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Abstract

Purpose Food production is set to double by 2050 to feed the increasing world population. This poses a global challenge to
minimise environmental impacts from intensified production and use of chemical fertilisers. The study investigates whether
basalt rock dust fertiliser can be an environmentally sustainable close substitute to expensive conventional rock-derived P
and K fertilisers.

Method The study uses the attributional life cycle assessment method to estimate and compare 15 environmental impacts
between basalt rock dust fertiliser, a potential source of phosphorus (P) and potassium (K), and five widely used industrial P
and K fertilisers. In addition, we model hypothetical basalt substitution rates for PK fertilisers to highlight potential ecologi-
cal savings in terms of carbon capture.

Results Basalt rock dust fertiliser has minimal embodied environmental impacts across all 15 impact categories, including
global warming, compared to industrial P and K fertilisers.

Conclusion Our results suggest that transitioning to milled basalt as a natural geo-fertiliser to support food production may
help address several UN Sustainable Development Goals such as ‘Responsible consumption and production’ and ‘Climate
Action and Zero Hunger’.

Keywords Life cycle assessment - Environmental impact - Fertilisers - Basalt - Climate change mitigation - Sustainability

1 Introduction

Global demand for food is continually increasing, fuelled
mainly by population growth. A recent report released by
Food and Agriculture Organisation, World Food Programme,
and World Health Organisation (FAO, IFAD, UNICEF, WFP
and WHO 2021) indicates that the threat of food insecurity
and hunger is ascending, especially in Asia and Africa. At
the same time, the constant cultivation and harvesting of
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food crops lead to rapid depletion of soil nutrients at levels
that cannot be considered sustainable for future production.
As a solution, industrial synthetic fertilisers, particularly
NPK fertilisers, have become popular in replenishing lost
nutrients and increasing crop yields (Roberts 2009; Stewart
and Roberts 2012).

However, the environmental and economic sustainability
of using these fertilisers have been questioned. Fertiliser cost
to local farmers, especially in poor regions of the world, is
relatively high, yet such places have been known to have
highly weathered soils in need of replenishment (Sanchez
2002; Chianu et al. 2012). In addition to the high prices, evi-
dence in previous research suggests the continuous produc-
tion and use of these fertilisers presents environmental chal-
lenges such as greenhouse gas emissions and eutrophication
(Carpenter et al. 1998; Tilman et al. 2002; Wood and Cowie
2004; Atafar et al. 2010; Gan et al. 2014; Goucher et al.
2017). Because of this, several studies have sought to com-
pare the environmental performance of chemical fertilisers
with other sources, including human, plant, animal, and food
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waste recovery and recirculation as substitutes for conven-
tional fertilisers (Moore et al. 2017; Brod et al. 2015; Bgen
and Haraldsen 2013; Franzosi et al. 2014; Helsel 1992).

This study investigates whether basalt rock dust fertiliser
can be an environmentally sustainable close substitute to
expensive conventional rock-derived P and K fertilisers (Van
Straaten 2002). We use the phrase ‘close substitute’ to sig-
nify that basalt rock dust fertiliser cannot supply nitrogen (N)
but can supply phosphorus (P) and potassium (K). Potential
benefits of basalt dust for croplands include increased yields
(Leonardos et al. 1987; Harley and Gilkes 2000), possibly by
reversing soil acidification, thereby increasing plant nutrient
uptake and increasing root-associating mycorrhizal abun-
dance and provision of trace elements to the crop plants,
especially on highly weathered tropical soils (Gillman et al.
2001, 2002; Anda et al. 2009). Basalt also contains silica,
which is not present in industrial fertilisers, released by
weathering in a plant-available form (silicic acid). Although
not an essential plant nutrient, silica can protect plants from
abiotic stresses and pests and diseases (Beerling et al. 2018).

Furthermore, basalt rock dust is amongst the few ferti-
lisers acceptable to the growing organic agricultural sector
(Van Straaten 2006). In emerging economies like Brazil, the
government supports using silicate rocks such as basalt as
soil remineralisers for crop nutrition. It has also been pro-
posed to developing countries as a feasible solution to reduce
their reliance on expensive imported fertilisers (Manning and
Theodoro 2020). Large-scale spreading of basalt rock dust
on croplands may also represent a carbon dioxide removal
(CDR) strategy through the chemical breakdown of silicate
rocks, a process known as enhanced weathering (Renforth
2012; Moosdorf et al. 2014; Taylor et al. 2016).

However, there is a need to understand the potential
embodied environmental impacts during the production of
milled basalt (also referred to here as basalt rock dust ferti-
liser) and compare them with industrial fertilisers across a
wide range of environmental indicators to provide a robust
basis for decision-making. Previous studies, for instance,
have highlighted the health challenges associated with the
particle size distribution of basalt waste dust which may pre-
sent different health challenges than those faced by industrial
fertilisers (Dalmora et al. 2016). However, a full environ-
mental impact assessment of both fertiliser types (in this
case, basalt and industrial fertilisers) is required before a
meaningful conclusion is made on which option is environ-
mentally sustainable.

The life cycle assessment (LCA) method is used in esti-
mating potential environmental impacts of products and
processes and has been applied in studies on fertilisers but
mostly on their application or usage (Brentrup et al. 2004;
Skowroniska and Filipek 2014; Quirés et al. 2015) with
few assessing impacts from their production (Mirlean and
Roisenberg 2006; Ledgard et al. 2011; Hasler et al. 2015).

@ Springer

Against this backdrop, we present a comparative life cycle
assessment of basalt rock dust fertiliser and five industrially
used P and K fertilisers: single superphosphate (SSP), triple
superphosphate (TSP), potassium chloride (KCI), potassium
carbonate (K,CO;), and potassium hydroxide (KOH). We
estimate and compare 15 potential environmental impact
indicators, including climate change impact (global warming
potential), acidification potential, eutrophication potential,
land use, ionising radiation, malodours air, and six variants
of toxicological footprints associated with the production of
basalt rock dust fertiliser and industrial fertilisers. The spe-
cific objective is to assess the production side of the fertiliser
supply chain by tracing the impacts of producing different
fertiliser types from the start of the supply chain, i.e., the
production phase, to address the ‘hidden’ impacts. Such an
assessment provides a holistic view of fertiliser production
and compares environmentally sustainable options based on
estimated environmental impacts.

In addition, the study attempts to model potential basalt
that can be substituted or complemented with PK fertiliser
production based on different hypothetical scenarios. Based
on this, we can estimate the potential ecological savings,
particularly the reduction in climate change impact that can
be made by substituting a certain amount of PK fertilisers
with basalt. This analysis is included in the study due to
the growing evidence of CO, removal through silicate rock
weathering, including basalt (Renforth 2012; Moosdorf et al.
2014; Taylor et al. 2016).

2 Method

This study deploys the life cycle assessment (LCA) method
according to the standards of ISO 14040 (2006). LCA is a
widely-accepted method used in identifying and quantify-
ing the environmental impacts of products and processes
across their life cycle stages (Guinée, 2002). The technique
is commonly advocated as a valuable tool for achieving sus-
tainable production and consumption (Parent et al. 2013).
We use this method, therefore, to calculate and compare the
environmental profile of basalt rock dust fertiliser and five
industrial fertilisers using the Supply Chain Environmental
Analysis Tool (SCEnAT), a life cycle assessment software
tool that captures both direct and indirect impacts along sup-
ply chains (Koh et al. 2013). As per ISO 14040, typical LCA
is carried out in four phases.

2.1 Phase |: goal and scope definition

First, the LCA goal and scope of the production systems
to be studied is defined, including setting an appropriate
system boundary. There are different kinds of LCA system
boundaries, including cradle-to-gate (raw material extraction
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to the factory gate), cradle-to-grave (raw material extraction,
use, and end-of-life stages), and cradle-to-cradle (from
raw material extraction to recycling stages). The type of
system boundary is influenced mainly by the goal of the
LCA (Tillman et al. 1994) and as outlined in the ISO 14040
(2006) standards; “the selection of the system boundary shall
be consistent with the goal of the study”. As stated earlier in
the introduction, in studies relating to fertilisers, LCA has
predominantly been employed in examining impacts at their
application or use phase (Brentrup et al. 2004; Skowroriska
and Filipek 2014; Quirds et al. 2015). A few studies have
evaluated impacts stemming from their production (Mirlean
and Roisenberg 2006; Ledgard et al. 2011; Hasler et al.
2015). This LCA study aims to estimate and compare the
environmental impacts associated with basalt rock dust
fertiliser and industrial fertiliser production. Since the
emphasis is to highlight potential environmental impacts
related to production, the cradle-to-gate system boundary is
considered appropriate.

A cradle-to-gate system boundary has been used to
include raw material extraction and product processing. The
functional unit of the production of fertilisers is set at 1 kg
each. The environmental impacts estimated are therefore
measured relating to the functional unit. For example, for
every 1 kg produced, there is a climate change impact of
0.007 kg CO2-e and ~ 1.4 kg CO2-e for basalt rock dust and
SSP fertiliser, respectively (Table 1). The same applies to all
the other impact categories.

Production routes for each fertiliser may differ, but their
production has basic similarities. For instance, phosphate
and potash rock are raw materials used to produce most of
the industrial fertilisers considered in this study. The system
boundary of the study’s LCA (Fig. 1) includes extraction of
such raw materials, transportation of extracted raw materials
to the processing site, and the energy and emissions associ-
ated with processing these inputs. In the case of basalt rock
fertiliser, the primary raw material needed is the basalt rock
produced in basalt quarry operations which involves mining,
crushing, grinding, and classification.

2.2 Phase ll: life cycle inventory

In Phase II, the life cycle inventory (LCI) phase, the inputs
into the system (energy and raw material requirements),
and system outputs are quantified. We obtained data on the
material and energy input needed per kilogramme of output
fertiliser from Ecoinvent version 3.4 (Wernet et al. 2016)
for each fertiliser product (See Supplementary Information).
The production inventory from the Ecoinvent data is based
on comprehensive literature and manufacturer specifica-
tions specifically tailored to European production. The data
is calculated based on the mean values of multiple European
fertiliser plants. The inventory for the unit process considers

the transportation of raw materials and intermediate prod-
ucts to the fertiliser processing plant. The inventory does not
account for the production and waste treatment of catalyst,
coating, and packaging for the final fertiliser products. As
our study is a cradle-to-gate system, impacts from waste
(waste associated with disposal after the use phase) were
excluded. The data used for the production of basalt rock
fertiliser were from basalt quarry operations obtained from
Ecoinvent, which is based on open-quarry pit operations
that use German quarries as a proxy for Europe. Production
activities for basalt rock dust fertiliser start with the mining
stage, and the subsequent beneficiation stage involves crush-
ing, washing, and classification.

Energy for mining used in the study is ~6 kWh per tonne
(see supplementary information Table S1), which closely
compares to~5.23 kWh estimated by Hangx and Spiers
(2009). Various particle sizes of the rocks are produced
during the crushing and grinding process. The classifica-
tion step allows the varying grain sizes to be screened and
grouped. Ideally, small grain sizes are more suitable for use
as fertilisers as they have a faster dissolution rate (Harley and
Gilkes 2000; Anda et al. 2009).

High-energy input is required to produce grind rocks to
small grain sizes (Renforth 2012; Moosdorf et al. 2014).
Renforth (2012) estimates between 15 and 100 kWh t~!
to grind towards grain sizes between 5 mm and 0.01 mm.
Moosdorf et al. (2014) estimate optimistic and pessimistic
energy requirements as 0.06 GJ t~! and 2 GJ t~! for grain
sizes between 0.03 mm and 0.001 mm, respectively. Hangx
and Spiers (2009) estimate production grain sizes of 100 pm
and 37 pm, corresponding to the energy input of approx-
imately 13 kWh t~! and 24 kWh t™!, respectively. In our
study, the total energy input for crushing and grinding is
0.04 MJ per kg from the Ecoinvent database (see supplemen-
tary information). This implies an energy input of approxi-
mately 11.1 kWh per tonne of rock. Using grain size/energy
calculations by Hangx and Spiers (2009) as the basis, we
assume this energy input may correspond to potential grain
sizes of 100 pm and 117 pm.

2.3 Phase lll and IV: life cycle impact assessment
and interpretation

In the impact assessment stage of the LCA (Phase III), the envi-
ronmental impacts identified in the inventory analysis phase on
human health and the environment across various indicators are
evaluated before the results are presented and interpreted (Phase
IV). The environmental profiles of the fertilisers are compared
based on fifteen environmental impact categories which provide
a broad assessment of the impacts of their production supply
chain on air, water, and land. There is an extensive range of LCA
environmental indicators, but generally, these can be grouped
under impacts underwater, air, and solid emissions (waste).

@ Springer
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Fig.1 The system boundary considered in the LCA shows some rel-
evant material and energy input inventory and processes involved in
producing basalt rock fertiliser and industrial synthetic fertiliser. See
supplementary information for a detailed breakdown of quantities and
inputs needed to produce 1 kg of each fertiliser type. For simplicity,

Therefore, the selection of indicators for the study considered
impact categories that reflect these general groups of environ-
mental impacts. In addition, the choice of indicators for LCA
must reflect implications relevant to the research and be closely
associated with the product’s sector (ISO 2006; Chevalier et al.
2011). A complete description of selected impacts is shown in
the supplementary information.

The CML 2001 (Guinée 2002) categorisation model
available in Ecoinvent was used for all impact categories
except those on the ecosystem, human health, and resources.
These are from Eco-indicator 99, also taken from the Ecoin-
vent database. Ecosystem quality affects species such as

@ Springer

Thermal
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the diagram does not show each industrial fertiliser’s unique produc-
tion route or technique. The sustainability metric “Toxicity’ includes
freshwater aquatic, freshwater sediment, marine aquatic, marine sedi-
ment, terrestrial, and human toxicity

vascular plants and lower organisms based on four indi-
cators: ecotoxicity, acidification, eutrophication, and land
use. Resources are a measure of the surplus or extra energy
required in the future to extract lower-quality minerals and
fossil resources. Human health includes the number and
duration of diseases and life years lost. The other envi-
ronmental impacts have acidification potential (kg SO,e),
climate change (kg CO,e, GWP 100a), and eutrophication
potential (kg NO,e). In addition, six variants of toxicological
footprint with the reference unit, kg of 1, 4-dichlorobenzene
equivalent (1, 4-DCB-eq) are included; freshwater sediment
ecotoxicity, freshwater aquatic ecotoxicity, marine aquatic
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ecotoxicity, marine sediment ecotoxicity terrestrial ecotoxic-
ity, and human toxicity. These measure the potential impact
of toxic substances on the environment, mainly aquatic, sedi-
ment, and terrestrial ecosystems. Malodours air (m3 air),
ionisation radiation (DALYSs), and land use (m2a) are also
included. In total, 15 environmental impacts are estimated,
forming the basis for comparison for 1 kg each of basalt
rock fertiliser and five industrial fertilisers produced. Com-
plete data on individual contributions of each input to each
environmental impact indicator in the various fertilisers are
shown in the Supplementary Information.

2.4 Limitations of the study

A limitation of the study is centred on the data type. The use
of primary data, in general, improves data precision compared
to secondary data from LCA databases. Ecoinvent is a second-
ary database using primary data collected from manufacturing
plants. The challenge with using such a database is that some
of the data may not be recent with every updated version of
the database. We encourage future research to incorporate
more recent data as it becomes available.

Preliminary data collection for LCA modelling is a very
time-consuming process. Therefore, the use of easily assess-
able and widely accepted databases such as the Ecoinvent
was relied upon, which is also deemed appropriate given the
scale of the analyses in this study. The Ecoinvent database
has been used extensively in most studies on environmental
impact assessment using LCA. The transparency of the data
makes it possible for results to be replicated.

We acknowledge, however, that results may slightly dif-
fer if actual site-specific primary data was collected from
quarry industries (basalt fertiliser) and fertiliser manufac-
turing plants (industrial fertiliser). However, we doubt the
difference would be enough to completely change the out-
come of the study’s conclusions and results. We can come
to this conclusion because we compared the general findings

Fig.2 Thermal and electrical
energy input for fertiliser pro-
duction. Data from Ecoinvent. KOH

SSP

with other similar studies, especially of fertiliser produc-
tion; and in each instance, it confirms the narrative that
high-energy use in production is a source of negative envi-
ronmental impacts such as GHGs emissions (Jenssen and
Kongshaug 2003; Brentrup et al. 2004; Hasler et al. 2015).
Uncertainty analysis was also carried out to improve the
robustness of the findings (see supplementary information).

One key difference in our study is that we conduct a com-
parative environmental impact assessment based on various
indicators, making our findings robust and comprehensive.
Comparing our results with similar studies increase the reli-
ability of our results. Our study is the first to demonstrate
the novel potential of sustainable fertiliser (basalt rock dust)
compared to industrial fertilisers, giving thought-provoking
insights into the embedded environmental impacts in their
production.

3 Results
3.1 Comparing primary energy input

A key difference in potential environmental impacts between
basalt rock fertiliser and industrial fertiliser is the high-pri-
mary energy inputs (electrical and thermal) in the latter’s
production (Fig. 2). The production of SSP and KOH, in
particular, has the highest electrical energy input of approxi-
mately 6.8 MJ per kg produced each. Thermal energy is
also very high in KOH production, which is 4.8 MJ per kg
compared to TSP, KCI, and K,CO;, which require thermal
energy input of 2.8 MJ, 0.8 MJ, and 0.2 MJ per kg, respec-
tively. Results show that, overall, basalt has a very minimal
energy input requirement per kg produced compared to the
rest of the P and K fertilisers. The findings support the dis-
course that the production of industrial fertilisers is energy-
intensive (Helsel 1992; Swaminathan and Sukalac 2004).

Data on thermal energy input v
was not provided in Ecoinvent 3 TSP
for SSP fertiliser. The assump- = DN DN
tion here is that the electrical E) K2C03 ®
energy input for this fertiliser is KCl s
similar to that of the other listed
industrial fertilisers Basalt !
0 1 2 3 4 5 6 7 8

M Electrical energy

Energy input per kg produced (MJ)

B Thermal energy
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Table 1 Environmental impact of different fertiliser types per kg produced

Unit Basalt SSP TSP KC1 K,CO, KOH

Climate change impact kg CO,-e 7.20E-03 1.409468 1.44996702  0.176624  0.593395  1.513526
Acidification impact kg SO,e 6.50E-05 0.01931693  0.02126569  0.000749  0.002313  0.006545
Eutrophication impact kg NO,e 1.10E-04 0.00604145  0.0062936 0.000647  0.001255  0.003568
Land use impact m?a 3.80E-04 0.9441835 0.81619314  0.03064 0.01883 0.200784
FAETP impact kg 1, 4-DCB-eq 2.00E-03 1.9777685 1.69160378  0.094259  0.193756  0.661182
FSETP impact kg 1, 4-DCB-eq 4.40E-03 3.3706835 3.12302788  0.200654  0.412201  1.405023
MAETP impact kg 1, 4-DCB-eq 7.40E-03 3.510911 3.29806654  0.33377 0.6957 2.397498
MSETP impact kg 1, 4-DCB-eq 7.80E-03 0.00355365  0.00571782  0.345 0.724113  2.501579
HTP impact kg 1, 4-DCB-eq 3.30E-03 0.5867959 0.65900971  0.035552  0.385306  0.489483
Terrestrial ecotoxicity kg 1, 4-DCB-eq 2.90E-06 1.10E-08 6.76E-09 348E-05 9.82E-05  0.000522
Ionising radiation impact DALYs 3.60E-11 14,348.28 16355.4362  1.50E-10  1.22E-09  9.78E-09
Maladous air impact m3 air 3.70E4+01  0.16976095  0.61504154  3298.527  4387.43 17865.2

Damage to ecosystem quality % plant species *m2* yr ~ 1.15E-04 0.03131138  0.03185599  0.00312 0.004093  0.02913

Damage to human health DALYs 3.09E-04 0.0878465 0.11180965  0.003875  0.018286  0.040726
Damage to resources MI surplus energy 2.44E-04 0.06513145  0.07026623  0.007591  0.015583  0.050588

A full description of impact categories and measurement units is shown in Supplementary Information (Table S1)

3.2 Comparing environmental impacts

We find significant differences in the environmental
impacts associated with the production of basalt rock
fertiliser compared with industrial fertilisers. The esti-
mated value for each effect per kg produced for a given
fertiliser type is shown in Table 1. We also show the rela-
tive percentage contribution of each fertiliser type to the
total impact of all six fertilisers in a given environmental
impact category (Fig. 3).

Triple superphosphate fertiliser production has the
highest impact, followed by single superphosphate and
potassium hydroxide. In the climate change impact cate-
gory, these three fertilisers (KOH, TSP, and SSP) contrib-
ute over 80% to climate change impact per kg produced,

100%
90%
80%
70%
60%
50%
40%
30%
20%

Fig.3 Comparison between
basalt fertiliser and industrial
PK fertilisers across 15 envi-
ronmental sustainability metrics
based on relative percentages.
The potential sustainability
metrics relate to the functional
unit of producing 1kg each of
fertiliser type. A breakdown of
the contribution of individual
material and energy input for

10%

o
°
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the highest potential impact associated with KOH and
TSP production, that is ~ 1.5 kg CO,-¢e each, followed by
TSP which has ~ 1.4 kg CO,-e). On the other hand, the
potash-based fertilisers KCI and K,COj; have relatively
lower impacts across all environmental effects than the
phosphorus-based fertilisers (TSP and SSP).

However, the toxicological footprint of KOH is very
high regarding marine sediment ecotoxicity, contribut-
ing to an average of 70%, corresponding to 2.5 kg of
1-4-DCB-eq. For freshwater aquatic, freshwater ecotoxic-
ity, and marine aquatic ecotoxicity, the dominant impacts
come from SSP and TSP. In addition, the effects of these
phosphorus-based fertilisers in acidification potential,
eutrophication potential, land use, ionising radiation, eco-
system quality, human health, and resource are relatively
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very high, with over 50% of the total impacts attributed
to their production. On the other hand, the production
of basalt fertiliser has minimal contribution to the total
effects, with less than an average of 1% contribution
across all impacts estimated mainly due to the relatively
low energy requirement in processing, which is discussed
further in the study.

3.3 Potential ecological savings from substituting
PK with basalt

We present hypothetical scenarios where PK fertilisers pro-
duced globally are substituted with basalt rock dust fertiliser.
The hypothetical scenarios under different basalt fertiliser
substitution rates are 5%, 10%, 15%, and 20%. The potential
ecological savings from substituting PK fertiliser production
with basalt rock dust fertiliser are three-fold. First, the reduc-
tion in PK fertiliser production would consequently lead to a
fall in the associated environmental impacts (climate change
impact, toxicological impacts, etc.) analysed in the study.
Second, basalt rock dust fertiliser production for substitu-
tion would be relatively minimal, as shown by its low envi-
ronmental footprint compared to PK industrial fertilisers.
Finally, the carbon capture potential of the applied basalt
rock dust fertiliser would reduce greenhouse gas emissions.

To demonstrate these ecological savings, we estimate and
compare the associated potential global warming impact
(GWP) of both industrial PK fertilisers. Global PK ferti-
liser production is taken to be approximately 83 Mt (million
tonnes) based on a 5-year annual average supply capacity

Scenarios under Basalt Fertiliser Substitution (Global)

Fig.4 is based on the average GWP impact (climate change impact)
of industrial PK fertilisers from the study (1kgCO,-e/kg) and data
from FAO on industrial PK fertiliser annual production (FAO 2019).

(Mtco2)

(2016-2020) from the recent FAO fertiliser outlook sum-
mary report (FAO 2019). This corresponds to a potential
GWP of 83Mt CO,, with a higher proportion of the impacts
occurring in Asia. In Fig. 4a and b, we see how this impact
can be reduced through the different basalt substitution rates.
At a higher % substitution rate of 20%, the potential GWP
impact from PK fertiliser production reduces significantly
from approximately 83Mt CO,-e to 67Mt CO,-e. In addition,
the associated global warming impact from producing the
basalt fertiliser needed to substitute the 20% production of
the industrial PK fertiliser would be relatively low.

Due to the large difference in GWP between both ferti-
liser categories, significant environmental impact reduction
can be achieved by reducing industrial fertilisers produced
and substituting the reduction with rock dust fertilisers. The
results suggest that basalt rock dust fertiliser is more sustain-
able in terms of avoided GHG emissions (from a decline in
industrial fertiliser production) as well as the carbon cap-
ture from its enhanced weathering potential upon application
(Fig. 4). We estimate the carbon capture potential of such
global and regional basalt rock fertiliser application.

The substitution scenarios considered above are only
hypothetical. In real-life application scenarios, we expect
other factors to be considered to ascertain the effec-
tiveness of substituting PK fertilisers with basalt. For
instance, the location of the basalt rocks and the amount
of P-K available in the rock and weathering rate could
potentially affect the substitution rate. Unless referring to
a specific basalt rock dust sample from a designated loca-
tion, it is difficult to determine the precise phosphorus (P)

Scenarios under Basalt Fertiliser Substitution (Regional)

As more basalt is substituted for PK fertiliser production, the associ-
ated global and regional GWP impact of PK industrial fertilisers is
expected to reduce
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and potassium (K) content, as basalt rock exhibits varia-
tions in chemical composition and mineralogy (Luchese
et al. 2023; Van Straaten 2006; Harley and Gilkes 2000).
Consequently, the macronutrient P and K, along with other
essential elements like calcium (Ca), magnesium (Mg),
and silicon (Si), may differ in two separate 1 kg samples of
basalt rock dust (Dalmora et al. 2016; Gilman et al. 2002).
Various studies in the literature, including laboratory and
field applications, have demonstrated differing geochemi-
cal compositions of applied basalt rock fertilisers (Swoboda
et al. 2022; Manning and Theodoro 2018; Gilman et al.
2002). These factors are, however, beyond the scope of
this research. Future ongoing research may be able to
address these equally important factors.

4 Discussion and conclusion

We have shown that accounting for embodied environmental
impacts from the production phase is a critical missing ele-
ment for the sustainability assessment of fertilisers in the
food production chain. The production-related effects of
fertilisers must be considered a crucial factor that needs to
be on the global environmental agenda and negotiations. As
population growth continues to fuel increasing production
and consumption, it is vital to ensure that fertiliser resources
are efficiently sourced to meet food security challenges that
will arise with the most minimal impacts possible. This may
require broadening rock-based fertilisers to include basalt
fertiliser, which, as discovered in the study, has relatively
low production impacts. Our findings, therefore, have policy
relevance and potential contribution to several Sustainable
Development Goals, as identified in Table 2.

The International Fertiliser Association (IFA) projects
that global phosphoric and potassium capacity will increase
by 11% and 16% by 2024 (IFA 2020). The environmental
impacts associated with such production capacity growth
in the fertiliser industry can be disastrous in the long term
in terms of negative climate and toxicological footprint. In
addition, continuous over-exploitation of natural resources
such as rock-based fertiliser may lead to decreased economic
growth (Lampert 2019). Transitioning to milled basalt as a

natural geo-fertiliser to support food production may help
address the UN Sustainable Development Goal of ‘Respon-
sible consumption and production’. This can be achieved by
the reduction in the large quantities of PK fertiliser produc-
tion, which is evidenced in the study indicates have rela-
tively high negative environmental impacts. The reduction
can be complemented with basalt fertiliser, considered more
environmentally sustainable than PK fertiliser production.

Our findings have implications for the environmental
costs of current and future global fertiliser production. Plans
to expand fertiliser production to meet consumption without
addressing emission intensities could significantly increase
toxicological footprints and climate change (Lampert 2019).
The potential environmental impacts of such an expansion
in the fertiliser industry can be estimated by extrapolation
of our results.

The results suggest that phosphate and potash-based
fertilisers have relatively high potential production-related
environmental impacts beyond those associated with their
application on croplands. These impacts mainly occur in the
more comprehensive and upstream fertiliser supply chain.
They are related to the extraction of the material inputs,
such as phosphate rock and potash, before their use in ferti-
liser production. Furthermore, the production of phosphoric
acid from phosphate rock involves the release of potentially
harmful substances into the air and water. An example is
phosphogypsum, a gypsum formed as a by-product of pro-
cessing phosphate ore into fertiliser with sulphuric acid. It is
radioactive due to naturally occurring uranium and radium in
the phosphate ore (Pérez-Lépez et al. 2007). Both UNEP and
IFA recognise the potentially harmful impacts of phosphate
rock and potash mining (IFA 2001).

Approximately 1.2% of the world’s total energy each
year is consumed by global fertiliser production (Jenssen
and Kongshaug 2003), and this percentage is proportional
to the overall contribution of the fertiliser industry to global
GHG emissions. Therefore, energy-related impacts from
industrial fertilisers consider all the energy inputs needed for
producing the individual raw material inputs (such as phos-
phoric acid and potash salts) and give an accurate picture of
the industrial fertilisers’ relatively high production environ-
mental footprint. Processing of basalt rock dust fertiliser,

Table 2 Policy relevance and contribution of basalt fertiliser to achieving 2030 Sustainable Development

Sustainable Development Goals Potential contribution from basalt dust fertiliser

SDG 2 Zero hunger

Soil remineraliser to boost crop yields, increasing nutrient uptake, and crop protection from abiotic stress (Van

Strateen 2002; Beerling et al. 2018; Smith et al. 2019)

SDG 12 Responsible consump-
tion and production

SDG 13 Climate change action

Reducing reliance on chemical fertiliser usage (PK rock fertiliser); promoting circular economy through reuse
of basalt mine waste (Smith et al. 2019)

Carbon dioxide sequestration through enhanced weathering (Gasser et al. 2015; Moosdorf et al. 2014; Taylor

et al. 2016; Beerling et al. 2018; Lawrence et al. 2018)

SDG 14 Life below water

Slows ocean acidification and associated impacts on marine organisms (Taylor et al. 2016)
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Potential Carbon Capture using Basalt Rock Dust Fertiliser (Global)
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Fig.5 Carbon capture potential from basalt rock fertiliser production is calculated based on the application of produced basalt fertiliser where a
tonne of basalt can potentially sequester 0.3tCO, per tonne of rock (Renforth 2012)

the grinding of rocks is also an energy-intensive process
(Renforth 2012; Moosdorf et al. 2014), but in our analyses,
this has minor consumption of both electrical and thermal
energy per kg produced compared to all of the industrial
fertilisers analysed (Fig. 5).

Prices of conventional fertilisers produced from finite
rock-derived phosphorus and potassium (potash) have dou-
bled in the past decade (Amundson et al. 2015). Rock fer-
tilisers represent inexpensive and environmentally sound
fertiliser options for farmers in areas with infertile soils
and suitable climates. With the right choice of locally avail-
able rock materials for the appropriate soils, these materials
have significantly benefitted local agriculture when modi-
fied or blended with locally available organic materials (Van
Straaten 2006).

In addition, the agricultural sector is identified as a criti-
cal sector in terms of its contribution to GHG emissions and
where the effects of climate change are harshly felt. A third of
human-induced greenhouse emissions globally are attributed
to agricultural food systems (Crippa et al. 2021). It is important
to note that in developing climate change mitigation strategies
in this sector, the best solutions may not necessarily be to find
entirely new technologies but to find ways to integrate exist-
ing practises with ‘green’ solutions such as crop farming with
basalt rocks for carbon sequestration via the enhanced weath-
ering process. Consequently, agricultural practises through a
contributor to climate change could also present mitigation
options and co-benefits (Vermeulen et al. 2012; Cohen et al.
2021). In this regard, we identify that enhanced weathering
with basalt can serve as a credible carbon dioxide removal
strategy to contribute to the UN Sustainable Development

Goal of climate change action. As a co-benefit of enhanced
weathering with basalt on croplands, the rate of ocean acidifi-
cation can be slowed via run-off water of weathered by-prod-
ucts into the ocean (Taylor et al. 2016).

Beyond the benefits of crop yield associated with indus-
trial fertilisers, it is crucial to find ways of achieving similar
or comparable results; however, with a fertiliser type that has
minimal impacts on ecology during production and appli-
cation. From this perspective, sustainable fertilisers, such
as basalt rock dust, could be a suitable partial substitute for
industrial P and K fertilisers. Increasing evidence of its posi-
tive impact on crop yield suggests a potential contribution to
the Zero Hunger Sustainable Development Goal (Van Stra-
teen 2002; Beerling et al. 2018; Smith et al. 2019). Due to
the relatively fast reaction of conventional fertilisers to soil
solution, it may not be possible for multi-nutrient silicate rock
fertilisers such as basalt to replace conventional fertilisers in
the short term. Nevertheless, research suggests a significant
potential for combining the application of rock and mineral
fertilisers to highly weathered and degraded soils in the long
term (Van Straaten 2006).

Basalt fertiliser in the study is the by-product of existing
mining and quarrying sites, and so essentially, it is not mined
as a separate product on its own. Currently, companies are
specifically using this waste resource piled up on these min-
ing and quarry sites as fertiliser, supplying to farms, and
as a carbon removal strategy through enhanced weathering.
One such company is UNDO in the UK, which sources the
basalt dust fertiliser from local quarry sites in Scotland, the
United States, and Northern England and supplies it at no
cost to nearby farms in these countries (Mann 2023). It will
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be good to compare the demand for PK and the availability
of mine waste resources, such as basalt rock dust, to evaluate
the potential opportunity where farmers can use the latter
to subsidise their fertiliser cost whilst contributing to car-
bon sequestration. Data from FAO estimates global annual
demand for P and K fertilisers as approximately 48 million
tonnes and 37 million tonnes, respectively (FAO 2019).

However, it is difficult to provide an accurate global esti-
mate of the quantity of basalt dust specifically. It is best to
refer to literature, including industry reports and mining
associations, that compile such data on mining operations
in active and non-active quarries to obtain such accurate and
up-to-date information. Research by Renforth et al. (2011)
makes an excellent contribution to filling this research gap by
providing a global account of the quantity of silicate material
waste produced. Their study estimates that approximately 2
to 6.5 billion tonnes of mine waste are produced yearly.

Questions remain, however, on the overall sustainabil-
ity of basalt rock dust fertiliser which must be answered to
increase its embedment in sustainable agriculture policies
and the global environment agenda. Whilst our research
reveals that basalt rock dust fertiliser is a more ecologically
sound choice in production when compared to industrial fer-
tilisers, it is crucial to acknowledge that certain conditions
or factors must be considered in making it a viable option.
These factors encompass the basalt’s type and source, the
rock’s mineralogy and chemistry, and grain size and sur-
face area for direct application (Dalmora et al. 2016; Van
Straaten 2006). According to Harley and Gilkes (2000), the
limited dissolution rates of silicate minerals present in rocks
such as basalt may hinder the agricultural use of rocks dust
fertilisers unless appropriate soils are identified and optimal
rock dust is developed.

Although our study considers malodorous air impact (a
measure of air pollution) associated with basalt dust pro-
duction, we recommend conducting further research into
the potential risk to human health when spreading these on
farms. It is imperative to establish some cleaning protocols
on farms to minimise potential exposure to natural basalt
dust due to their nano-particle size (Dalmora et al. 2016).
Further assessment of the economic and social risks or chal-
lenges associated with large-scale basalt rock dust fertiliser
adoption must be investigated nationally.
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