Base case with max. rain Base case with min.
and min. evaporation rain and max. evapora-
tion
Pond solution volume change, m* 0 0
Rainfall, m? 13,300,000 6,650,000
Ground evaporation, m’ - 3,059,000 -4,721,500
Added solution from metals recovery plant, m’ —590,000 —590,000
From the water circuit to the PLS circuit, m’ - 674,000 —4,299,000
Discharge of waters from the site, m? - 8,977,000 2,960,500
Balance uncertainties, m> 0 0
Antofagasta case Non-heat
generation
case
Pond solution volume change, m* 0 0
Rainfall, m? 10,000 4,234,000
From the water circuit to the PLS circuit, m’ 6,870,000 0
Added solution from metals recovery plant, m’ 1,020,000 - 704,000
Ground evaporation, m? - 1,740,000 - 1,740,000
Ore moisture increase, m® - 1,790,000 - 1,790,000
Extra evaporation, m’ —4,370,000 0
Antofagasta case Non-heat
generation
case
Pond solution volume change, m? 0 0
Rainfall, m? 23,000 9,709,000
Ground evaporation, m3 —23,000 -3,990,000
Added solution from metals recovery plant, m> —590,000 1,134,000
From the water circuit to the PLS circuit, m’ — 6,870,000 0
Discharge of waters from the site, m? 7,460,000 — 6,853,000
Balance uncertainties, m> 0 0
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Table 8 PLS circuit solution
balance for the RCP4.5 and
RCP8.5 climate change cases
with max. rain and min.
evaporation

Table 9 Water circuit solution
balance for the RCP4.5 and
RCP8.5 climate change cases
with max. rain and min.
evaporation

Table 10 PLS circuit solution
balance for the RCP4.5 and
RCPS8.5 climate change cases
with min. rain and max.
evaporation

Table 11 Water circuit solution
balance for the RCP4.5 and
RCPS8.5 climate change cases
with min. rain and max.
evaporation

RCP4.5 case: max. rain,

min. evaporation

RCP8.5 case: max.
rain, min. evapora-
tion

Pond solution volume change, m?

Rainfall, m?

From the water circuit to the PLS circuit, m’
Added solution from metals recovery plant, m>
Ground evaporation, m?

Ore moisture increase, m>

Extra evaporation, m’

0
6,525,000
543,861
1,020,000
—-1,928,861
- 1,790,000
—4,370,000

0

6,960,000
536,166
1,020,000
—-2,356,166
- 1,790,000
—4,370,000

RCP4.5 case: max. rain,

min. evaporation

RCP8.5 case: max.
rain, min. evapora-
tion

Pond solution volume change, m?

Rainfall, m?

Ground evaporation, m?

Added solution from metals recovery plant, m>
From the water circuit to the PLS circuit, m>
Discharge of waters from the site, m?

Balance uncertainties, m’

0
14,962,500
—4,423,077
—590,000
— 543,861
-9,405,562
0

0
15,960,000
—-5,402,932
—-590,000
— 536,166
- 9,430,902
0

RCP4.5 case: min. rain,

max. evaporation

RCP8.5 case: min.
rain, max. evapora-
tion

Pond solution volume change, m?

Rainfall, m?

From the water circuit to the PLS circuit, m’
Added solution from metals recovery plant, m>
Ground evaporation, m3
Ore moisture increase, m

Extra evaporation, m>

0

3,262,500
4,854,655
1,020,000
-2,977,155
- 1,790,000
—-4,370,000

0

3,480,000
5,296,691
1,020,000
- 3,636,691
- 1,790,000
—4,370,000

RCP4.5 case: min. rain,

max. evaporation

RCP8.5 case: min.
rain, max. evapora-
tion

Pond solution volume change, m?

Rainfall, m?

Ground evaporation, m3
Added solution from metals recovery plant, m>
From the water circuit to the PLS circuit, m’
Discharge of waters from the site, m?

Balance uncertainties, m

0
7,481,250
-6,826,924
-590,000
— 4,854,655
4,790,329
0

0
7,980,000
- 8,339,308
—-590,000
—-5,296,691
6,245,999
0
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more than precipitation in dry years and even make net
negative precipitation possible in the RCP8.5 case.

Discussion

The greatest differences between the water balance sce-
narios were found in the discharge of waters from the mine
site and freshwater use. The calculated values are summa-
rized in Table 12. Table 12 also clearly shows the impor-
tance of heat generation at the heap, specifically in Nordic
climate conditions: if such a phenomenon did not take
place, there would be a strong need to bleed the PLS (by
neutralization with milk of lime — the effect can be seen in
the effect of the metals plant on the PLS balance, changing
from 1,020,000 m*/a to — 704,000 m*/a) and significantly
more water would be discharged, as they could not be fed
to make up the water lost at the heaps. The scenarios also
predict that there could be years, even during the current
operation of Terrafame in Finland, when there would be
no need to discharge water from the mine site and even the
requirement of fresh water in excess of the metal recovery
plant requirements.

Table 8 also shows that while there would be no such
issue with discharging waters if the orebody was located in
the Antofagasta Mountains, the need for fresh water would
be quite high. The average hydrometallurgical water usage
in 2006 in Chile was 0.13 m>/ton of mineral (not speci-
fied tonnes or tons; Brantes and Olivares 2008). The value
in Table 8 of 8,460,000 m3/a corresponds to 18,000,000
metric tons of ore/a, and the unit consumption is 0.47 m3/
metric ton of ore—over three times the average usage and
more than the range of usage mentioned, up to 0.25 m?/
ton of mineral (Brantes and Olivares 2008). On the other
hand, concentrator operations used 0.79 m>/ton of mineral
water in 2006 (Brantes and Olivares 2008), which is to say
that the consumption of water in this scenario would not
be exceptional. Nevertheless, this could mean that some

measures would need to be considered to limit the amount
of evaporative losses if such a high heat-generating ore-
body were located in such an arid climate. However, if the
evaporation losses were limited by, for example, covering
the heap, then the heat loss associated with evaporation
would be limited, which then again would require an extra
system to cool the heaps. It could be that such a cool-
ing system does not exist today among currently available
technologies, especially considering that the mines tend to
be located at a significant distance from sources requiring
district heat.

The effects of climate change appear to negate the
increased precipitation with increased ground evaporation in
the wet scenarios (maximum rain, minimum evaporation), as
the difference is relatively small compared to the base case.
However, in the dry scenarios (minimum rain, maximum
evaporation), the increment of ground evaporation is much
more than the increase in precipitation, leading to a much
higher demand for freshwater.

Conclusions

With the increasing need in the near future for battery met-
als, and to achieve the global goal of responsible production,
it is essential to understand the water balance in mining, and
its dependency not only from the process chemistry point
of view, but also with different climate scenarios. Some-
what surprisingly, the challenge of climate change would
appear to lie in the need for raw water rather than in a vastly
increased water discharge requirement. The current research
presents the necessity of heat generation in heap leaching
to keep the heap leach operation water balance feasible
in a boreal black-schist ore plant such as Terrafame. The
annual precipitation and evaporation play a large role in the
required amount of discharge. If the operation were located
in a dry area, such as the Antofagasta region in Chile, the
water consumption would be over three times the typical

Table 12 Comparison of

freshwater usage and discharge Scenario Fresh wa;er Dischargse of Effect of metals plaglt on
of waters between the sconarios usage, m”/a water, m”/a the PLS balance, m’/a
Base case 2017 1,000,000 5,240,000 400,000
Base case 2018 1,000,000 2,510,000 1,020,000
Base case max. rain, min. evaporation 1,000,000 8,977,000 1,020,000
Base case min. rain, max. evaporation 3,960,500 0 1,020,000
Antofagasta case 8,460,000 0 1,020,000
Non-heat generation case 1,000,000 6,853,000 —704,000
RCP4.5 case: max. rain, min. evaporation 1,000,000 9,405,562 1,020,000
RCP8.5 case: max. rain, min. evaporation 1,000,000 9,430,902 1,020,000
RCP4.5 case: min. rain, max. evaporation 5,790,329 0 1,020,000
RCP8.5 case: min. rain, max. evaporation 7,245,999 0 1,020,000
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hydrometallurgical operation use of water in the region, due
to the heavy evaporation generated by the reacting sulfides.
In general, the results present scenarios that highlight the
role not only of technological or metallurgical process
design, but also the geographical location and its climate
characteristics.
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