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Fire and Water: Geometallurgy 
and Extractive Metallurgy 

INTRODUCTION
Extractive metallurgy, unlike mineral processing, gener-
ally aims at extracting and purifying specific elements 
from ores or mineral concentrates by inducing suitable 
chemical changes (Dutta et al. 2018). Hydrometallurgy 
relates to the chemical leaching of elements into, and 
their recovery from, an aqueous solution (an analogous 
process to hydrothermal mineralization). Pyrometallurgy, 
on the other hand, relates to the high-temperature treat-
ment of ores and mineral concentrates, either in the solid 
or liquid state (akin to metamorphic and igneous processes, 
respectively), to concentrate the element(s) of interest into 
separate phase(s).

At first sight, it may appear obvious that geometallurgy 
should focus on the link between primary ore character-
istics and mineral processing outcomes as minerals are 
preserved during mineral processing operations (Pereira 
et al. 2023 this issue; Frenzel et al. 2023 this issue), but 
destroyed in extractive metallurgy. However, primary ore 
characteristics will also impact the performance of extrac-
tive metallurgy operations. This is particularly important 
where ores are subjected to direct chemical treatment with 
minimal or no prior mineral concentration, as is common 
for some ferrous metal ores (e.g., Fe, Cr, and Mn), as well as 
other ore-types (e.g., some Cu, Au, and U ores). Some ore 
characteristics may also be inherited by mineral concen-
trates, and this can affect subsequent extraction processes, 
despite the concentrates meeting certain physical and 
chemical specifications for downstream processing. 

Whether extractive metallurgy 
is applied directly or follows 
mineral processing, full optimi-
zation of the entire value chain 
from ore body to refined product 
is only possible if the effects of 
primary ore characteristics on 
all stages of the chain are well 
integrated and understood. This 
contribution outlines the current 
efforts to extend geometallurgy to 
extractive metallurgy operations. 
The relevance and impacts of the 
approach are examined in two case 
studies.

HYDROMETALLURGY
In hydrometallurgy, the process of leaching raw materials 
can be classified into four broad categories: in-situ leaching, 
percolation leaching, tank/vat leaching, and agitated 
leaching. In-situ leaching extracts metals directly from 
ores that remain in the ground (Habashi 1999). These ores 
must have sufficient permeability, a mineralogy amenable 
to leaching, and a geological context suited to guide and 
contain the leaching solutions (lixiviants). Percolation, 
or heap leaching, typically involves allowing a suitable 
lixiviant to seep into and through a mass of crushed ore 
at the surface. Tank and vat leaching involve placing milled 
and sized ore (or mineral concentrates) into large tanks or 
vats containing the lixiviant at suitable conditions (e.g., 
ambient or elevated pressure and temperature) to leach the 
valuable metals from the ore into the aqueous solution. 
Agitation leaching is a modification of tank/vat leaching, 
used for very fine particles that require agitation in a slurry 
with the lixiviant in order to extract metals. In all cases, 
the pregnant (i.e., metal-containing) solution is treated 
further through processes, such as solvent extraction and 
selective precipitation, to recover the valuable metals. 
Mineralogy and microfabric no longer play a role in these 
latter processes, although the primary ore will influence 
the chemical composition of the pregnant solution. The 
solid leach residues, by contrast, are essentially chemically 
modified primary ores. 

Leaching processes are affected by many of the same 
primary ore characteristics as mineral processing opera-
tions (Table 1). Of particular importance are mineral 
grain sizes and associations, ore and gangue mineralogy 
and mineral abundances, as well as mineral liberation in 
the crushed material. An understanding of ore type and 
valuable metal distribution/liberation is thus essential for 
predictive modelling purposes in leaching operations. 

The extractive metallurgy of gold provides typical examples 
for all principal types of leaching, as well as the critical 
influence of primary ore characteristics. Based on gold 
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deportment, mineral association, liberation and micro-
fabric, and the resulting process behavior, three principal 
types of gold ores may be distinguished (Habashi 1999):

	� Free-milling gold ores mostly contain native gold (or elec-
trum) that is easily liberated during milling operations, 
with >90% of Au recoverable by conventional tank/vat 
leaching. 

	� Refractory gold ores mostly contain gold as submicroscopic 
grains or atomic-scale substitutions (sometimes mislead-
ingly called “invisible”) in minerals such as arsenopyrite 
or pyrite. Such ores require excessive reagent usage and/
or additional pre-treatment processes, such as roasting 
(a pyrometallurgical process; see below), to recover an 
economically feasible amount of gold.

	� Complex gold ores from which high gold recoveries are 
possible, but only under modified or more intense 
leaching conditions due to the presence of deleterious 
elements and minerals. 

The following case study illustrates the importance of 
geometallurgical knowledge for the successful leaching of 
gold in the world’s largest gold province, the Witwatersrand 
gold fields in South Africa.

OPTIMIZATION OF GOLD RECOVERY FROM 
WITWATERSRAND ORES
With more than 52,000 t of gold produced in almost 140 
years of mining and more than 30,000 t remaining in 
geological resources, the Witwatersrand gold fields consti-
tute the world’s largest gold province (Fig. 1; Frimmel and 
Nwaila 2020). The Witwatersrand ore bodies (referred to as 
“reefs”) are bound to quartz-pebble conglomerate horizons 
of Archean age that can often be correlated across distances 
of >300 km (Minter et al. 1993). Most of the Witwatersrand 
gold occurs in two sedimentary facies: thin pebble lags 
(residual accumulation of surface rock fragments after 
removal of finer material by winds) representing aeolian 
deflation surfaces, often associated with kerogen (carbo-
naceous matter) seams; and conglomeratic, high-energy 
fluvial channel deposits (Frimmel 2005). Whilst the 
richest ore bodies were decimeter-thick conglomerates 
with grades of >20 g/t Au, mined reefs currently contain 
between 3–9 g/t Au. Uranium (100–350 g/t U) is an impor-
tant by-product in some operations.

Gold-bearing quartz-pebble conglomerates of the 
Witwatersrand Basin usually contain quartz, pyrite, and 
sheet silicates (pyrophyllite, mica, chlorite), with variable 
amounts of kerogen, other sulfides (e.g., arsenopyrite, 

chalcopyrite, pyrrhotite), and many trace minerals (e.g., 
chromite, zircon) (e.g., Hallbauer and Maske 1986). Native 
gold (free-milling) is the most important carrier of gold, 
whereas uranium occurs mostly in uraninite and more 
complex oxide minerals (e.g., brannerite). Although the 
Witwatersrand gold ores share many general mineralogical 
and chemical characteristics, localized variations exist. 
For example, some ores contain a high proportion of solid 
kerogen, while others have a high proportion of minerals 
related to post-depositional hydrothermal overprints (e.g., 
pyrrhotite, chalcopyrite). 

Gold is usually recovered from the Witwatersrand ores 
using a conventional cyanide-based tank leaching process 
(Fig. 2). Recovery is challenged by the fine grain size of 
the native gold (<100 μm; Hallbauer and Maske 1986), 
its close association with reactive sulfide minerals (e.g., 
pyrite, arsenopyrite), and the abundance of kerogen. These 
challenges are addressed by selective mining to separate 
ores based on their mineralogical composition, fine milling 
to achieve surface liberation of the gold, and varying the 
concentration of reagents and hydrometallurgical plant 
configuration (cf. Habashi 1999). 

The process of blending (i.e., mixing of ores extracted from 
different reefs) is indispensable for extending the life-of-
mine of large-scale gold operations in the Witwatersrand 
gold fields. Downstream processing must then be able 
to adapt to such blended ores. The benefits of blending 
include: (a) enhanced extraction efficiency, (b) lower 
reagent consumption, (c) reduced feed variability, and (d) 
recovery of valuable metals from low-grade ores blended 
with high-grade counterparts. 

An example of gold mining operations where ores with 
different primary properties are blended is the Driefontein 
mining complex in the Carletonville gold field, where one 
gold cyanidation plant processes ores from four different 
reefs: the Black Reef (BR), Carbon Leader Reef (CLR), 
Middelvlei Reef (MR), and Ventersdorp Contact Reef (VCR). 
Based on this context, Nwaila et al. (2020) combined 
quantitative data on ore properties with experimental 
observations concerning the performance of the hydro-
metallurgical process route. Diagnostic leaching tests 
involving blends with various proportions of ores extracted 
from the BR, CLR, and VCR were conducted to optimize 
gold recovery. The interactions of the three ores were 
also recorded in terms of mineralogy, gold deportment, 
leaching rates, and Au recovery. 

Figure 1 Geology of the Witwatersrand gold deposits showing 
(A) the paleogeography of the Witwatersrand 

Supergroup, the Ventersdorp Contact Reef, and the Black Reef. 
Artist: Lina Jakaite in cooperation with Glen Nwaila.  

(B) Typical Witwatersrand-type auriferous conglomerate showing 
quartz and pyrite. Photo: Mark Burnett.
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A ternary diagram with the three studied ore types as 
end members illustrates the expected gold recoveries 
depending on ore blend composition (Fig. 3). Ore blends 
with high contents of kerogen and trace amounts of copper 
and arsenic (i.e., high BR proportions) yield lower gold 
recovery rates. In contrast, high Au recovery is expected 
when CLR and VCR dominate the blend (Fig. 3). This is 
due to the high degree of Au liberation and the presence 
of leachable kerogen in the CLR. Consequently, miner-
alogy and texture strongly determine the feasibility of 
blending. These results, as summarized in Figure 3, are 
currently applied at Driefontein to minimize gold losses 
associated with ore blending. Modelling of intrinsic ore 
variation relative to reagent concentration or pressure–
temperature leach conditions may further enhance Au 
recovery outcomes.

PYROMETALLURGY
Chemical changes in the pyrometallurgical treatment of 
ores and concentrates occur at high temperatures, ranging 
from 100 to 3000 °C (Dutta et al. 2018). Various processes 

are applied, depending on the products required. Roasting, 
for example, may be used to convert sulfide minerals to 
oxide phases more amenable to hydrometallurgical treat-
ment. Direct smelting of sulfide-rich mineral concen-
trates (e.g., from flotation) produces a matte (sulfide-melt 
containing, e.g., Cu, Ni) and a slag (oxide-melt containing 
unwanted residues). The matte is then exposed to further 
pyrometallurgical and/or hydrometallurgical treatment to 
produce refined metals (e.g., Cu, Ni, Pt). 

For some ferrous metals (e.g., Fe, Mn, Cr), the ore is mixed 
with a reductant, typically coking coal, and fluxes, like 
dolomite and quartz, to reduce the oxidic ore minerals to 
a metal alloy and promote the formation of a slag. Solid-
state pre-reduction in the furnace first often produces 
divalent oxides. Subsequent melting and reduction of these 
divalent oxides forms an alloy, which can be separated from 
the slag. In some instances, the commodity of interest is 
captured by the slag for further processing (e.g., Ti from 
ilmenite smelting). Lastly, volatiles and dust are produced 
in pyrometallurgical processes and may be a source of 
by-products (e.g., sulfuric acid in Cu smelting).

Figure 2 Tank leaching flowsheet illustrating hydrometallur-
gical stages in the recovery of gold. Particle sizes in 

the leach tanks are exaggerated to show gold (red dots). Leach 
tanks 1 and 2 represent sequential leaching steps to optimize Au 
extraction.

Table 1 IMPACT OF GEOMETALLURGICAL ATTRIBUTES, SUCH AS MINERALOGY, TEXTURE, AND MICROFABRIC,  
ON THE PERFORMANCE OF EXTRACTIVE METALLURGICAL PROCESSES FOR SELECTED COMMODITIES. 

Primary ore characteristics Commodity examples Geometallurgical approaches
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Abundance of acid-consuming 
minerals, e.g., carbonates, reac-
tive phyllosilicates

Porphyry Cu alteration zones; calcrete-
hosted U; carbonatite-hosted REE

Quantification of ore and gangue mineral 
distribution to tailor mining plan; blending 
and processing strategies; possible pre-
concentration steps

Abundance of alkali-consuming 
minerals, e.g., reactive silica

Al from bauxite

Variations in ore mineralogy 
and metal deportment 

Different Cu–(Fe)–sulfides in sediment-
hosted Cu ores; supergene altered Cu ores 
with transitions between oxidic and 
sulfidic ores 

Abundance of refractory ore 
minerals

Betafite and brannerite in U ores; chalco-
pyrite in low-grade Cu porphyry ores for 
biological heap leaching

Grain size distribution, libera-
tion of ore minerals

Applicable to all minerals targeted by 
leaching operations

Quantification of textural types and spatial 
distribution, linkage to mineral processing, 
derived concentrates, and recovery kinetics 
during leach operations
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p
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g

Abundance and distribution of 
deleterious minerals

Chromite, talc, Mg pyroxenes in PGM 
concentrates; As minerals in Cu 
concentrates

Linkage of ore variability, preconcentration 
response, and furnace behavior

Mineralogy, texture, and 
porosity

Fe and Mn ores Spatial distribution of ore types and impact 
on furnace conditions, e.g., energy, decrepi-
tation, gas permeability

Deportment in solid solutions; 
finely intergrown textures

Refractory Au (sulfide-hosted); lateritic 
REE ores

Spatial distribution of ore types and impacts 
of ore and gangue minerals on recovery 
during high-temperature treatment
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Pyrometallurgical treatment is of particular importance 
for the production of iron, ferroalloys, and steel from oxide 
ores. High-grade ores of Fe, Mn, and Cr require little to no 
prior mineral processing. Nevertheless, some ore charac-
teristics have an important influence on the efficiency of 
pyrometallurgical treatment (Table 1):

	� Ore texture, including porosity, influences the breakage 
behavior of the ore, and hence the particle size distribu-
tion of the furnace feed. Particle sizes of furnace feed are 
typically coarser than 6 mm, referred to as lumpy ore, 
with fines being <6 mm. Fines require sintering (process 
subjecting aggregate material to high temperature and 
pressure to compact the loose material into a solid object) 
or pelletization (method of agglomeration, or particle 
size enlargement, in which material fines are processed 
into pellets or granules) prior to smelting. The minimi-
zation of fines is therefore important from a resource 
utilization and energy efficiency perspective.

	� Mineralogy. The presence of hydrous minerals or 
carbonates causes volatile loss on heating. Where their 
modal abundance is of significance, treatment must be 
undertaken prior to furnace processes. Volatiles are 
ideally removed through sintering, as imple-
mented in the processing of carbonate-rich Mn 
ores. This has the added advantage of an 
upgraded sinter product through residual 
enrichment of the element of interest and 
coarsening the particle size. Sintering also 
improves resistance to abrasion and fines 
generation during transport. The occurrence 
and abundance of OH- and H2O-bearing ore 
minerals, such as goethite (FeOOH), must be 
monitored, as these can release water in the 
furnace, and thereby create fines through 
physical breakage from volatile release.

In the following case study, mainly mineralogy 
is considered to illustrate its impact on energy 
consumption in the pre-reduction of high-grade 
Mn ores from the Kalahari manganese deposit 
(KMD) in South Africa.

IMPACT OF ORE VARIABILITY IN THE KMD 
ON FURNACE ENERGY CONSUMPTION
The KMD accounts for 78% of global land-based Mn 
resources, making South Africa the world’s leading 
producer of Mn (~37% of global production). Manganese 
ore in the KMD occurs as three distinct sedimentary layers 
intercalated with banded iron formations. Together, these 
comprise the Paleoproterozoic Hotazel Formation of the 
Transvaal Supergroup (Chetty 2008). Three main ore types 
occur in the KMD: sedimentary-diagenetic ores (low grade, 
~38 wt.% Mn), hydrothermally altered ore (high grade, >45 
wt.% Mn), and supergene ores (intermediate and high grade, 
38–45 wt.% Mn). The low-grade ores occur throughout the 
KMD, accounting for 97% of the total resource. The high-
grade ores are restricted to the northern part of the deposit, 
and account for <3% of the resource, with the supergene 
ores constituting <1%, and geographically restricted to the 
southeastern margin of the deposit. The three ore types 
are mineralogically and texturally distinct. Braunite 
(Mn2+Mn3+

6O8(SiO4)) and kutnahorite (Ca(Mn2+,Mg2+)
(CO3)2) predominate as ore minerals in the low-grade 
sedimentary-diagenetic ores, whereas hausmannite 
(Mn2+(Mn3+,Fe3+)2O4), braunite II (Ca(Mn3+,Fe3+)14SiO24), 
and bixbyite ((Mn3+,Fe3+)2O3) are key minerals in the 
high-grade hydrothermally-altered ores. The interme-
diate- to high-grade supergene ores comprise todorokite 
((Na,Ca,K)2(Mn4+,Mn3+)6O12·3-4.5(H2O)), cryptomelane 
(K(Mn4+,Mn3+)8O16), and pyrolusite (Mn4+O2). 

This case study focuses on the high-grade hydrother-
mally-altered ores, as these show the most complex and 
variable mineral assemblages with more than 100 minerals 
reported. Infiltration of hydrothermal fluids along north–
south striking faults caused extensive alteration of the 
sedimentary-diagenetic protolith, forming high-grade 
ore through carbonate dissolution and recrystallization 
(Chetty 2008). 

For pyrometallurgical processing, the high-grade manga-
nese-oxide ores of the KMD are combined with flux and 
coke and fed into a submerged arc furnace (SAF). This 
furnace contains three equidistant electrodes submerged in 
the burden of reacting raw materials, as well as a coke, slag, 
and alloy bed in its lower part (Fig. 4). Electrical energy 
is dissipated into the material through a combination of 
arcing and resistive heating of the coke–slag–alloy bed 
(Steenkamp et al. 2020). The price of electricity is a key 
cost driver for SAF smelting of the Mn ores, accounting 
for 45%–50% of smelter costs. Energy consumption, 

Figure 3 Link between hydrometallurgical gold recovery and 
ore blend composition scenarios in the Carletonville 

gold field. The contour lines in the diagram represent experimental 
metallurgical test work data and equiprobable realizations from 
conditional simulation. The grey dots represent laboratory leach 
test control points. Modified after Nwaila et al. (2020).

Figure 4 Schematic diagram of a submerged arc furnace, 
showing a section through one of three electrodes, 

and the process flow. Reacting ore, reductant, and flux constitute 
the burden. Important reactions are shown for the pre-reduction 
zone of the furnace. Modified from Steenkamp et al. (2020) and 
Olsen et al. (2007).
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which is mostly influenced by solid-state 
reactions in the pre-reduction zone of 
the SAF, therefore becomes an impor-
tant parameter to minimize. Figure 4 
shows the key Mn oxide reactions that 
take place between 200 and 800 °C, all 
of which are exothermic. Ideally, the 
final reaction of MnO to Mn should be 
the only endothermic reaction. However, 
above 800 °C, the reduction of Mn3O4 to 
MnO also becomes endothermic because 
of the simultaneous highly endothermic 
reaction of CO2 with solid C (the 
Boudouard Reaction; Olsen et al. 2007), 
which greatly reduces energy efficiency. 

The various Mn oxides present in the 
KMD (Fig. 4) may be approximated by 
simple minerals such as pyrolusite (Mn4+O2), bixbyite 
(Mn3+

2O3), and hausmannite (Mn2+Mn3+
2O4). Because 

Mn has different oxidation states, the reduction of these 
minerals will release/consume very different amounts of 
energy (Fig. 4). Furthermore, the reactivity of minerals in 
the pre-reduction zone appears to be dependent on the type 
of minerals present. Tangstad et al. (2001) found that ores 
with tetravalent Mn minerals reduced faster than those 
with divalent and trivalent Mn minerals, although details 
were lacking on the quantitative mineralogy of the ores 
tested. Kinetic behavior will influence the degree to which 
Mn3O4 is reduced before the Boudouard reaction begins 
and, therefore, will influence energy consumption. 

Considering the possible relationship between Mn grade 
and bulk oxidation state, Chetty and Gutzmer (2018) 
studied the modal mineralogy of drill cores from different 
parts of the northern KMD, as well as some supergene ores 
from the southeastern margins. Modal mineralogy and 
mineral chemistry data were combined to calculate bulk 
assays for validation purposes. Considering Mn valence 
states and their partitioning in the minerals, the total 
contents of divalent, trivalent, and tetravalent Mn of the 
studied ores were determined. Figure 5 shows that the Mn 
grade of ores from the KMD does not covary with bulk Mn 
oxidation state. Different bulk mineral assemblages can 
reflect very similar bulk oxidation states. For example, 
most high-grade hausmannite-rich ores display virtually 
identical bulk Mn oxidation states to low-grade braunite–
kutnahorite-rich ores. This result emphasizes the need to 
understand the mineralogy, not only the grade or total 
Mn-associated oxygen, to optimize energy efficiency in 
the reduction of the manganese ores of the KMD.

It is important to note that the bulk Mn oxidation states for 
high-grade ores of the northern part of the KMD show a 
broad systematic variation in space, with lower ratios exhib-
ited by hausmannite-rich ores that are more prominent in 
the east, and higher ratios displayed by braunite II–bixbyite 
ores that dominate in the west (Fig. 6). This distribution 
has been tentatively linked to fluid–rock ratios during 
hydrothermal alteration (Chetty 2008). For pyrometallur-
gical processing, this geologically controlled distribution 
can be used to predict possibly faster pre-reduction and 
lower energy consumption in the SAF as mining progresses 
westward in the northern KMD. Furnace conditions should 
be adapted accordingly, as these may oversupply electricity 
to drive reactions that are more exothermic than for previ-
ously mined high-grade ores. 

As noted already, ore texture and porosity are important 
drivers for ore breakage characteristics during mining and 
ore handling. Given the changes in mineralogy, as well as 
variable porosity imparted to the ores during hydrothermal 
alteration in the northern KMD, quantitative texture and 
porosity assessment should be conducted to link mineral 
assemblages with ore hardness and strength properties, as 
well as energy consumption, to provide a holistic integra-
tion of variables and their impacts on smelting with 
continued mining. Consequently, operational flexibility 
can be implemented to optimize Mn alloy production and 
resource utilization. 

GEOMETALLURGY AND SUSTAINABILITY
To assess the sustainability of extractive metallurgy 
operations, the following parameters must be considered: 
reagents, water, energy, recoveries of valuables in product 
and by-product streams, waste generation, environmental 
impact of residues, and emissions. The above examples 
illustrate how geometallurgical approaches can positively 
impact some of these parameters and, thus, the sustain-
ability of extractive metallurgy operations. 

The minimization of reagent consumption in leaching is 
important for operational expenditure. In a geometallur-
gical context, ore variability must be understood to manage 
this parameter. The recycling of reagents is also important 
for process efficiency in developing leaching and extrac-
tion flowsheets, particularly in arid regions where water is 
scarce, and remote areas where reagent transport becomes 
prohibitively expensive. More environmentally friendly 
reagents may also be sought, such as alternatives to cyanide 
for gold leaching. In all these endeavors, the entire life cycle 
of the reagents and associated impacts must be considered, 
and all must feature in a geometallurgical model.

Figure 5 Bulk Mn valence ratios for different Mn ore grades. It 
is evident that the bulk Mn oxidation state of ores is 

independent of Mn grade. Note that the bulk Mn oxidation state of 
supergene ores should be read against the right y-axis. Reproduced 
from Chetty and Gutzmer (2018) with permission from the 
Southern African Institute of Mining and Metallurgy.

Figure 6 Optical (center and right) and back-scattered electron 
(left) images showing expected mineral assemblages 

and ore pre-reduction behavior as mining progresses westward in 
the northern KMD (H = hausmannite, Br = braunite, BrII = braunite 
II, Bix = bixbyite, He = hematite, A = andradite, C = calcite).
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Pyrometallurgical processes are often carbon and energy 
intensive, as in the production of ferroalloys, iron, and steel. 
There is a strong drive toward decarbonizing the industry. 
Reductants with low carbon footprints, such as biomass 
and green hydrogen (generated using renewable energy 
sources), are gaining momentum as useful alternatives. A 
wide range of possible technological approaches already 
exists for iron production using hydrogen as a reductant 
(Souza Filho et al. 2022). There are also efforts to incorpo-
rate renewable energy into pyrometallurgical processes, 
such as solar thermal heating of feed and product streams 
(e.g., Hockaday et al. 2020) or the use of solar electricity to 
power furnaces. Energy efficiency can be further increased 
by heat recovery from furnace off-gas streams and slags for 
electricity generation. Understanding feed variability will 
help to optimize the impact of such initiatives. 

Pyrometallurgical processes are further characterized by 
the generation of slags, which are generally discarded 
as waste. However, this leads to the loss of incompletely 
reduced metal oxides and metals entrained in the slag. 
Consequently, slag reprocessing is common, particularly 
for the recovery of high-value metals like cobalt (Jones and 
Pawlik 2019). From a circular economy viewpoint, slags 
should be considered by-products, and during process 
design, conditioned slags should be produced for further 
treatment, whether for metal reclamation or utilization of 
the slag itself, e.g., as construction material. Quantitative 
characterization of the slags and other by-product streams 
is vital in all waste valorization approaches toward sustain-
able processing, as the phases, crystallinity, porosity, 
and texture of the slag are the main factors that dictate 
the viability of potential products. Well-understood ore 
characteristics and good knowledge of their interactions 
with other raw materials in the furnace, complemented by 
advances in thermochemical modelling, offer an oppor-
tunity for predictive slag design to enable further use as 
a by-product. 

Given the steady depletion of grades in increasingly 
complex primary ores available for extraction, as well as 
associated higher mining and processing costs, efficient 
utilization of secondary resources will be required to 
meet future metal demand. The generation of increasing 
volumes of tailings is of similar relevance and requires 

consideration for environmental and socio-economic risk 
mitigation, as well as value extraction (Parbhakar-Fox and 
Baumgartner 2023 this issue). The recycling of end-of-life 
products, sometimes referred to as urban mining, is also 
characterized by complex, variable, and rapidly growing 
waste streams that may pose environmental threats, but 
have large potential value. A notable example is e-waste. 
Integrated flowsheets for the physical beneficiation and 
metallurgical treatment of these complex materials—
informed by a geometallurgical approach to material 
characterization and predictive process modelling—will 
be required for feasible value reclamation.

OUTLOOK
This paper used two well-documented geological examples 
to provide an indication of the inherent potential of 
geometallurgical approaches in extractive metallurgy. 
Yet, in practice, glaring gaps remain between the different 
knowledge silos along the value chain from exploration to 
metal extraction and recovery. Geometallurgy can help to 
bridge these gaps to realize the full value of different raw 
materials, and design integrated flowsheets to maximize 
benefit in complex process chains.

As this issue of Elements aims to bring awareness of geomet-
allurgy, it is prudent to close with a consideration of how 
the concept may be better incorporated into postgraduate 
curricula. Simulation-based approaches would likely be best 
suited to teach troubleshooting skills and critical thinking 
through gamification and modelling. Corresponding 
modules may be integrated into economic geology, as 
well as geological, mining, and metallurgical engineering 
curricula. This can help to build a new generation of profes-
sionals in this decidedly interdisciplinary field.
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