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Constructing soils for climate-smart mining
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Surface mining is inherently linked to climate change, but more precise monitoring of carbon
dioxide (CO,) emissions is necessary. Here we combined the geolocation of mine sites and
carbon stock datasets to show that if all legal active mining sites in Brazil are exploited over
the next decades, 2.55 Gt of CO, equivalent (CO,eq) will be emitted due to the loss of
vegetation (0.87 Gt CO,eq) and soil (1.68 Gt CO,eq). To offset these emissions, we propose
constructing soils (Technosols) from mine and other wastes for mine reclamation. We show
that this strategy could potentially offset up to 60% (1.00 Gt CO,eq) of soil-related CO,
emissions. When constructed with suitable parent materials, Technosols can also restore
important soil-related ecosystem services while improving waste management. The con-
struction of healthy Technosols stands out as a promising nature-based solution towards
carbon-neutral mining and should, therefore, be considered in future environmental policies
of major mining countries.
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of mineral reserves where mining has been carried out

since colonial times in the early 1700s. Currently, Brazil
ranks as the 9t largest producer of mineral commodities!, and
its economy relies heavily on the mining industry as the
foundation of the manufacturing sector. Although mining is
pivotal for economic development, it is also known as one of the
most harmful anthropogenic activities, causing large-scale
ecosystem degradation, such as pollution of soil and water,
and loss of biodiversity?~4. In Brazil, poor waste management
practices have resulted in some of the world’s largest mining
disasters with high human, economic, and environmental costs,
such as the Mariana and Brumadinho dam collapses). This
situation has increased the urgency for mining companies to
align with the United Nations (UN) 2030 Agenda and its Sus-
tainable Development Goals (SDGs) demanding the imple-
mentation of cleaner production methods that prioritize social
and environmental sustainability. To achieve these goals, joint
efforts between the scientific community and the industry are
necessary.

The mitigation of climate change is a pressing concern for the
United Nations. In the pursuit of cleaner energy production,
mining activities are expected to increase since current renewable
energy strategies depend on further ore extraction (for example,
lithium for electric car batteries and silver for electric
conductors)®. Therefore, in order to restrict the harmful effects of
mining, it will be necessary to monitor and reduce the greenhouse
gas emissions and other environmental impacts associated with
this activity®. However, to date, only emissions related to fuel and
electricity consumption for mineral exploration have been
assessed, whereas indirect emissions (for example, from soil and
vegetation removal) have largely been ignored”.

Surface mining is the most used method for ore exploration,
accounting for more than 80% of explored ore per yearS. This
type of mining involves the complete removal of soil and
vegetation, causing a loss of ecosystem carbon stocks through
the oxidation of organic matter®-!l. As evidenced by Brazil’s
Fourth National Communication to the United Nations Fra-
mework Convention on Climate Change (UNFCC), the carbon
dioxide (CO,) emissions related to vegetation removal for
mining have increased since the 1990s, with 8.9 Mt of CO,
equivalent (CO,eq) emitted in 2016 alone, which is equivalent
to 0.4% of the country’s total CO, annual emissions. However,
this is an underestimation because it only considers vegetation
and excludes soils. Soils can contain up to three times more
carbon than vegetation and can play a significant role in carbon
sequestration!2,

In this context, future CO, emissions from soil and vegeta-
tion removal during surface mining will have significant con-
sequences for climate change. Thus, new strategies to offset
these emissions are crucial for promoting greener mining,
particularly in continental countries like Brazil. One emerging
strategy for post-mine reclamation is the (re)construction of
soils using mine waste and other residues, such as domestic and
industrial waste!3-16. These soils, known as Technosols, can
help address many environmental problems related to mining,
including soil pollution, loss of fertility and biodiversity!7-20.
Moreover, Technosols have the potential to accumulate sig-
nificant amounts of carbon?!, although their ability to recover
ecosystem carbon stocks on a large scale has yet to be evaluated.
In this context, the aim of this study was to estimate the eco-
system carbon stocks lost due to surface mining in Brazil and
the amount that could be recovered through the construction
of Technosols. We hypothesized that using Technosols to
reclaim post-mine land could mitigate future mining-related
emissions.

B razil is a country of continental scale with a vast diversity

Results and discussion

Our analysis revealed that there are currently 5.4 million hectares
of legally active mine sites (LAMS) in Brazil, which is equivalent
to ~10 million football fields, an area larger than Netherlands.
These areas are spread throughout Brazil, with the majority
located in tropical and subtropical regions (Fig. 1a). The overall
estimated soil organic carbon (SOC) stocks (0-100 cm) in natural
soils within LAMS in Brazil are 1.68 Gt CO,eq (Fig. 1b). The
tropical region, which is Brazil’s largest climatic area, has the
largest SOC stocks, estimated at 1.05 Gt CO,eq (Fig. 1c). The dry
climate region, which is the smallest area, has C-poorest soils,
containing only 0.04 Gt CO,eq (Fig. 1d), while the temperate
region includes the C-richest soils but has a smaller area than the
tropical region, resulting in a SOC stock of 0.59 Gt CO,eq
(Fig. 1e). When considering both above-ground biomass carbon
(AGBC = 0.87 Gt CO,eq) and SOC (=1.68 Gt CO,eq) stocks, the
total organic carbon (TOC) stock allocated in all LAMS in Brazil
is estimated at 2.55 Gt CO,eq (Fig. 2). This represents the
potential CO, emissions that could result from future exploration
of all areas destined to mining in Brazil, which is equivalent to 5%
of the total annual anthropogenic emissions worldwide?2.

To test the hypothesis that the construction of Technosols
could help overcome CO, emissions from surface mining, we
estimated the SOC stocks of Technosols within the 0-100 cm
depth using data available in the literature (see the Material and
Methods section for more details). Our findings shows that the
recovery of SOC stocks with Technosols is climate-dependent,
with tropical Technosols showing the greatest potential for SOC
stock recovery (48-90%; 0.50-0.94 Gt CO,eq), followed by those
in the dry (17-63%; 0.01-0.03 Gt CO,eq) and subtropical
(23-56%; 0.14-0.34 Gt CO,eq) regions. Overall, the use of
Technosols for the reclamation of LAMS in Brazil has the
potential to offset 31-60% (0.52-1.00 Gt CO,eq) of soil-related
CO, emissions.

The high potential for the recovery of SOC stocks with Tech-
nosols, particularly in tropical regions, may be attributed to the
high input of plant-derived carbon and the strong potential
for carbon stabilization through mineral-organic interactions.
During the initial stages of weathering, the high rates of primary
mineral dissolution increase the concentrations of Si, Al,
and cations (K*, Nat, Ca?t, Mg?*) in the soil solution, which
ultimately precipitate as poorly crystalline minerals?3. These
mineral phases are highly reactive towards SOM and can protect
it from decomposers through the formation of mineral-organic
associations?42°. Additionally, the presence of polyvalent cations,
such as Ca?T and Mg?* can favor these associations through a
process known as cation-bridging2®. In this process, the adsorp-
tion of polyvalent cations onto mineral surfaces reverses their
negative charges, favoring interactions with negatively charged
organic functional groups?’. Thus, under high chemical weath-
ering rates such as those found in tropical or subtropical climates,
Technosols constructed with significant quantities of easily
weatherable minerals have the potential to function as efficient
carbon sinks.

Importantly, our data included several Technosol types, many
of which were not intentionally constructed for reclamation or
CO, sequestration purposes. Therefore, it is possible to increase
estimated SOC stocks by specifically designing Technosols using
waste and amendments with favorable chemical properties to
stabilize soil organic matter (e.g., Ca- and Fe-rich materials). For
example, waste that releases divalent and trivalent cations upon
weathering could be a good choice for increasing SOC con-
centrations in Technosols. This would include the use of lime-
stone waste rich in Ca/Mg, especially considering that Brazil
possesses large reserves of limestone (372ha of land; Supple-
mentary Table S1). Similarly, iron mine tailings may be of great
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Fig. 1 Estimates on soil organic carbon (SOC) stocks that may be lost due to surface mining and the potential recovery through Technosols. a Map of
SOC stocks and the distribution of legally active mine sites (LAMS) in Brazil. b Overall SOC stock loss due to soil removal and the potential recovery using
Technosols. Graphs ¢, d and e show equivalent information regarding the different climatic areas in Brazil: ¢ tropical, d dry, and e subtropical regions.
f Relative SOC stock recovery per climatic area. Error bars represent 95% confidence intervals.

value for SOC sequestration because iron oxides (e.g., goethite
and hematite) can effectively immobilize soil organic matter
through different interactions that favor its accumulation in
soils?8. In Brazil, the second largest iron ore producer in the
world, iron exploration covers an area of over 240,000 hectares
and generates ~184 million tons of iron tailings annually?®. These
tailings are dumped in more than 200 dams, many of which
deemed to be at “high risk“3?. Recent studies have shown that Fe-
rich tailings are suitable parent materials for the development of
Technosols and have great potential for SOC sequestration3!. As
such, the reuse of iron tailings for the construction of Technosols
is an alternative to their disposal in dams, a strategy that could
transform potentially hazardous waste into a nature-based
solution.

It is important to highlight that certain types of mine wastes may
contain potentially toxic elements such as arsenic, mercury, cad-
mium, copper, and lead. Under such circumstances, their use
should be avoided or combined with strategies aimed at preventing
pollution and mobilization of heavy metals to surround water
bodies3>33. In these cases, remediation techniques such as
phytoremediation34-3¢ and the application of soil amendments36-37
can be implemented to immobilize pollutants. In addition to being
used as a geochemical barrier for pollutants, soil amendments (such
as organic compost, sewage sludge, ashes, and biochar) can also
improve soil quality by increasing water retention, cation exchange
capacity, and nutrient availability®3°. Therefore, their use is also
recommended in combination with less reactive mine wastes (e.g.,
quartz-rich), which would otherwise not produce fertile Technosols.

The potential for Technosols to recover AGBC stocks, particu-
larly in tropical regions, is high due to their ability to support the
growth of both agricultural!3 and native plant species? . This
suggests that the loss of AGBC stocks due to surface mining could
also be recovered in a short time after Technosol construction.
Thus, Technosols have great potential for restoring essential eco-
system services, including food and energy production, protection
of biodiversity, regulation of air and water quality, and nutrient
cycling (Fig. 2). In fact, recent studies have shown that Technosols
may have equal or better quality than natural soils!34L.

Another advantage of utilizing this approach for post-mine
land reclamation is its economic feasibility since the construction
of Technosols from waste and residues can be accomplished at a
lower cost in relation to other artificial soils. This is due to the fact
that waste materials are often readily accessible near the recla-
mation site, which reduces the expenses associated with creating
other types of artificial soils. (e.g., purchase of raw material and
transport)#2. Such Technosols typically contain materials that are
commonly present in natural soils (e.g., primary and secondary
minerals), which makes their soil processes similar to those of
natural soils*3. Therefore, when designing Technosols, the focus
should be on enhancing soil formation and ensuring short-term
soil functioning. Based on the initial properties of the wastes, such
as small particle size, absence of pollutants, and high levels of
easily weatherable minerals, it may be possible to utilize them
directly for Technosol construction. However, if these properties
are lacking, additional steps such as reducing particle size or
adding soil amendments may be required. Since the annual
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Fig. 2 Different scenarios after mining pristine land, expressing the loss and recovery of carbon stocks and soil-related ecosystem services. "Pristine”
represents a scenario where the ecosystem is in equilibrium and conserves full functionality, with the maximum potential for the provision of essential soil-
related ecosystem services (e.g., provision of food, fiber, and energy; regulation of the hydrological cycle; nutrient cycling; biodiversity conservation; and
climate regulation). In this scenario, the total organic carbon (TOC) stock, i.e., the sum of above-ground biomass carbon (AGBC) and soil organic carbon
(SOCQ), within legally active mine sites in Brazil is estimated to be 2.55 Gt CO,eq. The “degraded” scenario represents the postmine condition after the
complete removal of vegetation and soil. In the absence of soil, the system loses its capacity to provide ecosystem services and becomes a source of CO,,
with the eventual loss of the previous TOC stocks. CO, emissions occur through the decomposition of biomass carbon from vegetation and the

degradation of organic matter from the stripped soil. In the “reclaimed” scenario, the construction of Technosols from mine waste and possibly other types
of waste and residues (e.g., domestic and/or industrial) would favor rapid environmental reclamation, where the reclaimed land could be used for multiple
purposes (e.g., agriculture, agroforestry, forestry, and reforestation). Our results indicate that the use of Technosols could lead to an offset of 0.52-1.00 Gt
CO,eq, owing to soil carbon sequestration only. Considering the re-establishment of vegetation (data unknown), the recovery of AGBC stocks could lead to
TOC stocks greater than 1.00 Gt CO,eq. Importantly, mine reclamation with Technosols would lead to the recovery of soil-related ecosystem services.

production of mine waste in Brazil is projected to reach 11 billion
tons by 2030%4, it is crucial to explore the potential of various
types of mine waste to produce healthy soils with high carbon
storage capacity. Thus, with further research in this area, the
construction of Technosols could also emerge as a feasible solu-
tion for waste management.

Considering the large areas dedicated to surface mining in
Brazil and other mining countries (e.g., China, the USA and
Australia), the construction of climate smart Technosols is a
promising, yet overlooked, nature-based solution for climate
change mitigation. This green technology relies on natural pro-
cesses such as weathering, soil formation, and SOC stabilization
to reclaim degraded land and produce healthy soils that ensure
key ecosystem services and sequester carbon. Moreover, Tech-
nosols may serve as an effective waste management strategy,
reducing the risk of waste-related environmental disasters. Thus,
the construction of Technosols for mine reclamation could

simultaneously address three of the major challenges of the 21st
century: waste management, soil degradation and climate change
mitigation*>~47. This strategy deserves further evaluation, and its
implementation should be considered in future environmental
policies of major mining countries.

Methods

To calculate the carbon stocks in Brazilian mining areas, we first determined the
geolocation and areas of all legal mining sites in the country. We downloaded a
dataset that includes the geolocation of the mining sites from the National Mining
Agency’s SIGMINE platform (see Data Availability). The SIGMINE is an online
platform that is developed and maintained by the National Mining Agency. It
shows the location and information of all active legal mining sites in Brazil. The
information in this system is georeferenced and presented as satellite images and
digital maps in vector and raster formats, using SIRGAS 2000 data as a reference.
We extracted all available data and preprocessed it into groups of similar mineral
substances (see the list in the Supplementary Information file). We selected mining
processes with the following stages: mining concession (“Concessao de lavra”),
authorization and permits (“Licenciamento”), extraction register (“Registro de
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extragdo”), and artisanal and small-scale mining (“Lavra garimpeira”), which are
representative of active mining sites. Duplicate entries were filtered according to
process ID and process number, and offshore mining processes were excluded.
Finally, from ~205,000 raw entries, representing ~1.8 million km? of mine sites, we
used ~33,000 entries (54 thousand km?) in this study (Supplementary Table S1).
These mining areas are referred as (LAMS) and were used to estimate the carbon
stocks lost due to mining activities.

We used the aboveground carbon map of Brazil*8 to estimate the above-ground
biomass carbon (AGBC) and the Soil Grids v2 dataset*” to estimate the (SOC) stocks
(Supplementary Fig. S1) within LAMS. We uploaded the polygon dataset from
SIGMINE to Google Earth Engine to sample the raster values at the original spatial
resolution for both layers within LAMS polygons. We exported the results as text files
for exploratory data analysis and visualization using the R programming language.
Carbon stocks in each pixel were obtained by multiplying the carbon stock values (in
kg m~2) by the pixel area in m2 The final carbon stocks in mass unit were estimated
as the sum of all carbon stocks in each pixel within the LAMS polygons for the
tropical, subtropical (i.e., temperate), and dry climatic regions. Since the dataset for
SOC stock only contained information for the 0-30 cm layer, we estimated the stocks
at 0-100 cm depth by applying a conversion factor of 1.887 (i.e., 1/0.53)>0. We applied
this factor considering that the SOC found in the 0-30 cm layer represented 53% of
the total stock found in the 0-100 cm profile®®. The SOC stocks were then converted
from C to CO, by multiplying by 3.67. Detailed data on SOC stocks in natural soils
within LAMS are available in Supplementary Table S2.

To estimate the SOC stocks in Technosols, we utilized an updated dataset for
Technosols carbon stocks?! (see Data Avaialbility). The dataset includes several
parameters for each observation, such as climate type, SOC, soil organic matter
content (SOM), bulk density (BD), and layer depth. For each climate type (tropical,
subtropical, and dry), we extracted observations from soil samples that were
identified as “Technosols” or “constructed soil” and contained information on SOC
or SOM, BD, and soil sampling to a depth of 30 cm. When SOC was missing, we
converted SOM to SOC by multiplying it by 0.58 (the Van Bemmelen conversion
factor, widely used in SOM studies, including those on Technosol SOC stocks?!)
The SOC stocks at the 0-30 cm depth were calculated using Eq. (1)%0:

SOC stocky_zyp,, = 2-SOCx BDx thickness (1)

where SOC stock,_5,,, represents the soil organic carbon stock in Technosols
between 0 and 30 cm, expressed in t C ha~!. SOC is the soil organic carbon content
for each observation within 0 and 30 cm, expressed as % (more precisely, g of C per
100 g of soil); BD is the bulk density for each observation within 0 and 30 cm,
expressed in g cm™—3; and thickness is the soil layer thickness for each observation
within 0 and 30 cm (see the results in Supplementary Table S3). We obtained n =9
for tropical climates, n =15 for dry climates, and n = 25 for subtropical climate
regions, where n represents the number of soil profiles (0-30 cm).

However, exploratory analyses showed that the data did not follow a normal
distribution (Supplementary Fig. S2), which is necessary to construct confidence
intervals. Therefore, we performed Box-Cox transformation using Statistica soft-
ware (version 13.5.0.17) with the maximum likelihood method to define the best
A to bring the data close to normality. After transformation, we confirmed the data
for normality using the Shapiro-Wilk test, a powerful and widely available test for
normality>!. We present the results (means and 95% confidence intervals) as back-
transformed data. Finally, the SOC stocks in t C ha~! were multiplied by the values
of the areas of each climatic region to obtain the SOC stocks in mass units. As for
natural soils, we expressed the SOC stocks in Technosols in CO,eq by multiplying
the C content by the 3.67 conversion factor.

Data availability

The data used to estimate the mining areas in Brazil are available at https://geo.anm.gov.
br/portal/apps/webappviewer/index.html?id=6a8f5ccc4b6adc2bba79759aa952d908. The
data used to calculate the soil carbon stocks are available at https:/files.isric.org/soilgrids/
latest/. The data used to calculate AGBC stocks are available at https://snd.gu.se/sv/
catalogue/study/ecds0244/1#dataset. The data used to estimate the Technosol SOC stocks
are available at https://doi.org/10.5281/zenodo.7879530.

Code availability
All the codes used in this study are available at https://doi.org/10.5281/zenodo.7879530.
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