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• New technologies require critical
metals, while ore grades are declining.

• Global mine wastes represent a poten-
tial critical metal resource.

• Hyperaccumulator plants can be used to
extract critical metals from mine waste.

• Metal farming for nickel, cobalt and
thallium are feasible at this stage.
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Tomeet future technological demands of our growing global community new sources of industry critical metals
need to be identified. Tomeet these demands, extracting minerals from larger, lower grade deposits across most
commodities is required, which in turn generates ever increasing amounts of mine wastes. We propose that
agromining could be used to enables access to unconventional resources not viable using existing minerals pro-
cessing techniques. This innovative technique relies on so-called hyperaccumulator plants to bio-concentrate
high levels of metals into living biomass which can then be extracted from the harvested bio-ore. Producing crit-
ical metals, such as nickel, cobalt and thallium, efficiently and sustainably using agromining appears to be well
within reach, but this technology needs industrial champions to develop demonstration sites that are scaled
appropiately in areas where it is feasible.

© 2020 Elsevier B.V. All rights reserved.
An important part of the global response to climate change, initiated earth elements, indium, gallium and germanium (Watari et al., 2020).

by the Paris Agreement, has been to encourage countries to transition to
low-carbon economies (Vrontisi et al., 2020). New technologies, such as
electric vehicles, low-emission power sources and products for the
medical and defence sectors, are required to support this (e.g., Habib
et al., 2020; Vikström, 2020). The manufacture of these products re-
quires resources of ‘critical metals’ including cobalt, tungsten, rare
t).
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However, projected population growth shows by 2050, there will be a
total population of ~9.7 billion putting significant pressure put on natu-
ral resources (e.g., Schimpf et al., 2017; Hammond et al., 2019). Declin-
ing ore grades make it ever more difficult to extract target metals
(Jowitt et al., 2018) and to meet future technological demands of our
growing global community, it is necessary to identify new sources of in-
dustry critical metals (Watari et al., 2020). Mining larger, lower grade
deposits across several commodities (e.g., copper, gold, lead, zinc) has
been undertaken in recent decades leading to an increase in the
skine, Treasure from trash: Mining critical metals from waste and
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quantities of mine wastes (e.g., tailings, waste rocks, slags) produced
(Mudd, 2007). Thesematerials may contain reactiveminerals, including
sulphides, and therefore require appropriate management to mitigate
against environmental impacts including the formation of acid andmetal-
liferous drainage (AMD) (Parbhakar-Fox and Lottermoser, 2015). Com-
mon AMD remediation strategies involve the application of engineered
covers and the use of chemical or biological techniques to stabilise these
wastes (Moodley et al., 2018), though the long-term success of these
strategies is not guaranteed as examples across Australia (e.g., Mary
Kathleen Uranium Mine) have demonstrated (Lottermoser et al., 2005).
These conventional approaches to managing mine waste focus on break-
ing source-pathway-receptor pollutant linkage chains at the backend
rather than at the front (Parbhakar-Fox, 2019). Challenging this conven-
tion, and focusing on breaking the chain at the source, represents a new
opportunity to undertake ‘economic rehabilitation’. Considering mine
waste as a potential critical metal resource provides an opportunity to
supplement the demand of critical metals.

In order to assess such mine waste repositories, integrated applica-
tions of mineralogical and chemical characterisation tools enables the
potential commodities of interest to be determined and, based on this,
a suitable mineral processing technology to be selected tomaximise re-
covery (e.g., Parbhakar-Fox et al., 2018; Parbhakar-Fox et al., 2019;
Araya et al., 2020). In some cases, critical metals were ‘accessory min-
erals’ to themain targetmetals and not recovered during processing be-
cause it was not economically or technically viable (at the time). An
Australian example is the Mary Kathleen Minewhich extracted ura-
nium, but rare earth elements (7 Mt. at 3 wt% REEs) are in the tailings
and could potentially be re-mined (DNRM, 2013). Additionally, cut-off
grades are dynamic and dependent on the economics of the operation
and current metal prices. For example, the Century Zinc Mine had a
mineral resource of 10.2 wt% zinc which was mined, but 3.1 wt% zinc
was left in the tailings; a 77.3 Mt. resource (Gow, 2020). Additionally,
at the polymetallic Hellyer Mine in Tasmania several metals, including
Au, Pb and Zn, were mined from 1989 to 2012 (Gemmell and Fulton,
2001). Current activity at this mine is focussed on metal recovery from
Fig. 1. Australian mine wastes from base metals mining (panels A & B) and the met
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the remnant tailings with grades of 2.99 wt% Pb, 2.35 wt% Zn, 2.57 g/t
Au and 92 g/t Ag reported (NQ Minerals, 2020).

Abundant unconventional ores also remain yet to be exploited, for
example vanadium in shale-derived soils of Central Queensland (2579
Mt. at 0.32 wt% vanadium oxide); one of the world's largest vanadium
resources (Summerfield, 2018). Analogous are ultramafic soils that are
abundant in tropical regions (van der Ent et al., 2013a) and typically
contain 0.5–1wt%nickel, which is below cut-off grades for conventional
mining processing. The challenge of processing these unconventional
secondary resources relates to maximising recovery from partially
weathered or very fine-grained materials. Thus, the increasing demand
for critical metals requires unconventional methods for successful and
sustainable resource extraction.

Whilst methods such as bioleaching for concentrating critical metals
have gained attention over the past decade (Johnson, 2018; Giebner
et al., 2019), other ‘greener’methods are emerging. One such approach
is the use of hyperaccumulator plants that have the capacity to naturally
accumulate exceptionally high concentrations of certain metals in their
biomass and are known for nickel, cobalt, selenium, zinc and other ele-
ments (Corzo Remigio et al., 2020). Hyperaccumulation is defined at
values of 100 μg g−1 for selenium and thallium; 300 μg g−1 for cobalt;
1000 μg g−1 for nickel; 3000 μg g−1 for zinc in foliar biomass (van der
Ent et al., 2013b). Currently, there are 721 hyperaccumulator species
reported globally of which 532 are for nickel, 42 are for cobalt, 41 are
for selenium, 20 are for zinc, and 2 are for thallium (Reeves et al.,
2017). However, these numbers are rapidly increasing from non-
destructive screening of existing plant collections using portable X-
ray Fluorescence Spectroscopy (XRF) in global herbaria (Do et al.,
2020; Gei et al., 2020).

Farming hyperaccumulator plants as “metal crops” could be con-
ducted by small holders, who would be able to harvest the metal-rich
biomass in a process called ‘agromining’ (van der Ent et al., 2015).
This innovative approach enables access to unconventional resources
not accessible by existing mining techniques and has a low environ-
mental impact (Fig. 1). Metal farming depends on the growth rate and
al hyperaccumulator plants Alyssum murale and Berkheya coddii (panels C & D).
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biomass production of the metal crop and the whole biomass concen-
tration of the target metal. A few examples provide a case in point.
Nickel hyperaccumulator species are numerous, and plants species
such as Alyssum murale growing on ultramafic soils can attain 1–3 wt%
nickel and yields of up to 400 kg ha−1 nickel per year have been demon-
strated (Li et al., 2003). This is worth US$4000 at current metal prices
excluding production and processing costs. In Central Africa mine
wastes released from former copper mines and artisanal mining activi-
ties in Katanga are important target substrates for Co phytoextraction.
Haumaniastrum robertii can accumulate up to 1 wt% cobalt, with annual
estimates of 5 t ha−1 biomass containing on average 5000 μg g−1 Co
(Corzo Remigio et al., 2020). Calculations from this process suggests
25 kg Cowith an expected value of US$ 1350. Thallium also has high po-
tential for phytoextraction because of its market price and very high ac-
cumulation ratio, but this opportunity has not yet received full
consideration yet. Targets for this endeavour would be wastes from
Zn\\Pb mines occurring worldwide. In these cases thallium yields of
1.7 kg ha−1 yr−1 (based on 4 t of biomass containing 425 μg g−1 Tl;
50 plants m−2) have been calculated for Biscutella laevigata, and
8 kg ha−1 Tl yields, for Iberis linifolia (based on 10 t of biomass contain-
ing 800 μg g−1 Tl). This is valued at US$12240 and US$57600, excluding
production and processing costs (Anderson et al., 1999; Corzo Remigio
et al., 2020).

Whilst the threat of global climate change continues to be debated by
political leadersmany industries are already transitioning to a low-carbon
economy to minimise their environmental footprints (Nyambuu and
Semmler, 2020). To support this, there has been an increased demand
for criticalmetals presenting newprospects for themining industry to de-
velop projects targeting a broader range of commodities. Exploring mine
waste presents an opportunity to conscientiously supplement the de-
mand with the advantage of these materials. Metal farming is an in situ
technique that can be applied to minerals and mining wastes using
hyperaccumulator plants to bio-concentrate high levels of metals or met-
alloids into their shoots and remove them from the substrate, while
achieving monetary gain. Indeed, producing critical metals efficiently
and sustainably using metal farming techniques to extract nickel, cobalt
and thallium appear to be well within reach. However, this technology
needs industrial research partners to develop appropriately scaled dem-
onstration sites to champion this technology in areas where it is feasible.
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