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1. (25%) Elaborate the potential environmental concerns when (re)-extracting metals from abandoned mines
based on the article by Bao et al. (X 3% % B % % 2 -3 § » Extracting resources from abandoned mines)

2. (25%) Heap leaching is described on page 732 of Bao ef al. (A 3% % 3 ). Suppose that heap-leaching
(described on page 2 and visualized in the figure) is used to extract residual Cu from mine wastes. Develop a
differential mass balance equation of dissolved/leached Cu in the leaching pond. (1) Set up your system with a
diagram with relevant streams and variables. (ii) Define your variables and provide their units. (iii) State
assumptions and limitations inherent in your equation.

B3.(15%) FMAEAE - BARY - UAATBER BN TS ROHERE -

4. (20%) F4 i B AR o) R (Nitrogen) G B H - FH AT AELRLARYE YW E TETE F5wie

SHEAEANR):

* RIEAH: EA N A 2P WA KA - |

* BAR/ABNIIBR/E: Kb~ KR~ REBEAMEY - LIRBAE S -~ XHEH - ABE - b -

* REMH: ERIFA (Nitrogen Fixation) ~ li#54E B (Nitrification) ~ R #4E4% F (Denitrification) ~ [
{648 M (Assimilation) ~ £ /b4 B (Ammonification)

* FREHEDHE N, » NJO ~ NOx ~ NH; ~ NOy ~ NOs™ -

5. (15%) FB %3k & 1996 443 A DDT (Dichlorodiphenyltrichloroethane)# # 2001 4 % 4 & DDT % -
JE & (Malaria) 5 & 0 R 61 RIHH - F(DREBARBERER DDT 2T AR - Q)RHAHE A DDT %
BRRAEBERAEDHYE QARG o RERA DDT » H42H 50 =757 LA $08 58 3k 4 &5k o

Malaria Trends in South Africa
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H # R R: Channa et al. Prenatal exposure to DDT in malaria endemic region following indoor residual spraying and in non-malaria
coastal regions of South Africa, Science of the Total Environment, 2012, 183-190.
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Extracting resources from abandoned mines

Recovering minerals and metals from abandoned mines could aid decarbonization

By Zhongwen Bao, Carol J. Ptacek,
and David W. Blowes

he development of environmentally

friendly technologies (e.g., electric

vehicles, wind turbines, solar panels,

and lithium-ion batteries) to achieve

a low-carbon future will require large

quantities of critical minerals and
metals (7). Mining and extraction of these
materials are anticipated to generate sub-
stantially larger volumes of mine wastes,
including waste rock and tailings (2). The
release of contaminated water from mine
wastes can cause long-term environmental
damage and land degradation, posing chal-
lenges for pollution control and environ-
mental remediation. Resource extraction
from contaminated water, mine wastes,
and mine workings (e.g., unexploited open
pits and underground tunnels) at aban-
doned mines could potentially address the
increased demands of critical minerals
and metals for decarbonization. However,
careful planning is required to ensure that
negative environmental effects are not ex-
acerbated during resource recovery at aban-
doned mines.

Mining activities can have long-term pos-
itive impacts by supplying valuable miner-
als and metals to advance economic devel-
opment, energy transition, infrastructure
construction, and technological innovation.
However, mining has also caused environ-
mental and societal harm, Vast quantities
of potentially chemically reactive wastes
are accumulated over large land footprints
at mine sites. Globally, land that has been
affected by mining amounts to 66,000
km?, including waste-rock piles, tailings
impoundments, and open pits as well as
mining and processing infrastructure (3).
Much of this mining-affected land includes
abandoned mines, which are neither in op-
eration nor managed. Mines are abandoned
for a variety of reasons, including depletion
of ores, commodity price fluctuations, and
technical challenges associated with mining
deeper ores. The global area of land use and
contamination level at abandoned mines
are unknown. Yet, there is a distinct con-
trast between the number of active mines

Department of Earth and Environmental Sciences,
University of Waterloo, Waterloo, ON, Canada.
Email: zZ23bao@uwaterloo.ca: blowes@uwaterloo.ca

SCIENCE science.org

and the much larger number of abandoned
mines. For example, in Canada, there are
~200 active mines compared with more
than 10,000 abandoned mines.

Each abandoned mine has distinct attri-
butes, including the physicochemical and
geotechnical characteristics of mine-waste
deposits and mine voids. These characteris-
tics strongly influence the impacts to land,
water, and ecosystems, including releases of
water contaminated with high concentra-
tions of toxic metals and metalloids [e.g.,
acid mine drainage (AMD)] and releases
of carbon dioxide (CO,). Chronic releases
of AMD and catastrophic failures of tail-
ings dams lead to “dead zones” at mine
sites, which exhibit biediversity loss, land
deterioration, and degraded surface water
and groundwater and can be detrimental to
human health (£). For instance, in 1999, an
extremely low pH of -3.6 was reported in
AMD from the Richmond Mine of the Iron
Mountain copper deposit, USA, which was
mined in the early 1900s (5). This AMD re-
sulted in fish death and vegetation denuda-
tion. Additionally, release of dissolved con-
taminants and alteration of groundwater
and surface water flow systems can harm
aquatic ecosystems, such as effects on sal--
monids (ray-finned fish) and their habitat
in northwestern North America as a result
of tailings dam failures, such as that at
Mount Polley Mine, Canada, in 2014 (6).

Although the stored mass of mine wastes
is uncertain, an estimated global mass
of tailings totals 223 billion metric tons
generated from 1771 to 2019, whereas the
total mass of waste rock is estimated to
be about 10 times that of the mass of tail-
ings (7). Exposure of sulfide-bearing mine
wastes to water and oxygen triggers com-
plex microbial-catalyzed biogeochemical
reactions that generate acidic, neutral, and
saline mine drainage. Mine wastes prone to
AMD frequently cause the most severe wa-
ter quality problems that persist for thou-
sands of years (5), and thus AMD has been
the focus of intense research and environ-
mental remediation. However, neutral and
saline mine drainage also have the poten-
tial to cause environmental degradation.
Selective mining, segregation and encapsu-
lation, subaqueous disposal, lime or lime-
stone addition, cover construction to limit
water infiltration or oxygen ingress, and
passive technigues (including constructed

#RER

wetlands, bioreactors, and permeable re-
active barriers) have been widely applied
to facilitate AMD mitigation either at the
source or along the migration pathway (8).
Typically, a2 combination of these techniques
is implemented.

These AMD mitigation strategies may
demonstrate short-term success; however,
their long-term performance remains un-
certain under changing climate scenarios.
For example, subagueous disposal of tail-
ings into inland water bodies and oceans
limits AMD generation by reducing the
oxygen supply. It was found that ocean
acidification and the present temperature
increase caused by climate change can en-
hance metal leaching from tailings disposed
below a deep-water cover, potentially de-
creasing water quality and causing negative
environmental effects (9). Without perma-
nent remediation, the long-term impacts of
mine wastes on terrestrial and marine eco-
systems will persist.

- Supplies from active mines cannot cur-
rently meet the increased demands for criti-
cal minerals and metals for decarbonization
measures. Individual mines are operated to
recover targeted commodities, which are
determined by the economics of mining,
processing, and global availability. Mine
wastes at abandoned mines may contain
recoverable concentrations of rare earth
elements (REEs), platinum group elements,
and metals—e.g., cobalt, copper, lithium,
and nickel-that are more accessible than
the low-grade ores that are currently mined
(10). Many of these elements are indispens-
able in technology development to achieve
carbon-zero goals. Therefore, AMD, mine
wagstes, and mine workings at abandoned
mines are being evaluated as potential
sources for these critical minerals and met-
als. Integration of resource exploration and
recovery with environmental remediation
provides a promising opportunity to gain
value from mine wastes while tackling the
environmental challenges associated with
abandoned mines.

Assessing the resource potential of criti-
cal minerals and metals in AMD, mine
wastes, and mine workings at abandoned
mines is the first step. Abandoned mines
are often located in remote locations with
sensitive environments. Appropriate reme-
diation designs, characterization studies,
and monitoring programs are needed to as-
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Resource recovery and environmental remediation at abandoned mines

Minerals and metals that are in high demand could be recovered from abandoned mine wastes (tailings and waste rock) through heap leaching, which
could also mitigate envirenmental contamination. Combining this approach with environmental remediation of any residual mine waste, such as

with multilayer vegetated soil covers [including a geosynthetic clay Tiner (GCL)], could achieve long-term mitigation of the impacts of abandoned mines.
However, potential pollution from heap leaching should also be addressed.

Mine wastes
Tailings pile

Contaminated water

sess the spatial distribution, bioavailability,
and migration pathways of contaminants.
Many national inventories of abandoned

‘mines with different risk categories and |’

national registries have been established.
For example, nationzl mine-waste regis-
tries in France, Hungary, Italy, Portugal,
Slovenia, Spain, and the UK were created
with basic information that can be used
for evaluating potential resource recovery
(II). Resource potentials of other critical
minerals and metals (particularly REEs)} in
mine wastes should be jointly assessed in
conjunction with site-specific characteriza-
tion and monitoring programs to enhance
knowledge of the behavior of critical miner-
als and metals as well as their geochemical
interactions. These efforts will complement
the knowledge gap in national mine-waste
registries and facilitate decision-making to
shift abandoned mines from a source of pol-
lution to a resource for mineral recovery.

Advances in exploration and recovery
techniques of critical minerals and metals
from different waste streams are promis-
ing. In Europe, underwater robots, al-
though still at the prototype stage, were
successfully demonstrated for exploration
of critical minerals and metals at flooded
abandoned mines without dewatering costs
and groundwater impacts (72). Traditional
AMD treatment through neutralization
using lime or limestone generates large
quantities of sludges that are rich in iron
oxyhydroxides, REEs, and other valuable
minerals. High-grade aluminum, REEs,
cobalt, and manganese were recovered
from sludges during AMD treatment using
neutralization reagents through a three-
staged, pH-dependent precipitation and
crystallization process (13).
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Heap leaching is a method for economi-
cal recovery from low-grade ores for the ex-
traction of, for example, copper, gold, and

Wrahium’ (74), This ‘method requifes the™

application of leaching solutions {(such as
sodium cyanide for gold) through ore-bear-
ing heap pads. Leaching solutions dissolve
targeted minerals and metals into pregnant
leach solution ponds and are subsequently
recovered; the barren solutions can then be
mixed with fresh reagents and recirculated
into the heap-leaching pads. Given that
mine wastes might have higher amounts
of critical minerals and metals compared
with the low-grade ores that are currently
mined, heap leaching could function as a
feasible technigue for resource recovery at
abandoned mines (70, 15). A combination
of resource recovery through heap leaching
with implementation of environmental re-
mediation (e.g., a multilayer vegetated soil
cover) may serve as a potentially sustain-
able solution for mine-waste management
and pollution control (see the figure).
Caution is needed to prevent the intro-
duction of new environmental pollution and
‘harm during resource recovery from mine
wastes. For instance, a drainage protection
layer should be implemented to prevent the
infiltration of leach solutions into underly-
ing soils and groundwater to avoid the long-
term retention of hazardous materials in
the subsurface. Residual solid wastes after
heap leaching need further characterization
for proper disposal through environmental
remediation. Notably, industrial applica-
tions of heap leaching are mostly used for
the recovery of copper, gold, and uranium
from low-grade ores, whereas heap leaching
for resource recovery from mine wastes is
still under development. Further research is

SE AN

Residual
mine
wastes

Unsaturated soils

Groundwater

needed to evaiuate the potential impacts of
the commercialization of these exploration
and recovery techniques through thorough

“monitoring and évaluzation programs in lab-

oratory-, pilot-, and industrial-scale appli-
cations and to make the extraction of criti-
cal minerals and metals from these waste
streams environmentally friendly, socially
accepiable, and economically feasible. &
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