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Introduction
Quantitative automated mineralogy (QAM) using SEM based instrumentation such 

as QEMSCAN and TIMA-X is now routinely applied to the study the ore deposits for 
geometallurgical and mineral processing. QAM, coupled with geological, geochemical, mineral 
chemistry and data analysis, is used to solve specific problems for mining and processing 
(e.g. [1]). A large number of publications and case studies in the last two decades deal 
with applications of various forms of QAM in geology and geometallurgy, but more critical 
in the mineral processing industry. QAM can be used in the better understanding of the 
geometallurgy of the ores (e.g., [2]) which has developed over the past 20 years to deal with 
the variability in metal recovery encountered in large tonnage base metal deposits (i.e., copper 
porphyries to interpret variations in hardness that affect grinding or the presence of clays that 
impact flotation processing). QAM provides mineralogical parameters which can be used to 
map the degree of variability of the ore (textures, mineral speciation, metal hosts, hardness, 
grain size, recoverability), or investigate the performance of a flotation plant to understand 
copper, gold losses, and predict and forecast throughput and grade controls. Metallurgists 
have been aided in this by the availability of new tools and concepts in process mineralogy 
[1, 3-13] that allow fast and thorough characterization of the ores that can substantially 
define and help the metallurgical process(es). These tools reduce considerably the need 
for the traditional trial and error processes using bench testing for flowsheet development, 
resulting in savings of time and money. Speciation, liberation and monitoring of ore minerals 
is crucial. Thus, the distribution of copper and nickel minerals has been used to understand 
the behavior and recovery of minerals and associated metals in the plant (e.g., [14]), but 
also define geometallurgical domains where the nickel recovery is linked to degree of ore 
serpentinisation [15].
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Abstract

Most ore deposits are complex and display a high degree of variability, arising from their inherent 
geological and mineralogical characteristics, which impact their beneficiation. Process mineralogy has 
been disruptive in the last two decades for geological exploration and for the mineral processing industry. 
Minerals are multicomponent elemental systems. Therefore, it is crucial and fundamental to understand 
the distribution of both minerals and metals they carry. Process mineralogy provides critical quantitative 
data i.e., mineral mass, liberation, and association of the minerals. Data can be used to determine 
variability of the ore, help to design, and develop the flowsheet to avoid extensive and time-consuming 
bench testing, and act as diagnostic to the beneficiation process. Automated mineralogy is commonly 
coupled with other advanced mineralogical techniques and can be implemented on projects throughout 
the mining chain, from initial stages of exploration to production. In this paper, we discuss concepts and 
examples of automated mineralogy applied to exploration and feasibility level. 
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Abbreviations: QAM: Quantitative Automated Mineralogy; REE: Rare Earth Elements; EPMA: Electron 
Probe Micro Analysis; LA-ICP-MS: Laser Ablation Inductively Coupled Plasma Mass Spectrometry; 
D-SIMS: Dynamic Secondary Ion Mass Spectroscopy
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Quantification of mineralogical parameters for a variety of ores 
including precious (Au, Pt) [16,17]), and base metals and critical 
elements such as rare earth elements (REE), Li, Nb-Ta [18], can 
be applied to exploration, or lead to the identification of distinct 
zones with specific metallurgical properties to domain the deposit 
[19]. For example, domains can be defined based on the heavy 
(HREE) or light rare earth element (LREE) mineral carriers, or Nb-
phases (e.g., pyrochlore, columbite or Nb-bearing Fe-Ti-oxides), 
Li-carriers (e.g., spodumene, petalite and Li-bearing micas), Cu 
species (sulphides, oxides), or chemical forms of gold (microscopic 
and submicroscopic). Furthermore, grain size, exposure, liberation 
and association, mass distribution by size, of critical element and 
associated gangue minerals can indicate: the optimum liberation 
size and possible grinding effects; potential recovery methods such 
as flotation using the exposure of the minerals, or gravity upgrading 
using the specific gravity characteristics of the minerals. Rare earth 
mineral (REM) speciation (e.g., monazite, xenotime, REE silicates 
and others) can dictate the recovery process i.e., flotation, gravity, 
magnetic separation or a combination of the above, and inform on 
leaching potential of such phases. This speciation is important to 
understand the mining geology and design a mine plan because 
minerals which will carry different concentrations of the element 
of interest and will affect both grade and recovery. The elemental 
deportment becomes essential to the resource evaluation of an 
orebody as each mineral may have a different economic value [20]. 
Therefore, the mineralogical information can delineate the deposits 
based on specific inherent mineralogical features and be linked to 
different metallurgical responses, rather than be used purely to 
describe geological features. These are some of the parameters that 
can be used to predict metallurgical response. Data from analytical 
techniques such as Electron Probe Micro Analysis (EPMA), Laser 
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-
MS), Dynamic Secondary Ion Mass Spectroscopy (D-SIMS) and 
others can be integrated to further link the automated mineralogy 
to geology, mining and processing. This paper discusses some key 
parameters that can be used for the interpretation of mineralogical 
data for process mineralogy, geometallurgy and beneficiation. 

The Significance of Bulk Mineralogy
The proper mineral identification is critical for all projects 

because (i) not all minerals are recoverable using the same method; 
(ii) metals are hosted by a number of minerals; (iii) certain minerals 
might be deleterious (e.g., arsenopyrite), or host harmful elements 
(e.g., Hg). Copper can be hosted by sulphides and sulfosalts such 
as chalcopyrite, cubanite, bornite, chalcocite, but also carbonates 
(malachite) and silicates (i.e., chrysocolla), or oxides, native Cu 
etc. Nickel in magmatic deposits is typically hosted by sulphides 
such as pentlandite, millerite, heazlewoodite, gersdorffite but also 
ferromagnesian minerals (i.e., olivine, serpentine), Cr-Fe-oxides, 
and pyrrhotite, while nickel in lateritic ores may have different hosts 
including Fe-oxyhydroxides, chlorites, clays and others. Lithium is 
typically hosted by spodumene and petalite in hard rock pegmatites, 
but also micas such as lepidolite group, phosphates (amblygonite) 

and others. REE deposits can be even more complicated with the 
presence of minerals such as phosphates e.g., monazite, xenotime, 
allanite, fluorocarbonates such as bastnasite and synchysite, oxides 
such as fergusonite, and other potential REE-Y minerals such as 
zircon, apatite and titanite. The mineral speciation can provide 
guidance to the zonation of the ore, and recoverability of minerals 
and metals. For example, deposits can be mapped based on the 
ratio of the sulphides e.g., chalcopyrite/cubanite in magmatic 
deposits, chalcopyrite/bornite/chalcocite in porphyry deposits, 
pentlandite/pyrrhotite in magmatic deposits, HREM /LREM or REE 
Silicates/phosphates/fluorocarbonates/oxides in carbonatites and 
alkaline granites. 

This leads to proper metal/element speciation and deportment 
(Cu, Ni, REE), and potentially domaining of a deposit which will 
also reflect the recovery potential. Thus, Cu sulphides would 
be recovered together. However, the ratio of the sulphides e.g., 
chalcopyrite/cubanite in magmatic deposits, chalcopyrite/
bornite/chalcocite in porphyry deposits will dictate the final Cu 
grades. REE phosphates and silicates float differently and rejection 
of either one of them during flotation can lead to low REE grades 
of concentrates. Geochemical analyses cannot alone be used to 
calculate the type of minerals and the metal distribution in the 
deposits due to the multiple hosts of the minerals. For example, Cu 
speciation by chemical analyses is always reliable to separate CuS 
from non-secondary Cu minerals such malachite and chrysocolla. 
High oxide copper values from geochemical analysis can include 
Cu derived from chalcocite, and therefore classify large reserves 
of the ore as oxide and non-recoverable. Table 1 shows the bulk 
mineral abundance of three feed samples from three different parts 
of a Zn deposit. It is clear from the mineralogy that the deposit 
displays variability with regards to the main economic (Cu, Zn and 
Pb) and gangue sulphides (pyrite, pyrrhotite and arsenopyrite). 
However, phyllosilicates such as talc and micas, and clays also 
vary among the samples. The importance of understanding 
phyllosilicate gangue mineralogy is also crucial. These minerals 
exist as common gangue minerals and present challenges during 
ore beneficiation with issues arising throughout the processing 
circuit [21]. Talc readily reports to the flotation concentrate due 
to its natural hydrophobicity, and can increase the viscosity in the 
froth phase, resulting in a reduction in both grade and recovery 
[22,23]. Chlorite and amphibole are a major source of magnesium 
and can affect the Zn/Cu/Pb grades if not rejected. Identification of 
clays (i.e., swelling) requires additional investigation because their 
presence can be detrimental in flotation. In gold deposits, the early 
identification of cyanicides (e.g., copper minerals), iron sulphides, 
and oxygen consumers (e.g., pyrrhotite, marcasite), is rather 
critical during mineral processing [17]. The ratio of carbonates to 
potentially acid generating sulphides (e.g., pyrite and pyrrhotite), 
coupled with their liberation, locking characteristics and grain 
size, provides an early diagnostic tool to identify environmental 
attributes. Therefore, the bulk mineralogy of the ore offers a variety 
of evidence that can be properly utilized depending on the nature 
of the project.
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Table 1: Bulk mineralogy of three feed samples.

Mineral/sample Sample-A Sample-B Sample-C

Chalcopyrite 0.25 2.71 1.05

Other Cu Sulphides 0.01 0.02 0.06

Pyrite 12.4 0.96 2.98

Pyrrhotite 10.3 4.28 7.17

Sphalerite 8.18 0.49 7.61

Galena 2.08 0.23 1.61

Arsenopyrite 0.27 0.07 0.15

Other Sulphides 0.02 0.01 0.01

Quartz 14.9 48.7 19.0

Feldspars 0.31 0.80 1.42

Biotite 6.86 4.72 6.07

Muscovite 1.01 4.52 4.01

Clays 0.16 0.93 0.29

Chlorite 12.8 27.6 15.5

Amphibole 8.21 1.86 11.1

Talc 7.61 0.57 12.4

Other Silicates 0.07 0.31 0.15

Fe-Oxides 2.67 0.31 2.00

Other Oxides 0.02 0.09 0.07

Calcite 5.79 0.13 0.70

Dolomite 4.73 0.01 5.75

Other Carbonates 1.15 0.18 0.62

Apatite 0.10 0.10 0.15

Other 0.09 0.47 0.12

Total 100 100 100

Mineral Chemistry and Elemental Distribution
A variety of ore minerals commonly display a wide-range of 

solid solution compositions that vary among and across deposits. 
Both the major and trace element concentrations are important 
for exploration and downstream processes. Mineral chemistry is 
determined by EPMA (major and trace elements such as Zn, Fe, 
Cu, Ni, As in sulphides) LA-ICP-MS (trace elements such as Ga, 
Cs, In, and light elements such as Li in micas, spodumene etc.) 
and D-SIMS (gold concentration in sulphides). For example, REM 
such as monazite, xenotime, and fluorocarbonates do not have a 
fixed composition. Thus, Ce, La, Sm, Y, and also Th and U can vary 
significantly. In addition, commonly occurring phosphate and 
silicate minerals (e.g., apatite, zircon, fluorite, titanite) can carry 
significant REE in their matrices or as minute inclusions. Total REE 
concentrations can reach 7% in titanite and 12% in apatite and are 
widely variable in zircon (up 10%) in some ores [19]. Therefore, the 
elemental distribution can be calculated based on the mineral mass 
and elemental concentrations from the EPMA. The distribution of 
the REE is critical because it provides insights to the main LREE 
and HREE carriers. It enables mass balance calculations to predict 
potential concentrates and tailings losses. Figure 1 illustrates an 
example of the deportment calculated for a feed sample from a 

REE deposit. Synchysite accounts for most of the LREE whereas 
the Y-REE silicates for most of the HREE. Given the fact that 
minerals are multi component element systems, mineralogical 
analysis is mandatory to determine the elemental distribution. 
The presence of Th and U is rather critical and will have to be dealt 
with in the downstream processes. For Li ores, mineral chemistry 
is important to determine the Li and trace elements, Cs, Rb, Ta, Nb 
in the spodumene, micas and other associated minerals. The Li 
content in spodumene might vary among deposits due to geological 
effects (e.g., alteration). Micas can contain Li which will affect the 
overall Li distribution in the sample. On the other hand, Fe in the 
spodumene will dictate its final saleable grade. Furthermore, it has 
been shown [20] that the natural spodumene crystals have lattice 
defects, including isomorphous substitution of Fe, Mn, and Cr. 
Such substitutions affect surface features, such as hydrophobicity 
of minerals and collector adsorption on mineral surfaces. Micro-
flotation experiments, FTIR analysis, and contact angle results 
showed that higher Fe contents favored the oleate adsorption on 
spodumene surface [20]. Therefore, proper analytical methods 
and accurate determination of elemental substitutions in the 
spodumene lattice can be further evaluated in flotation response 
of the mineral.



574

Aspects Min Miner Sci       Copyright © Grammatikopoulos T

AMMS.MS.ID.000609. 5(2).2020

Figure 1: REE-Y deportment in a feed sample.

Mineral chemistry can also determine potential unwanted 
and deleterious elements that affect the concentrate. Similarly, in 
base metal deposits, common deleterious and penalty elements 
do not always occur as discrete minerals that can be removed (e.g., 
arsenopyrite or bismuthinite) but are part of the crystal lattice 
of the minerals (e.g., Bi in chalcopyrite, Hg in Cu-sulfosalts, Cd in 
sphalerite etc.). Identification of minerals that carry the ore elements 
is impossible to determine with geochemical analyses alone. The 
understanding of the mineral and metal distribution is critical for 
beneficiation processes. Nickel in pentlandite, pyrrhotite, and Fe-
Mg-silicates vary widely, and the Ni distribution will affect not only 
the final grades, but the economics of the deposits. For example, 
Ni in Fe-Mg minerals and pyrrhotite is considered refractory and 
non-recoverable. 

Liberation and Association 
Liberation of the minerals is also crucial because it indicates 

the grinding energy required to liberate the ore minerals for 
beneficiation, flotation or gravity. (Figure 2) illustrates an example 
of sphalerite from a feed sample screened into four size fractions 
with a P80 of 150µm. For the purposes of this analysis, particle 
liberation is defined based on 2D particle area percent. Particles 
are classified in the following groups (in descending order) based 
on mineral-of-interest area percent: free (≥95% of the total particle 
area) and liberated (≥80%). The non-liberated grains have been 
classified according to association characteristics, where binary 
association groups refer to particle area percent greater than or 
equal to 95% of the two minerals or mineral groups. The complex 
groups refer to particles with ternary, quaternary, and greater 
mineral associations including the mineral of interest. Liberation 

of sphalerite calculated for the head sample is ca. 81%, while the 
remainder of the sphalerite occurs as complex particles (8%), 
middlings with Fe sulphides (7%), and minor associations with 
chlorite and amphibole (2%) and other minerals (Figure 2a). The 
liberation of the mineral increases from 58% to 73% to 80% to 
88% and 91% from the +150µm to 20µm size fraction. Sphalerite is 
well exposed; 89% of the sphalerite mass has an exposure surface 
of greater than 50%, 7% between 20% and 50% exposure, and only 
4% below 20% exposure (Figure 2b). Empirically, and assuming 
ideal flotation conditions and recovery regardless of grain size, the 
well exposed sphalerite should be recovered in the Zn concentrate, 
moderately exposed could be recovered but will result in a grade 
decrease, while poorly exposed particles will likely be rejected. 
The data clearly indicates that flotation of the sphalerite at this 
P80 will likely yield low grades and recoveries, or impure rougher 
concentrates. For example, the association of sphalerite with Fe 
sulphides remain strong (ca. 9-12%) above 75µm and decreases 
to 6% in the +20µm to 1% in the -20µm fractions. Therefore, it 
is certain that some contamination of the concentrate will occur 
if such middling particles are recovered. Therefore, fine grinding 
would be required to improve liberation and further recover 
sphalerite. The additional grinding, either on a feed or a rougher 
concentrate, will depend on the desired grades and recoveries. Such 
relations can be further modelled for flotation purposes. However, 
very fine-grained sphalerite (<10µm) might be lost to the tailings 
if flotation conditions (e.g., retention times) are mot adjusted. 
Sphalerite shows negligible variations with regards to the Zn, Mn 
and Fe variations. Therefore, variations in the final Zn concentrates 
will be strongly dependent on the liberation and association of the 
sphalerite.
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Figure 2: Liberation and exposure of sphalerite by size fraction and calculated head.
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Grade and Recovery
Mineralogically limited grade-recovery analyses provide 

an indication of the theoretical maximum achievable elemental 
(or mineral) recovery and concentrate grade and are based on 
individual particle liberation and grade data. The achievement of 
ideal recovery and concentrate grade in real metallurgical results is 
nearly impossible, and in the case of a system containing multiple 
valuable minerals, ideal grade-recovery results of the first valuable 
mineral may necessitate complete rejection of a second valuable 
mineral. Figure 3 illustrates the theoretical grade-recoveries 
generated from the QEMSCAN analysis compared to the actual 
metallurgical values from a niobium project. Pyrochlore was 
the main niobate in the deposit. Liberation and grain size of the 
pyrochlore greatly affected its recovery. Overall, the metallurgical 
recoveries fall between 60% and 80% of the total Nb in the samples. 
In cases, where the mineralogically predicted Nb2O5 grade is higher, 
than the one achieved (Figure 3, QS-1 and MET-1, respectively). This 
is attributed to both mineralogical and process related parameters 
(i.e., flotation reagents). For example, pyrochlore is fine-grained 
(<20µm) and is lost as entrainment into the tailings. Coarser 
particles with both poor and good exposure are also lost. The 
theoretical grade-recovery calculations assume that every single 
grain, regardless of size, could be recovered. Furthermore, changes 
must be implemented to recover the fine particles (i.e., higher 

retention flotation time), flash flotation to recover the coarse and 
liberated pyrochlore particles, and re-grind the coarser middling 
particles to increase liberation and surface exposure for flotation. 
On the other hand, many samples have harmonic relations between 
the theoretical and metallurgical grades and recoveries. Figure 3 
shows that the maximum metallurgical grades are achieved as 
they plateau those from the QEMSCAN, although the latter shows 
a range of recovery values (QS-2 and MET-2, respectively). The 
grain size of pyrochlore is about 10-20μm coarser than that in 
the previous sample, and middling particles contain pyrochlore 
with higher surface exposure. Thus, they are better recovered 
from those in the previous sample. Therefore, the mineralogical 
information can explain the grade and recovery relations, enhance 
the understanding of liberation and grain size, and assist the 
flotation process to improve the final niobium recovery. Figure 4 
illustrates a positive correlation (R2=0.84) of niobium recovery in 
the Ro Conc and Final Conc as a function of pyrochlore exposure 
(>20% exposed particles) for three different feed samples. An 
overall positive but empirical trend showing a correlation between 
Nb rougher recovery and exposure of pyrochlore in the overall 
process was established [24]. This might indicate that most of 
the poorly liberated/exposed pyrochlore never make it into the 
final niobium concentrate. Therefore, such relations can explain 
the reasons of low or high recovery and further enhance the final 
niobium recovery.

Figure 3: Grade-recovery curves calculated from the QEMSCAN (QS) and actual metallurgical (MET) values.
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Figure 4: Nb2O5 recovery between cleaner and rougher concentrates using the QEMSCAN data (after 
Grammatikopoulos et al. [24]).

Gold Deportment 
Accurate, detailed information about the gold grade and 

distribution in feed samples and process products (i.e., tails) is 
importance in order to identify potential losses and optimize the 
gold recovery process [25]. Mineralogy of gold deposits (feeds, 
tails) is highly critical to understand the chemical forms of gold; 
quantification of both forms is important. A gold deportment study 
aims to determine the complete gold mineralogical distribution 
in which all forms and carriers of gold (microscopic and 
submicroscopic) [17] are identified and quantified. Other forms of 
gold such as preg robbing and surface bound gold can complicate 
the gold deportment. Quantification of submicroscopic gold in 
sulphides is critical because it is refractory and not amenable to 
cyanidation. The type of microscopic gold minerals is a key factor 
because some of them leach fast (e.g., native gold), others leach 
slower (gold-silver tellurides such sylvanite) and some remain 
refractory (aurostibite). 

However, QAM coupled with analytical techniques (e.g., D-SIMS) 
provides an insight into the potential causes for the gold losses. 
Each form and carrier of gold must be independently assessed, 
and the completeness of the gold mineralogical distribution is 
measured by the final mass and gold balance. Mineralogy of gold 

is not limited to the gold minerals, but also includes the attributes 
of submicroscopic gold and its carriers, and gangue minerals and 
other species that may affect gold processing, such as cyanicides as 
described earlier.

(Figure 5) illustrates the total grade of submicroscopic 
gold for composite samples which is calculated based on the 
sulphide mineral mass from the QEMSCAN analysis and average 
submicroscopic gold concentrations from the D-SIMS. Liberated and 
exposed microscopic gold is amenable to cyanidation. Microscopic 
gold inclusions locked in different host minerals are typically fine 
grained and are considered refractory unless the host minerals are 
re-ground to liberate or expose the inclusions. The submicroscopic 
gold, considered refractory, and accounts for 1% to 14% of the total 
grade of the gold in the composites. Refractory sulfide ores must 
be processed with an autoclave pressure oxidation and subsequent 
cyanidation to recover the submicroscopic gold. The mineralogical 
data show that there will be an expected degree of variability in the 
gold recovery for these samples. Gold minerals include both native 
gold and electrum but also a number of Bi and Te based alloys. 
Therefore, the recovery of the gold will be even further variable. 
Overall, the gold distribution provides insights of how to process 
the gold ores.
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Figure 5: Microscopic (locked, exposed, liberated) and submicroscopic gold distribution in feed samples.

Conclusion
QAM is increasingly playing a significant role in geology, mining 

and mineral processing. It essentially sets realistic targets for final 
grades and recoveries and identifies the roots of the metal losses 
and is an absolute measure of metallurgical performance. There are 
numerous applications of data in daily processes, from variability 
studies, metallurgical test work support and plant optimization. It 
is expected that the role of process mineralogy will increase given 
the low-grade ores, need to determine the inherent mineralogical 
variability of the ores both multi mineral and multi element, and 
improve the final grades and recoveries. QAM provides mineralogical 
information for geometallurgy which encompasses quantitative 
data from geology to mineral processing. Inherent mineralogical 
parameters, when properly quantified, point to potential variability 
of an ore and must be taken into consideration. Mineral attributes, 
as discussed herein, can be effectively integrated in mineral 
processing and flowsheet development, process optimization but 
also mine planning.
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