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Mining provides raw materials critical to our energy, agriculture, infrastructure, and technology but is
associated with many environmental challenges. Resource recovery alternatives like urban mining rely on
inconsistent supply streams and complicated disassembly and sorting, while extreme mining alternatives
such as deep sea and space mining are potentially even less sustainable than traditional mining. This
perspective investigates biological mining with emphasis on the potential of fungi for scavenging metals,
minerals, and rare earth elements. "Mycomining” produces only biomass-based organic waste and can
offer more versatile growth conditions than phytomining using hyperaccumulating plants including
substrates ranging from soil, wood, water, and rock to living organisms and dark, space-restricted, or
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supplement to urban and phytomining to offset demand for traditional mining and is particularly viable

DO 10.1035/d35u00398a when conventional mining may be inefficient or uneconomical ie., with low-grade ores and sites

rsc.li/rscsus unsuited to traditional mining for geographical, political, or social reasons.

Sustainability spotlight

Mining is essential for many sectors but is associated with considerable environmental challenges. Urban mining supply streams are inconsistent and asso-
ciated disassembly and sorting complicated, while deep sea and space mining pose severe environmental risks. Biological mining using fungi can offset demand
for terrestrial mining, representing environmental benefit through this energy- and waste-efficient process and remediate contaminated land. It can be applied
in diverse growth environments with low-grade ores and sites unsuited to traditional mining for geographical, political, or social reasons. This work aligns with
UN SDG 9 (Industry, Innovation, and Infrastructure), SDG 11 (Sustainable Cities and Communities), SDG 12 (Responsible Consumption and Production) and
SDG 15 (Life on Land).

other products are reliant on mined metals, such as lithium,
cobalt, and rare earth elements (REE).
Traditional mining practices typically produce overburden

1. Introduction

Terrestrial mining is a complex process comprising exploration,

mine planning and design, site preparation, extraction, ore
processing, waste management and transportation of essential
raw materials like metals (e.g., iron, gold, copper, and
aluminium), minerals (e.g., gypsum, limestone, and salt), and
fossil fuels (e.g., coal, oil, and natural gas)."” Fossil fuels have
historically been primary sources of energy,* while minerals like
potash and phosphate are extracted for use in fertilisers used in
food production.* Metals like iron (for steel) and copper are vital
for building infrastructure and much technological advance-
ment in consumer products, medicine, energy storage and
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(soil and rock removed to access ore beneath) and tailings
(material left after the minerals are extracted from the ore that
can contain chemicals and are usually disposed of in “tailings
dams” or ponds).® They are also associated with many envi-
ronmental challenges: mine water contaminated with chem-
icals, heavy metals and other pollutants that can contaminate
local waterways and groundwater,” chemical wastes from
mineral extraction, such as cyanide, sulfuric acid and mercury,?
used oil and fuel from mining machinery® and waste rock that
can produce acid when exposed to water and air leading to “acid
mine drainage”.'* Smelting can also lead to emissions and dust
including sulphur dioxide, heavy metals and other pollutants,
and production of slag.'*

Alternatives to traditional mining can help to offset demand
for extraction of new metals and minerals and consequently
improve environmental outcomes. Urban mining constitutes
the collection and sorting of e-waste and old infrastructure,™
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typically through a process of manual disassembly, shredding,
and magnetic separation™ prior to metal recovery using hydro-
(metal recovery using aqueous chemistry or dissolving in
a strong acid followed by precipitation)' or pyrometallurgical
(melted metals are separated from the slag or dissolved metals
in solution are deposited onto a substrate using a current)
processes,” which can then be further refined for reuse. Pro-
cessing 2 tonnes of spent car catalysts can prevent the mining of
150 kg of platinum group element (PGE) ores.'® That said, urban
mining suffers from inconsistent supply streams due to its
reliance on discarded products as feedstock,"” requires
complicated and intricate sorting processes to separate
complex, miniaturized, and fused components'® and requires
the handling of toxic substances, such as lead, mercury,
cadmium, and brominated fire retardants,' all of which result
in high costs and regulatory and policy challenges.

Deep sea mining at depths >200 m can yield gold, silver and
copper but primarily targets polymetallic nodules and sulphides,
and cobaltrich ferromanganese crusts.*** Potential deep sea
mining sites can be identified by autonomous underwater vehicles
or remotely operated vehicles, which can then collect polymetallic
nodules from the seabed using a vacuum-like system or scrape
cobalt-rich crusts from underwater formations.”* Polymetallic
sulphides occur near hydrothermal vent systems and require more
traditional mining techniques, similar to terrestrial mining.**?>¢
Deep sea mining operations have serious environmental concerns,
such as habitat destruction,” threat to biodiversity, sediment
plumes through disruption of the seabed,* and could release toxic
substances trapped in the seabed and impact carbon sequestra-
tion.” Space mining ie., the harvesting of resources from aster-
oids, the moon or other celestial bodies has also been proposed
but is still in a conceptual phase.*

This perspective focuses on an often-overlooked alternative
mining technique: biological mining ie., the use of plants or
microorganisms to recover scattered metals, minerals, and REEs

Metal hyperaccumulation in plants
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in a more environmentally friendly fashion than traditional
mining. We map the research space linking mycoremediation
(rehabilitation of a polluted environment through degradation or
accumulation and disposal of contaminants e.g., oil, plastics,
heavy metals), phytomining and so-called “mycomining” (scav-
enging dispersed valuable resources using plants and fungi,
respectively, and recovery of said resources from the biomass). The
perspective serves as a white paper with a broad applied scope
based on the similarities, differences, interplay, and ultimately
cohesion of these themes. In this vein, we collect, contrast, and
extrapolate relevant points from each of these topics, to demon-
strate in a single manuscript how principles from each topic can
support each other and in doing so provide some insight into the
potential of fungi in the active collection and winning of valuable
resources, ie., “mycomining”. Where possible, we also provide
vision for how these concepts could be applied and the associated
potential benefit and challenges.

2. Phytomining

Phytomining is the growth, harvesting and processing of
hyperaccumulating plant species to extract valuable metals,
such as Ni, Zn, Cd, Mn, As, and Se, and REEs from contami-
nated soils or subgrade ore bodies.*'** Metal hyper-
accumulation in plants is a genetically controlled trait that is
thought to have evolved as a method of preventing herbivores or
pests feeding on the plants,* to alter soil chemistry to provide
a competitive advantage over other plants,* or enhance toler-
ance to drought or other environmental stresses.*” Over 500 taxa
of plants,* including Berkheya coddii (especially efficient at
accumulating Ni)*® possess this ability to absorb high quantities
of metals without experiencing detrimental effects to their own
health.* Such plants take specific metals and nutrients from
the soil up through their roots using specialised transport
proteins* before binding potentially toxic metals to metal-

Organelles

High metal
concentrations

Trichomes

Nutrients/metals drawn through roots Metals/metalloids in soil

Fig.1 Metal hyperaccumulation in plants comprising uptake of nutrients and metals through the roots using specialized transport proteins prior
to binding metals to organic molecules causing high metal concentrations in cell organelles, older tissues and trichomes (hair-like structures on

the surface of the plant).
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specific organic molecules called “chelators”.*"** This prevents
the metals from harming the plant's cellular machinery.** High
concentrations of metals are stored in organelles within the
cell,* older tissues,* or trichomes (hair-like structures on the
surface of the plant)* to prevent metabolic disruption (Fig. 1).
Hyperaccumulator plants often have enhanced DNA repair
mechanisms,” detoxification pathways,* and increased anti-
oxidant production to counteract metal-induced oxidative
stress.*®

The phytomining process commences with a soil composi-
tion assessment at the site to determine the type and concen-
tration of metals available followed by pairing with a suitable
hyperaccumulating plant e.g., Alyssum spp. for Ni, Brassica
Juncea for Pb,* or Fagopyrum esculentum and Cannabis sativa for
the simultaneous phytoextraction of potentially toxic and REEs
(Fig. 2).*° The soil may then be prepared by tilling, addition of
fertilizer or pH adjustment, and traditional agricultural tech-
niques to sow the site with seed or plant seedlings.*>** While in
place these plants act as a carbon sink,* offsetting the envi-
ronmental impact associated with their later incineration and
making the process close to carbon neutral. The plants are
harvested, either manually or using machinery,* dried using
sunlight or industrial dryers, and burned to reduce the plant
biomass to ash® (the accumulated metal compounds have
a higher melting point than the combustion temperature and
consequently remain in the ash). Incineration typically occurs at
450-850 °C over a period ranging from a few minutes to hours.
These temperatures are considerably lower (and hence more
energy efficient) than those associated with traditional ore
processing, such as smelting, which often occurs at tempera-
tures exceeding 1200 °C but have much lower metal yields.>®

Soil Assessment
(metal type, concentration}

Plant Pairing
(hyperaccumulator)

Carbon Sink
(pre-harvesting)

Harvesting
(manually/machinery)
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Plant biomass ash is then processed to remove the metals
through leaching (treated with a suitable solvent, such as an
acid, that dissolves the desired metal and can then be separated
from the solid residue),” electrolysis (a current is passed
through the solution and the metal accumulates at one of the
electrodes),® or precipitation (chemicals are added to the
solution to precipitate the metal out and it is then filtered from
the solution).* Electrolysis is arguably the most environmen-
tally friendly of these processes since it does not introduce new
chemicals, can be precise and yield high-purity metal
deposits.”® Electrolytes used in this process may, however,
degrade over time and need to be replaced and since the process
is energy intensive, its environmental footprint depends heavily
on the source of the energy.”®®* Precipitation can be efficient in
recovering certain metals from solution and does not require as
much energy as electrolysis but does result in the addition of
new chemicals (precipitating agents) that may pose environ-
mental or disposal risks and may produce sludge or solid wastes
that require management.>»*> The precipitated metal may also
require further processing to improve purity. Leaching is
arguably the least environmentally friendly process due to the
use of strong chemicals, the potential for spills or leaks and the
environmental burden associated with the production and
disposal of these chemicals, which have energy intensive
production routes and produce waste that can contaminate
water sources.*® Refining processes, specific to each metal, may
then be used to remove impurities from the extracted metal.

Phytomining has a lesser physical disruption to the land-
scape than traditional mining techniques, which commonly
cause deforestation, erosion, and contamination of water
sources.* The main waste produced is also organic ie., plant

Accumulation
(metals, minerals)

Sowing
(soil preparation,
seeds/plants)

Metal Recovery
(leaching, electrolysis,
precipitation)

Incineration
{drying, ash)

Fig. 2 The phytomining process typically starts with soil assessment to ascertain the metal type and concentration followed by pairing with
a suitable hyperaccumulator plant. The soil is then prepared by tilling, fertilisation, and pH adjustment prior to sowing with seeds or planting of
seedlings. Metals are accumulated and in the pre-harvest phase the plants act as carbon sinks. Plants are harvested manually or using machinery,
dried and incinerated prior to recovery of the metal from the plant biomass ash using leaching, electrolysis, or precipitation.
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biomass, which can also be used for energy production through
biofuel synthesis® or anaerobic digestion for biogas produc-
tion.®*** Most notably, it has the advantage of simultaneously
remediating contaminated soils and harvesting valuable
metals, minerals and REEs.”> However, it is not directly
comparable with traditional mining processes that extract and
process high grade ores, which have high energy requirements
and environmental ramifications but also produce high yields.*®
It is instead particularly useful in situations where conventional
mining may be inefficient or uneconomical, such as when
dealing with low-grade ores and sites inaccessible to traditional
mining for geographical, political, or social reasons.®”

3. Mycoremediation

Like plants, some fungi can also absorb and concentrate metals,
minerals and REEs, which they typically bind to proteins,
peptides, and other organic molecules within their cellular
structures.® Unlike plants, however, fungi are heterotrophic
(not photosynthetic), meaning that they excrete enzymes, such
as laccase and peroxidase, which can break down complex
organic molecules, including oil spills,* pesticides,” and dyes™
into water, carbon dioxide and basic mineral components.
Startling examples of fungi being able to degrade or bio-
accumulate pollutants are as radical as observations of Crypto-
coccus neoformans and Cladosporium growing towards
radioactive hotspots at Chernobyl in 1986, seemingly feeding on
the radiation in something known as “radiosynthesis”.”

This ability of fungi to not only accumulate scattered heavy
metal contaminants from soils but also to degrade hydrocarbon
pollutants inspired the concept of ‘mycoremediation’ as early as
1997, where oyster mushrooms were used to break down
hydrocarbons from petroleum products at “The Bioneers”
conference.” Since then, fungi have been employed to break

Traditional Mining Phytomining
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down oil spills and rejuvenate mine soil”* and port sediment
health.” Fungi have also been used to treat run-off from roads,”
often containing toxic chemicals and heavy metals, and to treat
soils contaminated with herbicides.

Mycoremediation revolves around the use of mycelium (root-
like growth of filamentous fungi), which is introduced at the
contaminated site in the form of fully colonised grain, straw or
wood chip spawn.”®’® Mycelium can be directly introduced
through mixing into the soil using tilling equipment or by
hand,” in the form of a mycelium mat, which is laid directly
over surface contaminations,’ as pellets that are spread across
the treatment area, as ‘socks’ or ‘baffles’ i.e., mesh tubes filled
with colonised substrate that can be placed in contaminated
water bodies, as inoculated wood chips or mulch, or can be
sprayed over large-scale or uneven terrains as liquid mycelium
culture. Species are selected based on the type of contaminant
(e.g., hydrocarbons, heavy metals, pesticides), soil type, pH and
moisture content, and existing microbial communities.®*”77°
Genera commonly used in mycoremediation include Pleurotus,
Phanerochaete, and Trametes.”"**** The fungal growth and
reduction in contaminants at the site are monitored, with the
attainment of acceptable contaminant levels signalling the end
of the process. Further restoration, include planting vegetation,
soil amendments and reintroduction of native species may also
be necessary at this stage.

4. Mycomining

The success of phytomining and mycoremediation hint at the
potential of so-called “mycomining” i.e., the intentional scav-
enging of dispersed valuable resources (e.g., metals, minerals,
and REEs) from the environment in a fashion impossible using
conventional mining.** Mycomining is essentially a combina-

tion of mycoremediation and phytomining principles.

Mycomining

Advantages Advantages
Advantages : :
+ High ylelds ¢« Low energy, srpall foptpnnt + Low energy, srpall fqotprlnt
;i - + Organic waste i.e., biomass + Organic waste i.e., biomass
» Economical/efficient = 5 oy
» Resource recovery + remediation ~ + Resource recovery + remediation
+ Carbon sink — carbon neutral » Faster growth rate than plants

Disadvantages

* Environmental damage
+ Biodiversity loss

» Energy and CO, intensive

« Versatile growth conditions e.g.,
dark, pH, water, high salt

’
Limitations:

Low yields. Suitable for low-grade ores + geo-politically/socially challenging sites

Fig. 3 Key advantages, disadvantages, and limitations of traditional (terrestrial) mining, phytomining and “mycomining”.
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Mycoremediation provides insight into processes that can be
used to achieve open environment inoculation of large natural
areas but has little emphasis on the recovery of the accumulated
material as it focusses on the rehabilitation of a polluted envi-
ronment and relevant contaminant degradation or accumula-
tion mechanisms. Phytomining processes utilise different
bioaccumulation mechanisms but provide insight into recov-
ering valuable resources from biomass.

The use of fungal mycelium to scavenge valuable metals,
minerals and REEs holds some key advantages over the use of
hyperaccumulating plants (Fig. 3). Some fungal species grow
very quickly, producing a larger amount of biomass in a shorter
time than plants (although this is, of course, species and growth
environment dependent with obvious exceptions e.g., bamboo
is a plant with a very fast growth rate) and, hence accumulating
more metals, minerals or REEs.”**** Fungi can also grow in
a wider range of environmental conditions than most plants,
including low-light, varied pH levels** and on a range of
substrates from soil, wood, water,*® and rock to living organ-
isms* and extreme e.g., high salt, acidic,* radioactive envi-
ronments® (although it should be noted that species that
exhibit growth versatility in such environments may not
necessarily accumulate the desired, or any metal, mineral or
REE, in sufficient quantities to be suitable for mycomining).
Since fungi do not need light to grow, they may be less affected
by pests and diseases and their lower nutrient requirements
may make them lower maintenance than plants.® In space-
limited environments, such as underground mines or urban

Table 1 Folchi matrices for terrestrial, urban, phyto- and mycomining
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environments, fungi have a smaller physical footprint than
plants.®® Some fungi also have a high tolerance for heavy metals
and can accumulate metals at concentrations much higher than
many plants, and organic acids produced by some fungi can
mobilise metals from the environment making them more
available for uptake.**** It is also worth noting that endophytic
fungi live inside plants, and like endophytic bacteria could help
them to accumulate metals, and subsequently be implemented
into phytomining to enhance yields.*>*

The environmental impact of mycomining compared to
alternatives, such as terrestrial mining, urban mining and
phytomining is challenging to accurately predict, however,
Folchi matrices (a common environmental impact assessment
in mining operations) can provide broad insight into the rela-
tive environmental impact of the different mining approaches
(Table 1).°*** Mycomining would likely improve soil quality and
positively impact local flora and fauna through the bio-
accumulation process. This is opposed to terrestrial mining,
which, as discussed, can severely degrade soil quality, lead to
considerable water, and air pollution, and disrupt local flora
and fauna. Mycomining likely would not require use of fertil-
isers or pesticides that can lead to water pollution and soil
degradation in phytomining, and is not associated with the
manual disassembly or disposal of non-recoverable e-waste
residues of urban mining, or the excavation and ore process-
ing stages of terrestrial mining, both of which can release toxic
materials into the environment and expose workers to health
hazards. Like other mining methods, mycomining also offers

Mining activities Soil quality Water quality Air quality

Flora and fauna Human health Landscape Socio-economic

Terrestrial mining

Excavation - - -
Ore processing — — -
Waste disposal - - -
Tailings - - -
management

Transportation —

Urban mining

E-waste collection

Disassembly - — _
Processing - — -
Material recovery + + +
Residue disposal — — _

Phytomining

Planting + -

Maintenance + -

Harvesting + -
Processing - -
Waste disposal - — -

Mycomining
Inoculation
Maintenance
Harvesting
Processing - - -
Waste disposal — - -

+ o+ +
|
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Table 2 Concentration of rare earth elements obtained from saprobic macro fungi,’° Phytolacca americana plant biomass (control sample and
assuming REE distribution is consistent across samples),'°* and size-reduced e-waste dissolved using nitric acid*®*

Rare earth element (ug kg™")

Source La Ce Nd Pr Sm Eu Gd Tb Dy
Saprobic macrofungi 207 357 139 40 37 13 30 9 58
P. americana plant biomass 522 224 322 — — — — — —
Ground sieved undersize e-waste 5144 7851 91235 9475 10558 4061 4061 4602 25719
Ground un-sieved e-waste 4286 9286 60714 5000 7857 3571 3571 3571 19286
Ground sieved oversize e-waste 3134 5445 23 643 2942 3026 1653 2830 1462 4899

socio-economic benefits, including job opportunities and the
promotion of green technology. However, it is worth noting that
the extraction process associated with mycomining might
release spores or dust, affecting air quality and posing health
risks.

It is challenging to accurately predict how viable mycomin-
ing would be commercially, however, it could be effective in
bioaccumulation of metals including Au,***” Cu,*®* Ni,”” Pt”’
and Zn."*” Metal recovery potential of fungi cultivated on soil or
rock substrates from former mine sites is challenging to esti-
mate as a dearth in the literature exists for fungi-based metal
bioaccumulation on such substrates. However, phytomining is
known to accumulate up to 304 mg kg~ " Au from gold-enriched
silica sand using Brassica campestris and 22000 mg kg™' Ni
from Ni-contaminated soil using Alyssum spp.*** Mycomining is
also likely suitable for use with REEs: ectomycorrhizal and
saprobic macrofungi grown in “unpolluted sites with differing
bedrock chemistry” i.e., normal sites not especially conducive to
mycomining, can exhibit concentrations as high as 276 and 357
ug kg™, respectively, of 14 REEs (i.e., La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, and Lu).*** These values are competitive
with available data on phytoextraction of La, Ce and Nd using
Phytolacca americana plant biomass grown on mine tailings
from a former mining site ie., a much more favourable
substrate for bioaccumulation, suggesting that mycomining at
a similar site could potentially recover similar or even greater
concentrations of REEs.'” The described phytomining example
recovers up to 16.6% of the REE concentration associated with
e-waste (urban mining), while the described “mycomining”
example (on poorly suited substrate) recovers up to 6.6%
(Table 2).1°271°* Selective accumulation of specific REEs is also
likely possible with Mucor javanicus, accumulating approxi-
mately three times more Sm than it does Y, La, Er and Lu.'”®

Other notable factors hinting at the viability of mycomining
include cost estimations competitive with biohydrometallurgy
(i.e., 10-70 US $ per t) based on an example of Ni accumulation
using Trichoderma harzianum with a soil penetration depth of 1
m and yield of 1.1% Ni per kg dry weight (11 kg Ni per t
biomass)®* and the fact that the accumulated resources e.g.,
metals, tend to be concentrated in the fruiting body of the
fungus rather than the young or old mycelium;'****” harvesting
of protruding fruiting bodies rather than interconnected
mycelial sheets may be more straightforward.

© 2024 The Author(s). Published by the Royal Society of Chemistry

5. Conclusion

Bioprocesses, including bioreduction, bioleaching, bio-
precipitation and similar, based on plants and fungi are well
established and documented and have wide industry utiliza-
tion. On-location, open environment bioprocesses, such as the
use of plants to scavenge dispersed valuable resources e.g.,
metals, minerals, and rare earth elements, which are then
recovered from the biomass (phytomining), and fungi to
degrade or accumulate environmental contaminants e.g., oil,
plastics, heavy metals to then be disposed of with the biomass
(mycoremediation), have also received considerable interest.
The success of phytomining and mycoremediation hint at the
potential of so-called “mycomining”, which could offer key
benefits, such as faster and more versatile growth conditions,
including in substrates ranging from soil, wood, water, and rock
to living organisms and dark, space-restricted, or extreme i.e.,
pH levels, high salt, acidic, radioactive environments (although
not all species that exhibit growth versatility in such environ-
ments may necessarily be suitable for mycomining). The exist-
ing field of mycoremediation can provide insight into biological
processes that can be used to achieve open environment inoc-
ulation of large natural areas, such as the tilling of fully
colonised grain, straw or wood chip spawn into soil, application
as a surface mat, pellets, or spraying of uneven terrains using
liquid spore medium. Mycoremediation also provides insight
into bioaccumulation mechanisms and achieved concentra-
tions, albeit for environmental contaminants rather than valu-
able resources, such as metals, minerals, and REEs, and with
limited emphasis on resource recovery. Conversely, established
phytomining processes utilise different bioaccumulation
mechanisms but provide insight into recovering valuable
resources from biomass through ashing followed by leaching,
electrolysis, or precipitation and the relative environmental
impact of these processes. Contrasting and extrapolating on
phytomining and  mycoremediation  bioaccumulation
processes, “mycomining” would seem conceptually viable, with
broad estimates suggesting comparable recovery potential and
environmental impact to phytomining. Although not directly
comparable with traditional mining processes, mycomining
could be a useful supplement to urban mining to offset demand
for mining or used in situations where conventional mining
may be inefficient or uneconomical.
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