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Abstract. The Lower and Middle Group chromitites of the 
Bushveld Complex are the source of a very large portion 
of the global chrome supply. Yet, the effectiveness of 
chromite beneficiation circuits is highly sensitive to 
mineralogical and textural variations in feed composition. 
The use of geochemical proxies, based on data acquired 
routinely during the exploration and mining process may 
provide a cost- and time-efficient alternative to more time-
consuming and expensive mineralogical analyses. Such 
an approach is presented in this study, which focuses on 
the LG-6, LG-6A, MG-1 and MG-2 chromitite seams at 
the Thaba mine located on the western limb of the 
Bushveld Complex. According to a sound statistical 
assessment, the chromitites of the Thaba mine area can 
be subdivided into three distinct domains, domains that 
constitute the suitable fundamental for a geometallurgical 
model. Accordingly, a least altered (orthomagmatic) 
domain is distinguished from a supergene altered domain 
and a domain affected by widespread hydrothermal 
alteration. The latter domain occurs below the depth of 
modern weathering, but in obvious proximity to faults and 
around a prominent dunite pipe. The orthomagmatic 
domain is represented by ores least affected by post-
magmatic alteration processes. This domain occupies the 
centre of fault blocks below the extent of modern 
weathering. 
 
1 Introduction 
 
Besides vast resources of chromium, the Critical Zone of 
the Rustenburg Layered Suite (RLS) in the Bushveld 
Complex represents the largest global resource of 
platinum-group elements (PGE) as well as significant 
resources of Ni and Cu (e.g., Maier et al. 2013). A 
significant portion of the geological chromium and PGE 
resources is hosted together with chromite in a series of 
chromitite layers, subdivided according to their 
stratigraphic position in the Critical Zone into the Lower, 
Middle and Upper Groups (LG, MG, UG; Cousins and 
Feringa 1964). In general, LG and MG layers have a 
higher chromium content (>46% Cr2O3 in the LGs) and 
are mined for chromite, compared to the UGs (<42% 
Cr2O3). This trend is accompanied by a decrease of their 
Cr/Fe ratio from >1.8 to <1.3 (e.g. Viljoen 2016). 

The bulk of the LG and MG chromitites extracted in the 
Bushveld Complex have an orthomagmatic mineral 
assemblage dominated by chromite (>50 wt% to 95 wt%) 
and associated gangue silicates, predominantly 
orthopyroxene and plagioclase (Kinnaird et al. 2002). 
This orthomagmatic assemblage has been noted to be 
affected by surficial weathering (down to 50 m; e.g. Junge 
et al. 2015) and hydrothermal alteration (e.g. Voordouw 

et al. 2010). Becker et al. (2014) report an enrichment of 
alteration silicates (amphibole, chlorite, serpentine, talc) 
and Fe-oxides/hydroxides, as well as depletion in BMS 
(base metal and Fe sulfides) as a result of weathering.  

This change in gangue mineralogy will have significant 
impact on the chromite beneficiation process, for both the 
grinding and the separation circuits. A shift in mineralogy 
towards alteration silicate-rich chromitite compositions 
will result in a higher amount of fines, which will reduce 
the performance of the subsequent unit operations 
(Murthy et al. 2011 and references therein). Equally 
important will be the effect of alteration on density 
separation techniques, such as spirals; an increase in 
fine particle sizes (<100 µm) will negatively impact the 
recovery during gravity separation – a significant amount 
of chromite will be lost to the tailings (Gence 1999). 
Murthy et al. (2011) reported that up to 25 % of the 
mineral value originally contained in the chromite ore is 
lost as slimes during beneficiation. 

The scope of this study is to investigate the bulk 
geochemistry of a large number of drill cores of four 
chromitite seams of the Thaba mine (operated by 
Cronimet Chrome Mining SA (Pty) Ltd), to discuss the 
variability within and between the distinct seams and to 
separate the mine lease area into distinct geochemical 
clusters. These clusters are then related to the geological 
architecture in the mine lease area. The results are 
combined with knowledge concerning the quantitative 
mineralogical composition of selected samples achieved 
in Bachmann et al. (2018). This leads to the definition of 
domains that can be clearly distinguished based on their 
mineralogical, geochemical and geological 
characteristics. It is expected that these can also be used 
as a solid foundation of a geometallurgical model for the 
deposit. 

 
2 Data and Methodology 
 
To understand the geological architecture, a geological 
model of the Thaba mine focusing on four target 
chromitite layers and containing 771 chemical assays 
(LG-6: 339; LG-6A: 242; MG-1: 57; MG-2: 133) was 
developed. The geological model is based on 270 drill 
core logs containing collar location, depth and survey and 
geological information. The model is displayed in Figure 1 
(see Bachmann et al, 2019, for reference). The data set 
provided by the mine owner, which comprises data for 
Cr2O3, FeO, Al2O3, MgO, SiO2, CaO and P, was 
evaluated. Details on the quality of the data set, 
performed corrections for sample batches and analytical 
methods can be found in Bachmann et al. (2019).
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Figure 1 3D model geometry of the Thaba mine. 3D view of the surfaces representing the four target chromitite layers. 

3 Results and Discussion 
 
Cluster analysis was performed separately for LGs and 
MGs, respectively. Figure 2A displays a distinct 
separation into four clusters for geochemical data of the 
LG-6 and LG-6A. While cluster 1 represents samples 
high in Cr2O3 and low in CaO/SiO2, cluster 2 shows a 
slight but systematic shift to SiO2 and CaO enriched 
compositions. Cluster 3 is dominated by outliers with high 
CaO and/or SiO2 contents, while Cr2O3 shows, in general, 
lower concentrations. The “supergene” cluster represents 
all drill core intersections classified as cluster 2 and are 
within the first 50 m below surface. Whether the drill core 
intersections of this cluster were already altered prior to 
being exposed to weathering cannot be determined. 
Additionally, the results display systematic trends that are 
independent of the actual chromitite layer considered.  

Figure 2B shows the results of the corresponding 
cluster analysis for MG-1 and MG-2. Note that PC3 is 
shown on the y-axis, displaying similar loadings as PC2 
in Figure 2A. On the other hand, PC2 of the MGs 
corresponds to PC3 of Figure 2B (as well as PC3 of the 
LG’s), showing strong loadings on phosphorous. Hence, 
due to limited data points, cluster discrimination for the 
MG chromitites is not as significant as for the LGs, but 
appears more “noisy”. Nevertheless, overall trends are 
similar to the LGs, representing a shift towards SiO2/CaO 
richer compositions from cluster 1 through cluster 2 to the 
“Supergene” cluster. As shown in Figure 2A, cluster 3 
predominantly represents outliers with either high 
phosphorous or CaO contents. Similar to the LG-6/LG-
6A, trends do not distinguish MG-1 from MG-2.  

 
3.1 Linking geochemistry with mineralogy 
 
The mineralogy of chromitite seams of the LGs and MGs 
is well known and has been previously described in detail 
(e.g. Naldrett et al. 2012 and references therein), as well 
as for the Thaba Mine lease area (Bachmann et al. 2018). 

Firstly, Cr2O3 occurs almost exclusively in chromite and 
mineral compositions of chromite show only slight 
variation, thus the assumption to link increasing Cr2O3 
contents with increasing chromite concentrations is valid. 
Silicate minerals in primary orthomagmatic chromitites 
are orthopyroxene, minor clinopyroxene, olivine, feldspar 
(mainly plagioclase) and dark micas with biotitic 
compositions. This rock-forming mineralogy is well 
reflected by the available chemical assays, with minor 
exceptions, such as V, Ti, and Mn, usually accounting for 
not more than 1-2 wt% in total. Furthermore, iron was 
only measured as FeO, but in reality, iron is present as 
both FeO and Fe2O3, which again will account for another 
few wt% in total. It can be concluded that the chemical 
assays contained in the database should account 
for >97 wt% of the total chemical composition of a typical 
orthomagmatic chromitite sample. Yet, there is a 
significant number of analyses with totals below 95 wt%. 
Analyses with low totals display a significant positive 
correlation with increasing SiO2 and CaO concentrations, 
and are also marked by an abundance of alteration 
minerals, such as chlorite, talc, serpentine and amphibole 
(Bachmann et al., 2018). Furthermore, significant 
amounts of carbonate minerals such as calcite and 
dolomite are present in some samples. Hey (1999) 
documented that clay minerals (e.g. smectites) are 
common in chromitites affected by supergene alteration. 
These alteration minerals incorporate certain amounts of 
volatiles (water, carbonate) – constituents not included in 
the assay data set. Therefore, low totals are attributed to 
high abundances of alteration minerals. Alteration will, 
however, also change the relative abundance of certain 
elements within the data set. Due to the high resistance 
of chromite to alteration, the absolute amount of chromite 
will remain rather consistent, while the gangue mineral 
assemblage can change dramatically. An increase in 
volume of the seams, for example, will decrease the 
relative amount of chromite, hence, the Cr2O3 
concentration decreases. All these parameters can be 
used as a proxy to detect alteration. 

.
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Figure 2 Compositional biplots of major element oxides and phosphorous showing (A) results of a cluster analysis of LG-6 and LG-6A 
chromitites (first (x-axis) vs. second (y-axis) principal components; PC) and (B) of MG-1 and MG-2 chromitites (first (x-axis) vs. third (y-axis) 
PC). The compositional contrast between LG-6/ LG-6A and MG-1/ MG-2, respectively, was minimized by matching the means of each seam. 

3.2 From chemical clusters to geochemical 
domains 

 
The integration of geochemical clusters into the 
geological 3D model allows recognition of the inherent 
relations between geochemistry and geological 
architecture. As shown in Figure 3, clusters form distinct 
geochemical domains. General trends are similar for both 
the LG-6 and LG-6A. While cluster 1 can be allocated to 
the southern part of the deposit, cluster 2 and the 
“supergene” cluster are, in general, located in the north 
of the mine lease area. Cluster 3 comprises outliers and 
can hardly be translated as a distinct geochemical 
domain, but points towards chemical anomalies within the 
deposit. For the LGs, cluster 1 shows homogeneous 
elemental distribution including high Cr2O3, Al2O3 and 
FeO concentrations, while SiO2 and CaO contents are 
low. The spatial distribution of this most pristine cluster 
seems to be connected to the distribution of troctolite. 
Troctolite is believed to cause metasomatization and/or 
replacement of orthomagmatic mineral assemblages 
(Voordouw et al. 2010) inducing increasing CaO and 
Al2O3 (plagioclase) and MgO (olivine) concentrations. 
However, we cannot observe such systematic changes in 
mineralogy in the majority of samples within cluster 1. 
Nevertheless, in the rare cases, when troctolites are 
emplaced in direct contact with the chromitite seams, 
they cause dramatic changes in the chemistry. Cluster 2 
comprises chromitite samples affected by different types 
of alteration, with generally lower grades in Cr2O3 and 
increased SiO2 and/or CaO. On the one hand, these 
alteration processes are associated with the Middellaagte 
IRUP (iron-rich ultramafic pegmatite; e.g. Scoon and 
Mitchell 1994) and form a halo of 
metasomatization/hydrothermal alteration. On the other 
hand, alteration is related to serpentinization within and 

immediately around fault zones in the central portion of 
the mine lease area.  
The “supergene” cluster forms a domain of supergene 
altered/oxidized ore and displays even lower Cr2O3 
grades than the pristine and altered domains, while SiO2, 
CaO and FeO concentrations increase. As defined above 
and in accordance to literature (Junge et al. 2015), 
supergene alteration is restricted to intersections <50 m 
below surface. It appears reasonable to expect a rapid 
gradational contact between the supergene and pristine 
ore zones, although this remains to be tested. This notion 
is supported by results of the present study, because not 
all intersections <50 m are classified to the “supergene” 
cluster. Nevertheless, to define a transition zone between 
oxidized and pristine ores, the spatial resolution of the 
data set would have to be significantly higher. Similar to 
the LGs, integration into the geological geometry of the 
defined chemical clusters was performed for the MG 
chromitites. Due to the limited amount of data for the MG-
1 (only ~50 intersections), defining precise domains using 
chemical clusters was challenging. Nevertheless, it can 
be stated that the data sets of MG-1 and MG-2 show a 
similar behavior; it appears thus reasonable to assume 
that both seams also have similar domains.  
 
4 Conclusions 
 
This case study illustrates how the combination of 
geochemical and geological data, complemented by 
tailored statistical evaluation, can provide a sound 
foundation for geometallurgical domaining and modelling. 
According to our assessment, three distinct geochemical 
domains are developed within the Thaba chromitite 
deposit. Firstly, the supergene altered domain is clearly 
differentiated from domains that are below the extent of 
modern day weathering. The chromitites below 
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Figure 3 Maps of the mine lease area at the Thaba mine. Maps show all collar positions and the corresponding clustered geochemical data 
(according to Figure 10) of (A) the LG-6 and (B) the LG-6A. Maps displaying all alteration markers in close vincinity (150 m vertical and 
horizontal) to the seam intersections are shown in (C) for troctolite and (D) for all other alteration markers. Please note, all drill core intersections 
<50 m depth are displayed as diamonds; drill core intersections >50 m depth are shown as circles.  

the depth of weathering can be further subdivided into a 
pristine domain with a predominantly orthomagmatic 
composition – and a domain affected by hydrothermal 
alteration processes. The latter domain is developed – 
sensibly – along fault structures and around the 
Middellaagte IRUP. These domains are crucial to design 
a sensible and tailored beneficiation process for 
chromitite ores, where the pristine domain will show 
superior processing characteristics for chromite 
beneficiation. 
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Abstract. Ore texture displays the fundamental ore 
properties that significantly influences processing 
behavior of ores. Of all texture characteristics, mineral 
grain size and mineral association are expected to have 
the greatest influence. These textural features can be 
used to predict the separation performance of ores. To 
obtain such micro-scale textural information is costly and 
time-consuming to be applicable to the entire deposit. 
Recent work has shown the contribution of vein-type 
mineralization in the separation behavior of ores. Since 
veins can be identified during core logging, it provides a 
cost-effective means of acquiring textural information 
relevant to mineral processing for the entire deposit. This 
can then improve geometallurgical characterization of 
separation performance, providing better understanding 
of separation variability within the deposit.  
  
1 Introduction 
 
The depletion of easily mined high-grade ore bodies has 
resulted in the industry being required to process lower 
grade, complex resources to meet the increasing demand 
for minerals (Albanese and McGagh 2011; Darling 2011; 
Randolph 2011). The trend is now towards mining and 
processing of low-grade and complex ores (Darling 2011; 
Yingling 1990). Such ores come with variable geological 
and mineralogical characteristics, and complex 
mineralogy and texture. Variable characteristics, and 
complex mineralogy and texture can result in large 
variations in metallurgical response and also causes 
challenges in processing (Carson 1995; Lorenzen and 
Barnard 2011; Yingling, 1990). Variability and the 
complex nature of ores are fundamental sources of risk 
that can often cause adverse economic impacts to mining 
operations (Dusci et al. 2007; Williams and Richardson 
2004). Hence it is important to effectively characterize 
these types of ore bodies as early as possible in the 
project development process and assess their processing 
performance to enable the development of economic and 
optimized production. 
  
2 Ore texture – key driver to mineral 

separation 
 
A case study was performed on a copper porphyry 
deposit to assess its variability in separation 
performance. An integrated geometallurgical method was 
carried out to populate the exploration database with 

copper recoveries. The method applied a principal 
component analysis on the database to divide the deposit 
according to similar geological and mineralogical 
characteristics. Each group had a distinct set of dominant 
geological and mineralogical characteristics, which were 
then used as input terms to predict copper recovery. The 
group-based modelling provided an indication of the key 
geological and mineralogical characteristics influencing 
copper recovery that were not evident in the original 
exploration database. Two drill core samples belonging 
to one group, and another two samples from another 
group were selected to undergo physical tests. The drill 
cores were crushed into particles; a sub-sample 
underwent flotation test and another sub-sample 
underwent texture measurement through the Mineral 
Liberation Analyser (MLA) (Fandrich et al. 2007). Each 
drill core sample was treated and analysed individually. 
The predicted and measured recoveries, and measured 
ore texture are shown in Table 1 and Fig. 1. 
 
Table 1. Predicted and measured recoveries and grade 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 1. Comparison of the measured copper sulphides grain size 
distribution. (Left) Samples A.1 and A.2 have similar dominant 
geological and mineralogical characteristics, but A.1 exhibits slightly 
coarser copper sulphides grain size distribution and yielded higher 
measured copper recovery. (Right) Samples B.1 and B.2 also have 
similar dominant geological and mineralogical characteristics, but 
B.1 exhibits coarser copper sulphides grain size distribution and 
yielded higher measured copper recovery. 
 
 

It was observed that there are discrepancies between 
experimental flotation recoveries and predicted 
recoveries. This indicated that the geological and 
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mineralogical data obtained from core logging which were 
used in the development of geometallurgical models for 
copper recovery were not capturing the underlying drivers 
for flotation response. However, the drill core samples 
yielded varying recoveries, which illustrates the 
usefulness of the integrated geometallurgical method in 
effective sampling of a variable deposit.  Flotation is the 
most important and versatile separation technique that 
allowed the mining and processing of low-grade and 
complex ore bodies (Alexander et al. 2006). It is a 
complex process driven by several factors – from ore 
properties to operating parameters. It has been 
recognised that ore texture is representative of the 
fundamental ore properties that will determine the ease 
of mineral liberation and the subsequent mineral 
separation (Ferrara et al. 1989; Gaudin 1939; Jones 
1987; King 1994; Petruk 2000). In metallurgy, the ore 
texture refers to the spatial arrangement, distribution, 
association, orientation, size and shape of the mineral 
grains that make up the ore (Barton 1991; Ferrara et al. 
1989; Gaudin 1939; King, 1994; Preti et al. 1989). Of all 
texture characteristics, mineral grain size and mineral 
association are expected to have the greatest influence 
on processing behaviour (Evans 2010; Sutherland 2007; 
Tungpalan 2015). In the case study, it was found that the 
presence of coarser copper sulphide grains resulted in a 
higher degree of copper sulphides liberation as shown in 
Fig. 2, and higher copper recovery. The coarser mineral 
grains are easier to liberate compared to fine-grained 
minerals (Petruk 2000; Sutherland 1989). Consequently, 
the greater is the degree of liberation of the valuable 
minerals, it is highly likely that more valuable minerals will 
be recovered. 

 
 
 
 
 
 
 
 
 

Figure 2. Comparison of the measured cumulative liberation of 
copper sulphide minerals. (Left) Sample A.1, having slightly coarser 
copper sulphides grain size distribution, yielded lower degree of 
liberation than A.2. This suggests that grain size is not the only key 
factor affecting the liberation of copper sulphides for these ores. 
(Right) Sample B.1, having coarser copper sulphides grain size 
distribution, yielded higher degree of liberation than B.2. 
 

Mineral association also has an effect on the 
concentrate grade as well as the recovery. The case 
study showed that the ore where the copper sulphides 
are highly associated with sulphide gangue, particularly 
pyrite (Fig. 3), resulted in a higher copper recovery but 
lower concentrate grade. Since pyrite is a floatable 
mineral, particles (containing copper sulphides and 
pyrite) are more likely to float and hence have greater 
chances to be recovered. On the other hand, copper 
sulphides with higher degree of association with the non-
floatable, non-sulphide gangue are less likely to be 
recovered, thus can lower the recovery. 
 

Figure 3. Comparison of the copper sulphides association with other 
minerals. (Left) The association between A.1 and pyrite is higher 
than between A.2 and pyrite; the association between A.1 and other 
gangue is lower than between A.2 and other gangue. The 
association of the copper sulphides with pyrite in sample A.1 could 
have caused its higher recovery despite having lower liberation of 
copper sulphides. This is also evident by the lower concentrate 
grade of sample A.1. (Right) The association between B.1 and pyrite 
is higher than between B.2 and pyrite; the association between B.1 
and other gangue is lower than between B.2 and other gangue. 

 
The results from analysis of the particles indicate that 

mineral grain size and mineral association are key 
textural drivers to separation behavior of ores. They 
provide valuable information for the grinding circuit and 
cleaner flotation. In particular, they could indicate the size 
to which the particles should be reduced to achieve 
optimum liberation. However, to obtain such detailed 
textural information is expensive and time-consuming to 
be practically applicable to the entire deposit. They are 
typically measured using high resolution measurement 
tools such as the MLA (Fandrich et al. 2007) and 
QEMSCAN (Sutherland and Gottlieb 1991). As a result, 
variability in separation performance within the deposit 
has not been fully understood. This points out the need 
to identify ore texture that are relevant to mineral 
separation at a larger scale i.e. drill core-scale. Recent 
works have shown the influence of mineralization styles 
in separation behaviour of ores, particularly of veins and 
disseminated grains (Tungpalan et al. 2017, 2018; 
Wightman et al. 2018). A drill core from the same copper 
porphyry deposit with evident veining structure was cut 
into semicircular slabs. Selected slabs were first analysed 
in the MLA to determine the extent of veining (Fig. 4). The 
slabs showed varied degree of sulphide veining from 11% 
to 22%. To investigate the influence of veining, the slabs 
were divided into two - those with ≤11% of sulphide 
veining were nominated as low and those with  >11% 
were considered high. The slabs then underwent single 
impact breakage and analysed again in the MLA to 
measure the sulphides liberation. The measured 
sulphides liberation in the 600 micron particles (solid 
lines) and 300 micron particles (broken lines) are 
displayed in Fig. 5. It is evident that the presence of veins 
contribute to the ease of sulphides liberation. It was 
observed that the slabs with high extent of veining yielded 
higher degree of sulphides liberation. It was also 
observed that for the high veining, liberation of sulphides 
start to propagate even at 600 micron particles (indicated 
by the red line in Fig. 5). Whereas, in the low veining, 
sulphides start to liberate only at 300 microns. 

Wightman et al. (2018) also examined the implications 
of disseminated grains on the liberation of gangue 
minerals. It was observed that the presence of 
disseminated grains, their grade and size distribution 
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have direct impact on the degree to which rejection of 
gangue minerals at coarse sizes is possible. The 
rejection of gangue at coarse particle size will also bring 
significant benefits in mineral processing.  
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 4. Slab image obtained from MLA showing veins and 
disseminated grains. 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 

 
Figure 5. Cumulative liberation of sulphides measured from the 
slabs in the MLA. Greater veining contributed to an increased 
degree of sulphides liberation and contributed to propagation of 
liberated sulphides at coarser particle size. 
 

More research work has to be done to gain better 
understanding of the role of veins and disseminated 
grains in separation behaviour of ores, particularly linking 
it with recovery. However, the work highlights the 
significance of vein-type mineralization in the ease of 
mineral liberation. The presence of veins contributes to 
an increased degree of liberation and also contributes to 
the propagation of liberated minerals at coarser particle 
sizes. Vein structures can be a proxy for separation 
performance, and is therefore a valuable tool for 
understanding potential mineral recoveries as early as 
the exploration phase. Since veins can be identified 
during drill hole logging without the use of expensive high 
resolution devices, it provides a cost-effective means of 
acquiring textural information relevant to processing for 
the entire deposit. The information from vein structures 
has potential benefits in improving geometallurgical 
characterization of separation performance, providing 
better understanding of the separation variability within 
the deposit. Logging of vein structures is therefore 
important and should include not only the type of vein but 
also the extent of veining. 

3 Implications 
 
It is apparent that the texture of the ore, particularly 
mineral grain size, mineral association and vein 
structures, have significant influence on copper sulphides 
liberation and copper recovery. This suggests the 
importance of describing texture to assess the separation 
performance of the deposit which then enables creation 
of strategies for optimized economic production. It is 
important to note that the scale at which detailed 
measurements of ore texture are undertaken is critical 
and needs to be carefully considered.  
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Abstract. The reliable distinction of gangue (typically 
quartz or silicates) and epoxy resin (commonly used to 
embed the sample, before polishing) is a pending 
problem for the widespread automated mineralogical 
characterization of ores and its application to 
geometallurgy. Traditional methods based on specular 
reflectance (R) measures are not able to distinguish 
between gangue and resin because of their similar R 
values. Different additives (colorants and fluorescein) 
have been investigated to alter the spectral signature of 
the resin in polished thin sections. Automated 
segmentation can commonly be achieved with colour 
dyes, only if R ratios are used, instead of R values. 
However, the results are most reliable with the addition of 
fluorescein. The acquisition of fluorescence images with 
the 20x objective, shows a high contrast between bright 
and dark areas (belonging to resin and mineral particles, 
respectively). This opens the way to the generalized 
application of automated methods of optical microscopy, 
such as the AMCO system, for geometallurgical 
characterization, with a notable increase in efficiency 
over traditional methods (point counter) and a significant 
cost reduction compared to electron microscopy.  
 
1 Introduction 
 
The reliable distinction of gangue (typically quartz or 
silicates) and epoxy resin in reflected light microscopy 
(through the measurement of specular reflectance in the 
visible and near infrared ranges, between 400 and 1000 
nm), is a common problem for the automated 
geometallurgical characterization of ores with digital 
image analysis software. This is not a difficult problem in 
polished whole rock samples, because resin is present at 
the border only and can be easily isolated. 

In milled ore concentrates, however, each ore grain or 
particle is surrounded by resin. This resin must be 
discriminated from gangue in order to carry out 
automated quantitative analysis of ore and gangue, or 
when the contours of the grains have to be recognized to 
define morphological properties. This distinction is 
therefore a requirement for a widespread application of 
automated optical microscopy, which warrants a notable 
increase in efficiency over traditional methods (point 
counter) and a significant cost reduction compared to 
electron microscopy. 

Neumann and Stanley (2008) studied the possibility of 
discriminating quartz from commercial epoxy resins. 
They concluded: “The close coincidence of specular 
reflectance for quartz and epoxy resins ensures that there 

is not relevant reflectance contrast between them, even 
when spiked with dyes. This data set is final, and 
precludes the application of reflectance in light optical 
image analysis for assessment of liberation, phase 
quantification, or any other signal that requires separation 
of resin from transparent minerals”. Delbem et al. (2015) 
propose for iron ore characterisation a semi-automated 
quartz/resin classification, defining first the particle 
contours, and then applying the measured R values 
inside each particle to identify its components, but the 
contour definition is not always straightforward.  

The approach of this work is the direct definition of the 
particles based on the measured R values. 
 
2 Background 
 
This research benefitted from previous experiences in the 
GeMMe Lab (University of Liège) and in the Laboratory 
of Applied Microscopy (LMA, Universidad Politécnica de 
Madrid), kindly contributed by Pirard E., and Pérez-
Barnuevo L., resp., which even if unsuccessful were 
instrumental to avoid repetition of useless attempts, 
including use of organic solvents to etch the polished 
epoxy surface, laser ablation, use of different additives to 
modify the surficial appearance or the refractive index 
(and R) of the resin, use of different types of dyes (yellow, 
blue and red), graphite powder, etc.  

A common feature of these attempts was the use of 
polished blocks (PB), in which results are usually 
unsatisfactory, even with coloured resins, because the 
epi-illumination penetrating the surface of the block is 
transmitted and diffused within the resin and the gangue, 
and can be finally conveyed back to the surface through 
the transparent gangue grains, apparently tinting them 
with the resin’s colour. 

In 2017, a Grade`s Thesis funded by a GIRMI-UPM 
grant (Grunwald-Romera 2017) brought forward Pérez-
Barnuevo’s work by studying the effect of different types 
of resin additives (the same yellow, red and blue dyes, 
plus fluorescein), in Polished Thin Sections (PTS). PTS 
have a typical thickness of 30 µm, thinner than the grain 
size of most samples, thus minimizing the presence of 
dyed resin under the grains. Should the grain size be 
smaller, thinner PTS might be prepared. This method 
proved to be quite effective, and therefore PTS were 
chosen as the standard sample preparation method for 
the tests that were performed later. 

From 2016 to 2018, the LMA led the development of 
the AMCO System, an automated mineralogical 
characterisation system based on optical microscopy. 
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The work was carried out within a research project funded 
by EIT Raw Materials, with the participation of the 
University of Liège, the SME Thin Section Lab, and two 
mining companies (Cobre Las Cruces and KGHM). 
AMCO (which stands for Automated Microscopic 
Characterization of Ores), is the result of an upscaling of 
the CAMEVA system (Castroviejo et al. 2009, Catalina 
and Castroviejo 2017). 
 
3 Materials and methods 
 
A number of polished sections were prepared from two 
samples of quartz sand (IMOSAB and GUD), using two 
epoxy resins (Feroca and Struers EpoFix Kit), and four 
dyes from Struers: the three AcryDye pigment-based 
liquid colorants (yellow, red and blue), and EpoDye 
(fluorescein in powder). Undyed polished sections were 
also prepared, for comparison. 

Nine PTS, two with each dye plus one without, and two 
PB, one with EpoDye and one undyed, were prepared 
from IMOSAB sand in the labs of Complutense University 
of Madrid (UCM) by the first author for her Grade’s Thesis 
(2017). A set of polished sections used Feroca resin with 
6 drops of AcryDye colorant for each one, while another 
set used EpoFix resin with 10 drops of AcryDye. For the 
sections with fluorescein, even if not exactly quantified, 
IMOSAB_F001 contained a larger amount of EpoDye 
than IMOSAB_F002. 

Later on, five PTS and PB pairs from each sand 
sample (IMOSAB and GUD) were prepared at Thin 
Section Lab (Toul, France) using EpoFix resin and the 
same four dyes, plus one undyed.  

Multispectral images of the polished sections were 
acquired at the LMA on a prototype of the AMCO system. 
The AMCO system prototype is based on a Leica 
DM6000 M reflected-light optical microscope integrating 
additional components, such as a fluorescence filter 
cube, a 12V/100W halogen light source with a custom hot 
mirror, a high-precision XY motorized stage, a filter wheel 
containing a large number of hard coated bandpass filters 
in the VNIR range, and a high-resolution monochrome 
video camera. The multispectral images are typically 
composed of 21 bands: 13 reflectance bands in the 
visible range from 400 to 700 nm with 25 nm bandpass 
(BP), 6 reflectance bands in the NIR from 750 to 1000 nm 
with 50 nm BP, a reflectance band in the NUV range 
centred at 370 nm with 36 nm BP, and an optional 
fluorescence band obtained through the L5 cube 
(excitation filter: BP 480/40 nm, dichromatic mirror: 505 
nm, suppression filter: BP 527/30 nm), which is especially 
suited for fluorescein. 

 
4 Multispectral measurements 
 
Multispectral images of each of the polished sections 
were acquired with 5x, 10x and 20x objectives. For the 
images of the coloured resin sections, just the 20 
reflectance bands were captured, as these resins do not 
exhibit significant fluorescence. However, for the images 
of the fluorescent resin sections, all the 21 bands (20 
reflectance bands plus the fluorescence band) were 

captured. The fluorescence band does not measure 
reflectance, but the intensity of the fluorescence of the 
sample. Because of this, it was necessary to adjust the 
integration time of the camera for the fluorescence band 
before the acquisition, to adapt it to the brightness level 
of the fluorescent resin, which depended on the amount 
of EpoDye added (higher amounts of fluorescein made 
the resin shine brighter, so it needed a shorter exposure 
time to prevent the image from becoming saturated).  

Several images of each PB and each PTS were 
acquired with each objective, in order to determine the 
effect of the different dyes on the resin. These images 
were examined one by one with the AMCO image 
analysis software (Fig. 1). In each image, a number of 
rectangular boxes were manually drawn with the mouse 
on sufficiently uniform regions of the sand grains and the 
resin matrix, in order to select the gangue and resin 
regions used to conduct the study.  
 

 
 

Figure 1. Window capture of AMCO image analysis software while 
examining an image of a polished thin section (IMOSAB-Y001) 

 
The top-right graph of Figure 1 shows spectral curves 

measured on an image of a PTS prepared with yellow 
dye. Each curve is computed as the average (or the 
mode, at user’s choice) of the multispectral R values of 
all the pixels contained within a region. The measured R 
values correspond in fact to apparent reflectance, which 
is higher than the nominal specular reflectance due to the 
well-known contribution of light diffused within the 
polished section (Criddle 1990). This effect is produced 
in transparent minerals by internal reflections, which are 
seen through the surface.  

Measurements on PB show that the R values are very 
similar for gangue and resin, making automated 
distinction unreliable, while for PTS there are noteworthy 
differences. Therefore, for the rest of the discussion we 
will focus on PTS only. 

 
5 Results and discussion 
 
Figure 2 shows average spectral curves for gangue and 
resin from PTS prepared with resin dyed with the three 
colorants. Studying the curves, it can be realised that the 
R values of dyed resin regions are somewhat lower than 
the R values of gangue regions at some bands. These 
bands are typically the bands near the complementary 
colour of the dominant hue of the dye. For instance, with 
the yellow dye, resin appears significantly darker than 
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gangue in the bands closer to the blue range (between 
400 and 500 nm).  

 

 
Figure 2. Effect of resin dye colour on measured spectral curves of 
gangue and resin 

 
This spectrally uneven darkening of the resin can be 

exploited by computing ratio images of selected bands. 
Figure 3 shows a ratio image, in which each pixel is the 
quotient of the R value of the 425 nm band divided by the 
R value of the 700 nm band, for a PTS made with yellow-
dyed resin. The difference in grey level between the 
gangue and the resin in this image is remarkable, as the 
bimodal histogram in Figure 4 clearly shows.  

 

 
 

Figure 3. Ratio of 425 / 700 nm bands (yellow-dyed resin, 10x) 
 

 
 

Figure 4. Histogram of the 425 / 700 nm ratio image of Figure 3 
 

The behaviour of the three AcryDye colorants is 
similar, although the effect is less intense for the red and 
blue dyes than for the yellow. Depending on the amount 

of colorant added, the aspect of the resin can change 
considerably. If the amount of dye is small, its pigments 
absorb part of the light that impinges on the resin, 
decreasing its apparent reflectance. As the amount of 
pigment increases, its particles make the resin behave 
like a higher-reflectance surface. 

The magnification of the objective also has a clear 
effect in the separation between the spectral curves of 
gangue and resin: it is wider for the 5x and 10x objectives 
than for the 20x objective (Fig. 5). Nevertheless, 20x is 
the preferred magnification for ore characterisation, so 
the selected solution should be the one working best with 
20x objectives.  

 

 
Figure 5. Effect of objective magnification on spectral curves 
separation 

 
EpoDye behaves as a colorant very similarly to the 

yellow dye, and produces very good ratio images as well. 
However, its effect is even more outstanding when the 
image is acquired in fluorescence mode, as the resin 
appears bright while the gangue looks almost black, as 
Figure 6 shows. The histogram of fluorescence images is 
clearly bimodal (Fig. 7), implying a straightforward 
segmentation.  

Therefore, the best solution is to use fluorescein as 
dye (EpoDye), and acquire a band in fluorescence mode, 
because of its higher effectivity with the 20x objective. 
While in bright-field mode differences between gangue 
and resin are small, in fluorescence mode resin becomes 
very bright and is clearly distinguished from mineral 
grains. Fluorescent minerals that might exist in the 
sample could be the only disadvantage of this method, 
but they are not common components of milled ore 
concentrates, and their fluorescence would also help to 
detect them.  

 
6 Conclusion and applications 
 
The results of this work for Polished Blocks (PB) agree 
with the conclusions reported by Neumann and Stanley 
(2008).  

However, our work has shown that an effective method 
to distinguish between resin and gangue minerals is 
possible for Polished Thin Sections (PTS), without 
altering the properties of the ores or the gangue present 
in the sample. 
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Figure 6. Image of fluorescence (fluorescein-dyed resin, 20x) 
 

 
 

Figure 7. Histogram of the fluorescence image of Figure 6 
 
Although all the studied colorant dyes can provide ratio 

images presenting a good discrimination between resin 
and gangue with 5x or 10x objectives, the best solution 
appears to be the use of the fluorescent dye, because of 
its high effectivity with the 20x objective, both for ratio and 
fluorescence images. This enables the application of 
Digital Image Analysis based on Reflected Light 
Microscopy to milled ore samples or concentrates.  

With this solution, using PTS, the way to the 
generalized application of automated methods of optical 
microscopy for geometallurgical characterization is wide 
open. Nevertheless, for whole-rock studies automated 
identification of gangue minerals is possible even in PB, 
except for porosity measurement or for very porous 
samples, because the presence of resin is limited to the 
borders and can be easily isolated.  

 
 

Figure 8. Mask for resin computed from image of Figure 6 
 

The AMCO image analysis software incorporates a 
routine to implement the automated distinction between 
gangue and resin that creates a mask for the resin area, 
isolating the particles present in the microscopic field 
(Fig. 8). AMCO is thus able to offer an accurate modal 
analysis of milled ore concentrates, as well as whole-rock 
samples, automatically discounting the regions of resin 
from the sample.  
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Abstract. The Liikavaara Cu-(W-Au) deposit in northern 
Sweden is scheduled for production by the mining 
company Boliden AB in 2023. The ore will be processed 
in the plant of the nearby Aitik Cu-Au deposit. Copper will 
be the primary product and the trace metals Au and Ag 
will be byproducts. The trace mineralogy of Liikavaara, 
however, differs from that of Aitik and this might have 
implications on the mineral processing and recovery 
efficiency. Gold occurs mostly as free <10 µm-sized 
grains of native Au and electrum. Some Au is associated 
with native Bi, typically in <5 µm Bi-melt drops. Gold 
grains commonly form inclusions in quartz and sulfide 
minerals. Silver is found in electrum, hessite and 
acanthite. Hessite is the most abundant Ag mineral and it 
is commonly intergrown with pilsenite. Similar to Au, 
inclusions and crack-fillings of Ag in sulfides and quartz 
are most prominent. The small grain size, the diverse 
mineralogy, the association with Bi-phases, and the 
occurrence as inclusions in quartz may lower the 
recovery of Au and Ag in Liikavaara compared to Aitik, 
where Au and Ag phases are mostly bound in sulfides. 
Hence, adaptation of the processing parameters may be 
necessary in order to increase recovery of Au and Ag 
from the Liikavaara ore. 
 
1 Introduction 
 
The mineralogy, occurrence and distribution of trace 
metals in ore deposits often hold valuable information on 
ore genesis, but also their study is of interest from an 
economic perspective. Despite their low abundance, they 
can have a strong impact on the profitability of a mining 
venture. Trace metals like Au and Ag commonly add 
value as byproducts in mining operations. Other metals 
like Sb, As and U are deleterious. They either lower the 
quality of a primary commodity or require costly 
remediation to comply with environmental regulations. A 
good understanding of the trace metal mineralogy and its 
distribution in an ore deposit is therefore crucial to 
optimize profit and increase sustainability of a mining 
operation. 

The Liikavaara Cu-(W-Au) deposit is an intrusion-
related vein-style ore deposit in northern Norrbotten, 
Sweden (Fig. 1). It has a total resource estimate of 57.5 
kton at 0.26% Cu, 0.06 g/t Au, and 2.2 g/t Ag (Boliden AB 
summary report 2018). Boliden AB holds the mining 
concession for the deposit and is currently in the mine 
development stage with estimated production to start in 
2023. The deposit is enriched in a number of trace metals 
including Bi, Au, Ag, Sn, Te, and W. Gold and Ag are to 

be produced as byproducts next to the primary production 
of Cu. Tungsten and other trace metals are currently not 
deemed profitable to extract. The Liikavaara ore will be 
processed in the plant of the nearby Aitik Cu-Au deposit. 
Despite their proximity, the two deposits show some 
differences in their mineralization (Warlo et al. submitted). 
This might affect the behavior of the ore during 
processing and ultimately the recovery efficiency. While 
the Aitik deposit has been described geologically in 
several studies (Monro 1988, Wanhainen 2005, 
Sammelin-Kontturi et al. 2011, Wanhainen et al. 2014), 
literature on the Liikavaara deposit are limited (e.g. 
Zweifel 1976, Warlo et al. submitted). Here, we present a 
detailed characterization of Au and Ag mineralogy in the 
Liikavaara deposit. The results should aid to optimize 
recovery efficiency of Au and Ag from the Liikavaara ore.  
 
2 Geological background 
 
The Liikavaara Cu-(W-Au) deposit is situated in the 
Gällivare area of the ore district of Northern Norrbotten, 
close to the world-class Aitik Cu-Au deposit (Fig. 1A). The 
deposit is situated in the eastern limb of a south-
southeast dipping syncline and extends for about 1 km 
along strike, at a width of 100 m (Zweifel 1976). The ore 
body dips 80°W and is known to at least 400 meters depth 
(Zweifel 1976) (Fig. 1C, D). The ore is hosted by a 
metadiabase, which is partly altered and metamorphosed 
to biotite schist. The metadiabase intruded between 
metavolcaniclastic wall rocks ranging in composition from 
andesitic to basaltic (Estholm 2014, Warlo et al. 
submitted) (Fig. 1B–D). The rocks belong to the 
Muorjevaara Group and are of Svecofennian age (Zweifel 
1976; Martinsson & Wanhainen 2004). A 1.87 Ga 
granodiorite intrusion in the footwall is suggested to be 
responsible for ore genesis and aplite dikes cutting the 
host rocks acted as pathways for the ore fluids (Fig. 1B–
D) (Warlo et al. 2017, Warlo et al. submitted). 
Mineralization occurs predominantly in veins of quartz-
tourmaline and calcite (Warlo et al. 2017, Warlo et al. 
submitted). Major ore minerals are chalcopyrite, pyrite, 
and pyrrhotite. Sphalerite, galena, scheelite, 
molybdenite, marcasite and magnetite are minor ore 
minerals. Whole-rock analyses show Bi, Au, Ag, Sn, and 
W to be prominent trace metals. Bismuth mineralogy is 
diverse and includes native Bi, Bi-tellurides and Bi-
sulfides. Gold occurs as native Au and as grains of 
electrum. Silver is besides in electrum also found in 
hessite and acanthite. Tin occurs only in cassiterite and 
W in scheelite (Warlo et al. submitted). Warlo et al. 
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(submitted) present a paragenetic sequence where 
magnetite was formed first, followed by chalcopyrite, 
pyrite, and pyrrhotite. The minor sulfides formed later and 
the trace metal phases formed in an even later stage. 
Remobilization of the primary mineralization by 
hydrothermal fluids similar to the conditions in the Aitik 
deposit (Wanhainen & Martinsson 2003) is likely. 
     

 
Figure 1. Geological map and profile of the Liikavaara Cu-(W-Au) 
deposit. A. Location of the deposit in northern Norrbotten, Sweden. 
B. Plan view of the Liikavaara Cu-(W-Au) deposit, at 100 m below 
surface. C. Cross section through the deposit (modified from Warlo 
et al. submitted). 

 
3 Methods 
 
In this study, sixteen thin section samples from the 
Liikavaara Cu-(W-Au) ore deposit were studied by light 
optical microscopy (LOM) and scanning electron 
microscopy (SEM). 

Geochemical assays were used to select suitable drill 
core samples enriched in the targeted trace metals. 
Polished thin sections were prepared by Vancouver 
Petrographics LTD. The thin sections were studied with a 
Nikon ECLIPSE E600 POL optical microscope, in both 
transmitted and reflected light. Regions of interest were 
subsequently analyzed with a Zeiss Merlin FEG-SEM-
EDS/WDS. Imaging was done in both secondary and 
backscattered electron mode.  
 
4 Results 
 
4.1 Gold 
 
Gold in Liikavaara occurs in quartz-sulfide-tourmaline 
veins as native Au and electrum (Fig. 2A–D). 
Differentiation between the two phases is solely based on 
the Au/Ag ratio (anything >20% Ag is classified as 
electrum). Gold grains are typically <10 µm in size. They 
form rounded to angular grains and are partly elongated. 
The Au grains occur as inclusions and crack-fillings in 
especially quartz but also in the sulfides sphalerite, pyrite, 
and molybdenite (Fig. 2A–C). In places, they can also be 

found spatially close to scheelite and tourmaline. Some 
of the Au grains are associated with Bi-minerals, 
especially native Bi and pilsenite (Bi4Te3) (Fig. 2A). For 
some Au grains, native Bi occurs in the form of melt-
droplets with Au partitioning at the rim (Fig. 2D). These 
Bi-droplets are generally <5 µm and only observed in 
quartz. 
 
4.2 Silver 

 
The dominant Ag minerals in Liikavaara are hessite 
(Ag2Te), electrum and acanthite (Ag2S) (Fig. 2E, F). 
Similar to Au, the occurrence of Ag minerals is limited to 
veins of predominantly quartz and sulfides. Hessite 
occurs mainly tightly intergrown with pilsenite and 
occasionally with volynskite (AgBiTe2). Hessite also 
forms inclusions at the rim of especially chalcopyrite but 
also other sulfides (Fig. 2E). At these sulfide rims hessite 
is commonly also in contact with calcite and tourmaline. 
Hessite grains vary in size from a few microns up to 
100 µm. Acanthite is less common compared to hessite 
and the maximum observed grain size is ~30 µm. It 
occurs anhedral at the border of sulfide grains like pyrite 
and chalcopyrite and in contact with silicates (e.g. 
chlorite, tourmaline, quartz) and carbonates (e.g. calcite, 
ankerite) (Fig. 2F). The character and occurrence of 
electrum is described in 4.1. 
 
5 Discussion 
 
Introduction of Au- and Ag-minerals to the Liikavaara ore 
zone have previously been discussed to be the result of 
Bi-melt scavenging of Au and Ag from the footwall 
intrusion and subsequent deposition in veins in the ore 
zone (Warlo et al. submitted).  

In the nearby Aitik deposit, Au occurs as native Au, 
electrum and amalgam, where electrum and amalgam 
are mostly found with sulfides, and native Au is typically 
associated with silicates. Gold grains are commonly 
<10 µm, but grains up to 35 µm have been observed 
(Wanhainen et al. 2003, Sammelin-Kontturi et al. 2011). 
Spatial variations in Au composition have been 
described, such as Ag-rich electrum and native Au 
common at depth and Au-rich electrum more distal to the 
core of the deposit (Sammelin-Kontturi et al. 2011). 
Sammelin-Kontturi et al. (2011) suggest this to possibly 
reflect differing conditions of Au/Ag deposition within the 
post-ore hydrothermal system but also highlight the 
possibility of multistage Au mineralization due to an IOCG 
(Iron Oxide Copper Gold) overprint at Aitik. 

In Liikavaara no relationship between compositional 
and spatial variation of Au and Ag has been observed on 
deposit-scale. However, a contrast exists between round 
grains of native Bi with partitions of Au in quartz and partly 
elongated crack-infillings of electrum in sulfides. 
Furthermore, hessite and acanthite are mostly observed 
at the border of sulfides. This difference in character and 
occurrence of Au and Ag, in silicate and sulfide minerals 
in Liikavaara could indicate a multistage mineralization of 
Au and Ag similar to Aitik. Aside from Bi-melt scavenging, 
remobilization of Au and Ag from primary sulfides could 
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also have been a process involved in Au and Ag 
mineralization in Liikavaara. 

Regarding mineral processing at the Aitik mine, the 
present method for Au and Ag recovery is Cu-flotation. 
This means the Au and Ag are floated with the copper 
minerals and later separated from the concentrate. Since 

the ore from Liikavaara will be processed in the Aitik 
plant, a portion of Au from the Liikavaara ore will likely be 
lost to the tailings. This is due to the small Au grain size 
that limits floatability and the association with silicates 
that causes Au to go with the gangue. 

 

 
Figure 2. Secondary electron (A–D) and backscattered electron (E–F) images recorded by SEM. Gold is colored. The porous texture of Au is 
partly natural and partly an artefact of polishing. A. Electrum associated with sphalerite and pilsenite. B. Electrum and chalcopyrite associated 
with tourmaline and quartz. C. Native Au associated with chalcopyrite in quartz. D. Bismuth melt drop with Au, in a quartz matrix. E. Hessite 
intergrown with pilsenite at the boundary to chalcopyrite. F. Acanthite associated with chalcopyrite, calcite and chlorite. Abbreviations: Acn – 
acanthite, Au – gold, Bi – bismuth, Bt – biotite, Cal – calcite, Ccp – chalcopyrite, Chl – chlorite, Ele – electrum, Hes – hessite, Pil – pilsenite, 
Sp – sphalerite, Tour – tourmaline, Qtz – quartz
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At present, it is likely that only the Au bound in sulfides 
will be recovered. Silver may have a higher chance for 
recovery. Acanthite and hessite are commonly 
associated with sulfides and grains are often >10 µm. 
However, hessite is mostly complexly intergrown with 
pilsenite, which may limit liberation and introduce 
unwanted Bi to the concentrate.  

For a proper prediction of trace metal deportment 
during processing and a potential environmental impact 
more work is necessary. While samples were collected 
across the deposit, total sample volume was low and not 
all samples contained grains of Au and Ag. Therefore, to 
support representativeness of the findings of this study 
statistical analysis is required. For this, future work with 
automated quantitative mineralogy is planned. The 
characterization of Au and Ag mineralogy presented here 
provides an important basis to successfully plan and 
carry out quantitative analysis of the various minerals and 
textures.   
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Geochemistry and quantitative mineralogy of REE-bearing 
phosphate stockpile ore from the Catalão Region, Brazil 
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Abstract. In this ongoing study, raw materials are being 
investigated for their potential as rare earth element 
(REE) sources. Amongst other sample groups, REE-
mineral-bearing phosphate stockpile ore is analysed with 
respect to its quantitative mineralogical distribution and 
geochemical composition. Laser granulometry, ICP-MS 
geochemistry, SEM-EDX, and automated mineralogy 
tools are currently used. Total rare earth oxide (TREO) 
concentrations are as high as 0.7% to 0.9% but may 
reach up to 1.8%. Determining the fraction of extractable 
element content from a geometallurgical point of view is 
one major goal of the study. The phosphate ore consists 
predominantly of apatite, Fe-oxide minerals (hematite, 
magnetite, minor goethite) intergrown with ilmenite, 
quartz, and phyllosilicates like phlogopite or vermiculite. 
Minor, variable amounts of gorceixite, carbonates, rutile, 
and barite occur locally. Accessory heavy minerals are 
pyrochlore, Ba-pyrochlore, zirconolite, and baddeleyite. 
The main REE ore mineral is the REE-phosphate 
monazite with varying Ce-La-Nd proportions. Minor 
amounts of REE are also bound to pyrochlore, apatite, 
and zirconolite. 

 
1 Preface 
 
The REE have been classified as critical raw materials in 
2014 due to supply risk, low end of life recycling rate and 
economic value (European Commission 2014). Important 
applications are diverse and uses in metallurgy as alloys, 
strong magnets (especially Nd-F-B magnets), ceramics 
or electronics (resistor materials) are common 
(Krishnamuthy and Gupta 2016). Diversifying the supply 
of critical elements for the European market is crucial in 
securing the future development of high-tech industries 
and limiting supply risks. The beneficiation of by-products 
from raw material production, tailings, and industrial 
residues (Binnemans 2015) enables society to pursue 
sustainable development by feeding previously unused 
resource potential into the economic value chain. 
Employing environmentally friendly processes without 
additional mining, reduces the ecological footprint, whilst 
improving economic profitability. As demonstrated by 
Pereira et al. (2019) assessing the geometallurgical 
properties of REE-bearing material might be useful in 
determining its economic potential as a by-product. 

The recovery of REE as a by-product from phosphoric 
acid production for the fertilizer industry from the Catalão 
Region is the overall goal of the current study. Habashi 
(1984) estimated a possible global supply of 500,000 t of 
REE from 130 million t of annually treated phosphate 
rock based on a TREO content of up to 1%. Brazil hosts 
an estimated phosphate reserve of 170 million t with an 

annual production of 5.4 million t (U.S. Geological Survey 
2019). Consequently, a potential of an annual production 
of up to 25,000 t REE was estimated by Bardano and 
Gomes (2015) for sources from the Brazilian phosphate 
industry.  

The run-of-mine stockpile phosphate ore from the 
Catalão Region presented here hosts the base inventory 
of available REE-mineral phases at the beginning of the 
process from ore to waste. Material streams during 
phosphate beneficiation including tailings are currently 
also investigated. Evaluating the source material’s 
mineralogical composition is critical for selecting and 
optimizing further mineral beneficiation processes. One 
key objective of the current study is a comprehensive 
mineralogical description and assessment of the 
quantitative distribution of available mineral phases with 
regard to element recoverability and possible unwanted 
gangue. This includes particle size distribution, element 
composition of identified phases, and mineral intergrowth 
(“liberation”).  

 
2 Samples and methods  
 
The analysed phosphate ore represents weathering 
products of alkaline igneous rocks from the Catalão 
Region, Brazil. Samples have been taken from pre-
crushed blended stockpile material before phosphate 
beneficiation. Because of the unrefined nature, 60 % of 
the material is generally larger than 250 µm. Due to 
limited sample material available, no full sieving analysis 
was performed. Only the sample fraction passing 250 µm 
mesh was analysed using granulometry (Fig. 1).  

The particle size distribution analyses were performed 
using a Cilas 920 laser diffraction granulometer with 
sample material in isopropanol suspension to prevent 
agglomeration of fine particles. Sieving lines of the 
analysed samples exhibit a similar shape and therefore 
similar characteristics. The grain size distribution is broad 
and 25 to 35 % of the analysed material is smaller than 
25 µm. It was suspected that accessory heavy minerals 
are accumulated in the fine fraction below 80 µm. The 
particle size distribution analyses were performed using 
a Cilas 920 laser diffraction granulometer with sample 
material in isopropanol suspension to prevent 
agglomeration of fine particles.  
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Figure 1. Particle size distribution of several run-of-mine phosphate 
ore samples passing 250 µm mesh. The cumulative sieving curve 
was created based on laser granulometry. 
 

Sieving lines of the analysed samples exhibit a similar 
shape and therefore similar characteristics. The grain 
size distribution is broad and 25 to 35 % of the analysed 
material is smaller than 25 µm. It was suspected that 
accessory heavy minerals are accumulated in the fine 
fraction below 80 µm. For this reason, special emphasis 
was put on fine particle analysis. Grain mounts of 
representative sample splits from untreated samples, as 
well as milled and sieved (<125 µm mesh) material were 
prepared. Due to the heterogeneous particle size 
distribution, the subsequent additional sample 
preparation step proved necessary to achieve a 
homogeneous particle distribution in the granular 
polished sections. These will in turn improve the 
representability of the analysis using SEM-based 
automated mineralogy. Tests show that the results of the 
mineral distribution analysis for minerals occurring as 
large particles like Fe-oxides, quartz, or apatite have a 
much higher coefficient of variation (2- to 4-fold) in the 
untreated raw samples compared to milled and sieved 
material. Thus the absolute variations between individual 
measurements could be dramatically reduced by further 
crushing and sieving. For evaluating mineral and particle 
associations, the polished sections of raw untreated 
sample material remain of high importance nonetheless. 
Special precautions for avoiding nugget effects have to 
be taken, when working with this kind of heavy mineral 
target fraction. 

Mineral distribution analyses were performed using the 
SEM coupled Bruker Quantax “feature analysis” tool and 
the “Advanced Mineral Identification and 
Characterization System” (AMICS). Both automated 
software tools are based on the collection of EDX spectra 
from segmented BSE greyscale images. Whereas the 
Bruker “feature analysis” tool is based on spectra 

quantification, the AMICS system uses spectra shapes to 
match measured references. To this end a new database 
with relevant mineral phases was created for both 
systems to allow successful classification of detected 
spectra. Whereas Bruker “feature analysis” represents a 
more conservative particle counting approach, AMICS is 
a sophisticated software package based on MLA code. 
Compared to quantitative XRD with Rietveld method the 
techniques mentioned above allow a quantification of 
multiphase mineral systems (>10 phases), accessory 
minerals (content below 1 %), or poorly crystalline 
phases. Additionally, information regarding mineral 
particle properties like size and liberation is generated. 
The mineral content can be expressed as area-, volume-, 
or weight-percent. Area percent is the actual measured 
particle property, based on segmented pixels, whereas 
volume is derived from a spherical model of the 
measured 2 D mineral area. Weight percent (wt %) is 
calculated from volume and mineral density. In this text 
mineral fractions are expressed as area %.  

The geochemical analyses for major and trace 
elements were performed at the commercial laboratory 
“ALS Minerals”, Ireland using ICP-OES and ICP-MS. 
Digestion was achieved following lithium borate fusion. 
Non-destructive geochemical screening of sample 
material was achieved by portable XRF analysis with a 
ThermoScientific Niton Xl3t.  

 
3 Geochemical and mineralogical properties 

of stockpile phosphate ore 
 
The investigated stockpile phosphate ore samples have 
a complex mineralogical composition and broad particle 
size distribution. Although homogenised after the mining 
operation, blending of the primary phosphate ore from 
different mining levels may result in variable 
geochemistry and mineralogy. Preliminary results of drill 
core material from different ore zones show a high 
variability in element composition and mineral inventory 
(Maak et al. 2019). 

Major element concentrations of the selected and 
examined samples up to date are characterised by high 
Fe2O3 with 37 to 44% followed by CaO with 16 to 21%, 
SiO2 with 15 to 18% and P2O5 with 12 to 16% (Fig. 2). Ba 
contents are generally elevated between 6000 to 
9000 ppm, whereas Sr concentrations reach 3000 to 
5,000 ppm. Nb contents of the analysed samples are as 
high as 2000 to 2,500 ppm but commonly above the 
detection limit (>2,500 ppm). TREO concentrations range 
between 0.7% to 0.9% but may reach up to 1.8%. These 
variations have to be considered when estimating the 
total rare earth element content available for further 
beneficiation. Generally, LREE exhibit a distinct 
enrichment compared to HREE. Ce, La, Nd and Pr are 
quantitatively the dominant REE. 
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Figure 2. Mean concentration of major elements (see text for further 
explanation) and chondrite-normalized REE-patterns (Boyton 1984) 
for analysed stockpile ore samples. 
 

Fe-oxide minerals (29-38% total area), apatite (32-
39% total area), and quartz (19-23% total area) constitute 
the predominant rock forming mineral groups of the 
examined samples, which is in good accordance with the 
major element composition. Fe-oxides consist of varying 
amounts of martitised magnetite, hematite, goethite, and 
limonitic mixtures of goethite and clay minerals. Based on 
SEM-EDX analyses, Fe-carbonates like siderite are 
difficult to differentiate from Fe-oxide minerals but minor 
amounts of ankerite are easily distinguished by the 
presence of Ca in the spectra. Locally, Fe oxide minerals 
occur as large particles, intergrown with all occurring 
mineral phases, especially with quartz and apatite (Fig. 
3). Ilmenite commonly occurs intergrown and overgrown 
by Fe-oxide minerals (most likely hematite) as fine 
exsolution lamellae. Species of Mg-bearing ilmenite have 

also been detected. Total ilmenite content is relatively low 
between 1.5% to 3%. Other Ti-bearing minerals like 
titanite or rutile rarely make up more than 0.1% of the total 
mineral portion. Rutile primarily occurs as a Nb-bearing 
variety. 

 

 
Figure 3. SEM-BSE image showing complex intergrowth of partly 
euhedral specular Fe-oxide minerals (FeOx) with quartz (Qz), 
subhedral apatite (Ap) and heavy minerals like baddeleyite (Bad) 
and barite (Brt). 
 

The main phosphate carrier of the investigated 
samples is apatite with a P-80 between 205 and 950 µm. 
In the raw stockpile run-of-mine ore 55 to 70% of the total 
area of apatite particles are already liberated. Peculiar is 
its intergrowth and overgrowth of smaller Ba-
alumophosphates (gorceixite). This mineral is occurring 
in low concentrations between 1 and 1.5% of the 
observed mineral particles. The presence of REE in 
apatite was detected but low concentrations prevent a 
semi-quantitative analysis using EDX.  

Quartz occurs as particles with a P-80 between 325 
and 770 µm. It appears as single particles but more 
commonly is intergrown with Fe-oxides or apatite. Quartz 
typically forms massive particles encapsulating euhedral 
apatite or specular hematite or as cementitious texture 
filling of fractures between larger apatite particles or Fe-
oxides. Other silicates occur with varying combined 
quantities between 1.5 and 3%. Most common are Mg-
bearing phyllosilicates like phlogopite, vermiculite, or 
chlorite. Carbonates are mainly represented by dolomite 
and only minor calcite.  

Interesting from a raw material point of view are 
accessory heavy mineral fractions. Comparably large 
barite particles commonly occur in minor amounts around 
0.25 to 0.35%. Pyrochlore and Ba-pyrochlore are 
common accessory Nb phases that occur in a fraction 
between 0.1 to 0.3 % but might reach up to 1.5%. 
Pyrochlore is commonly observed as euhedral to 
subhedral crystals, fully liberated or encapsulated by 
gorceixite, quartz, or apatite. Differing BSE grey-scale 
values originate from varying Ba-contents that occur in 
distinct zones or irregular schlieren. Zr-minerals like 
zirconolite (0.05 to 0.25%) and baddeleyite (0.05 to 1,5%) 
occur strictly as accessories. The Zr-oxide baddeleyite 
occurs liberated or intergrown with apatite. Rare 
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intergrowth occurs with Fe-oxides, quartz, or gorceixite. 
Zirconolite shows a less distinct affinity of intergrowth with 
specific mineral phases. Intergrowth was observed 
similarly with apatite, Fe-oxide minerals, gorceixite, and 
quartz. Zirconolite commonly contains low concentrations 
of REE. 

 

 
Figure 4. SEM-BSE image of a liberated fibrous monazite 
aggregate and intergrowth of fine botryoidal monazite with 
collomorphous Fe-oxide minerals. 

 
Monazite hosts a large portion of the TREO content. 

Total amounts of this geochemically diverse mineral vary 
between 0.3 to 0.6 area %. This translates into 0.6 to 
1 wt % of potentially accessible REE-mineral content. 
Rarely, even up to 2 wt % REE-phosphate have been 
documented. In conjunction with the TREO from 
geochemically analysed samples, monazite seems to 
account for 40 to 60 % of the REE content in the samples. 
Using that relationship could potentially help in predicting 
further processable quantities of REE. This estimation 
however is varying for different sample material groups. 
Monazite particles in the phosphate ore material 
generally show fine particle sizes with a P-80 between 37 
to 43 µm (Fig. 5). The majority (80 wt %) of the particles 
have a diameter larger than 12 µm (applying a minimum 
measured particle size of 10 µm2) A large portion of 
monazite is intergrown with apatite, quartz, and Fe-
oxides. Monazite displays a variety of botryoidal, compact 
collomorphic, to radial fibrous mineral shapes (Fig. 4). 
Minute flaky radial monazite was observed as inclusions 
in apatite and gorceixite. 

A high diversity of the mineral shapes might indicate 
several different monazite generations in the mined ore. 
Geochemically, monazite also shows a high variability 
besides the described morphological differences. 
Elements such as Sr, Ca, and F are commonly detected 
in monazite particles. So far, no systematic relationship 
between the trace element content and the specific 
mineral shape could be established. 

Our results from the investigation of the phosphate ore 
will be put in further context with various process material 
from the phosphate beneficiation process. These results 
will hopefully assist to construct a robust and applicable 
system for the estimation of the recoverable total REE 
content in ores and process materials. 

 

 
Figure 5. Mineral size distribution of exemplary fine-grained 
monazite in run of mine stockpile ore. 
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Abstract. Mineralogical constraints for improving metal 
recovery at the Cinovec Sn-Li deposit in Czech Republic 
are discussed. We emphasize the importance of 
previously neglected mineralogical parameters that could 
significantly improve recovery of Li as the main 
commodity and of the most important by-products that 
include Sn, W, Ta and Nb. This research was performed 
in the frame of the h2020 FAME project aiming to catalyze 
the valorization of European tin, tungsten and lithium 
resources. 
 
1 Introduction 
 
The Cínovec-Zinnwald deposit is located in the eastern 
Erzgebirge/Krušne Hory area and extends across the 
Czech and German state border (Fig. 1). Both parts of the 
deposit are currently being explored by drilling for Sn-Li 
vein and greisen ores, accompanied by advanced ore 
processing tests.  

Cinovec hosts the largest lithium resource in Europe, 
and one of the largest undeveloped tin resources in the 
World. A recently completed Preliminary Feasibility Study 
indicates that Cinovec has the potential to be the lowest 
cost hard rock lithium producer in the World 
(https://www.europeanmet.com/cinovec-lithium-tin-project/). 

In our research, aiming to contribute to an increase in 
by-product recovery, we address some of the 
petrographic, mineralogical and geochemical criteria that 
affect ore processing.  
 
2 Geological setting 

 
The Zinnwald-Cínovec granite hosting world-class Sn-W-
Li deposits forms an elliptical granite cupola outcropping 
1.3 km in N-S direction. The W contact of the intrusion is 
steep, whereas the S, SE and E contacts plunge with 10 
to 30°. The upper part of the intrusion is formed by lithium-
albite granite, underlain by medium-grained 
protolithionite granite at a depth of 730 m beneath 
Cínovec (Štemprok and Šulcek 1969; Rub et al. 1983). In 
the cupola, the lithium-albite granite consists of two 
textural varieties: an older porphyritic granite and a 
younger medium-grained seriate granite that encloses 
the relicts of the porphyritic granite. Zinnwaldite is the 
predominant mica in the lithium-albite granite.  

 
Figure 1. Late- to post-collisional highly evolved granite magmatism 
in the Erzgebirge, Germany-Czech border area. Asterisks show 
location of Sn deposits (from Zhang et al. 2017). 

 
 

3 Mineralogical and petrographic study 
 

The lithium-albite granites (synonyms: alkali feldspar 
granites or Li-F granites) contain on average 0.11 wt.% 
Li2O and 4.62 wt.% K2O. Plagioclase is absent, sodium 
feldspars are represented by albite with a low (<3 wt.%) 
anorthite content.  

Main accessories are cassiterite, fluorite, topaz, 
columbite-tantalite in addition to rare bastnaesite, 
uranpyrochlor, uranmicrolite, strueverite, synchisite 
(Johan and Johan, 1993; Rub et al., 1998).  

The protolithionite granite contains on average 0.05 
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wt.% Li2O and 5.34 wt.% K2O.  
Main accessories are zircon, columbite, monazite, 

xenotime and rutile. Apatite is very rare.  
The low-grade Li ore is confined to zinnwaldite with 

substantial Rb and Cs contents. In addition, the ore 
contains cassiterite, wolframite and scheelite as Sn and 
W carriers. Apart from this, the Sn and W concentrates 
contain considerable contents of Nb, Ta, and Sc. 

The large petrographic and mineralogical variability of 
magmatic rocks and their alteration products is shown in 
figures 2 and 3; with quartz, potassic feldspar, albite, 
topaz, di- / trioctahedral micas, clays, and accessory 
minerals having main impact on metal recovery. 

 

 
 
Figure 2. Mineralogical and petrographic variability of granites and 
greisens from Cínovec drill core (scale: half core sample NT-06 is 
10 cm long).  
 
 

Mica chemistry changes with compositional evolution 
of their granite hosts and it fingerprints the ore-generating 
potential of mineralized granitic systems as well as 
interaction of granite melts with their metamorphic wall-
rocks. Furthermore, in highly evolved Li-F granite-ore 
systems such as Zinnwald-Cinovec, the magmatic-
hydrothermal transition processes are characterized by 
intense “autometasomatic” fluid-rock interaction 
(Štemprok and Šulcek 1969).  

Intrusive pulses and oscillating fluid release control 
continuous re-equilibration of mineral phases in time and 
space which explains the mica variability in the 
mineralized cupola with vertical petrographic zonation 
and mica zonation itself (Fig. 4). 

The three observed genetic mica types include: 
magmatic-hydrothermal lithium mica (zinnwaldite, 
protolithionite, etc.), pseudomorph metasomatic 
replacements (high-Li: lepidolite) and tropomorph (low-Li: 
muscovite) metasomatic replacements.  

The issue of accurate direct in-situ Li determination in 
micas, traditionally performed by recalculation of Li 
values from EPMA data using stoichiometry (Breiter et al. 
2017, 2019), can be overcome by direct measurement of 
Li by LA-ICP-MS. The data obtained by the two methods 
correspond well to each other. 

 
Figure 3. Mineralogical variability and evolution trends of lithium 
mica from Zinnwald-Cínovec (Fedkin et al. 2001): Li-Phengite - 
Zinnwaldite - Lepidolite (plot after Tischendorf et al., 1997).  
 
 

 
 
Figure 4. SEM BSE image of zinnwaldite with rims of retrograde 
muscovite. 
4 QEMSCAN study 
 
The QEMSCAN, an automated quantitative mineralogy 
technique, aids ore characterization for communition. The 
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QEMSCAN analysis was carried out with the 
QEMSCAN® 4300 at Camborne School of Mines, 
University of Exeter (Fig. 5). 

The studied ore is dominated by zinnwaldite (76 vol%) 
with minor clays (9 vol%), topaz (5 vol%) and quartz (4 
vol%). Fluorite (1 vol%) partially replaces zinnwaldite, 
particularly along the cleavage planes of grains. The ore 
contains clusters of cassiterite (<50 μm, 0.01 vol%), 
locked primarily within zinnwaldite, less commonly 
fluorite.  

Wolframite, columbite and scheelite are trace phases 
only (<0.01 vol%). Zircon, monazite, sulphides and 
uraninite are also trace phases only (<0.01 vol%) (Figs. 
6, 7; Table 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Visual appearance of thin section in  transmitted light (left 
figure) and QEMSCAN® false colour map (right figure). 
 
 
 

 
 
Figure 6. Modal abundances (vol%) for gangue and zinnwaldite. 
 
 
 
 
 
 
 

Table 1. Mineralogical composition (Volume %) and size distribution 
identified by QEMSCAN (CSM University of Exeter).  
 

 
 
 

 
 

 
Figure 7. Visual representation of mineralogy (not <0.01 vol%): 
Gangue (+ zinnwaldite). 
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5 Optimising ore processing of Li-micas 
 
Identifying key Li-bearing mineral phases has important 
implications for an optimized ore processing. Samples 
from the Cinovec deposit show a variety of main Li-
bearing mineral phases such as zinnwaldite, muscovite 
and lepidolite (Fig. 8). Whereas the grain size distribution 
and density of the various mica phases are rather similar 
or in a close bandwidth, the magnetic behavior of Fe-Ti 
rich mica is the most contrasting petrophysical feature 
suggesting the application of magnet separation to 
achieve an optimized Li recovery. The magnetic 
susceptibility contrasts between zinnwaldite 
(paramagnetic) and lepidolite (diamagnetic) allow their 
successful separation. Muscovite is a common non-
magnetic phase of late (retrograde) alteration, 
accompanying clayey phases in intergranular space, as 
zonal ongrowth, in cleavage of instable earlier Li mica or 
as replacement of tropomorphic alteration.    
      

 
 
Figure 8. Li/Al vs. K/Ak plot showing main Li-bearing phases at the 
Cinovec deposit. 
 
6 Key challenges for ore processing 
 
As key challenges for an optimized ore processing the 
following geological (petrographic, mineralogical, 
geochemical) constraints have been identified:  

• Subhorizontal thin-layered anatomy of ore bodies 
(sheeted laccolite, alteration zones, flat ore bodies);  

• Strong petrographic-mineralogical variability; 
• Contrasting magnetic properties of mica phases;  
• Variable grain size and strong Li zonation of mica; 
• Low-temperature clayey alteration in intergranual 

space could lead to Li loss in slimes; 
• Problematic (or penalty) minerals: topaz – extremely 

hard and causes excessive wear on crushing and 
grinding equipment; 

• Uraninite and pitchblende are trace radioactive 
minerals and could impact the final product if not 
removed. 
 

A previously neglected mineralogical parameter but 
important for increased by-product recovery are the 
elevated contents of Nb and Ta in the alkali feldspar 
granites (outside the Li-Sn cut-off of the greisen ore 
bodies).  
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Abstract. Processing tests are performed on pre-
concentrates (about 60 kg each) from the Cachoeirinha 
and Bom Futuro mines to improve the recovery of 
cassiterite and columbite. The processing steps for the 
pre-concentrates include sample splitting, sieving, 
density and magnetic separation. The processing steps 
are accompanied by mineralogical characterization of the 
concentrates using scanning electron microscopy with 
Mineral Liberation Analysis software and geochemical 
analyses by handheld X-ray fluorescence. After sieving, 
both pre-concentrates can be successfully upgraded by 
density and magnetic separation to saleable 
concentrates at high grades and recovery. 
 
1 Introduction 
 
The present study is part of a cooperation project 
between the Federal Institute for Geosciences and 
Natural Resources (BGR), which is the Geological 
Survey of Germany, with Companhia de Pesquisa de 
Recursos Minerais (CPRM), the Geological Survey of 
Brazil. The aim of this study is the improvement of 
processing methods to optimize the recovery of 
cassiterite (major ore for Sn), columbite (major ore for Nb 
and Ta) and subordinate byproducts (e.g. zircon) to 
increase the economic output of marketable mineral 
concentrates from the Brazilian state of Rondônia. During 
a first reconnaissance study, geochemical analysis of 
pre-concentrates and tailings identified that quite a 
considerable amount of ore minerals is lost into the 
tailings during processing. This is the main reason for the 
processing tests in order to check if recovery could be 
improved. Here we show the results on pre-concentrate 
samples from the Cachoeirinha and Bom Futuro mines. 
 
2 Geological setting 
 
The Rondônia Tin Province is located in the southwestern 
part of the Amazonian Craton and is composed of Paleo- 
to Mesoproterozoic metamorphic rocks, which were 
intruded by several events of Rapakivi magmatism (A-
type granites) between 1600 and 970 Ma (Fig. 1; 
Bettencourt et al. 1999).  

The Sn-Ta-Nb deposits are closely associated with 
late-stage peraluminous, partly porphyritic alkali-feldspar 

granites of the Younger Granites of Rondônia suite (998-
974 Ma; Bettencourt et al. 1999). The primary 
mineralization styles are greisen bodies, quartz veins, 
and pegmatites. However, the exploited ores are mainly 
derived from the secondary alluvial and colluvial placer 
deposits, but also former tailings are re-processed. In 
Bom Futuro, 10 to 15 % of the production is also from 
primary ores. 

 

Figure 1. Geological map of the Rondônia Tin Province showing 
location of the respective sample sites. Insert shows the position of 
the map within Brazil (Bettencourt et al. 1999) 
 
3 Materials and methods 
 
3.1 Samples 
 
Jigs are the initial processing step in the Cachoeirinha 
and Bom Futuro mines and bulk samples (about 60 kg 
each) are taken from the 2nd chamber of the jigs as 
starting material for further processing test work. The best 
quality is produced in the 1st chamber, but these 
concentrates are not treated for this study. Polished 
sections are prepared from these initial bulk samples 
(after sample splitting) and also from single processing 
steps during the test work.  
 
3.2 Instrumental 
 
Mineralogical parameters (like composition, grain size 
distributing and intergrowths) are identified using a FEI 
Quanta 650F scanning electron microscope with two 
Bruker energy-dispersive X-ray spectrometers (EDX) and 
Mineral Liberation Analysis (MLA) software. The MLA 
software uses the EDX system combined with 
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backscattered electron imaging to automatically identify 
mineral phases in ore concentrates by comparison of the 
X-ray spectra with those from standards stored in a 
database (Fandrich et al. 2007).  

Geochemical analyses were performed using a Bruker 
S1 TITAN handheld X-ray fluorescence (XRF) on an 
aliquot of about 10 g of ground (<100 µm) sample for 
each processing step. The accuracy of the handheld XRF 
analyses are sufficient to monitor the enrichment or 
depletion of relevant elements along the processing path. 
 
3.3 Mineral processing 
 
The general processing procedure applied for the pre-
concentrates includes sample splitting, sieving, density 
and magnetic separation. Subsamples of 1 kg from each 
pre-concentrate are sieved in 100 µm steps in order to 
determine which particle size fractions contain the largest 
amount of valuable material also in relation to mass of the 
respective fraction. 

The enrichment of the heavy ore minerals takes place 
by density separation using a shaking table with a stroke 
length of 16 mm at 220 strokes per minute. For this 
purpose, the remaining bulk pre-concentrates are sieved 
into four particle size fractions with the following ranges: 
63-250, 250-500, 500-710 and 710-2000 µm. 

Subsequently, all heavy fractions (HF1 and HF2) from 
the shaking table are split into para- and diamagnetic 
fractions (the ferromagnetic fraction is very low) using a 
magnetic belt separator with a permanent magnet of fixed 
field strength of 1.1 Tesla. 
 
4 Results and discussion 
 
The pre-concentrate from Cachoeirinha (Fig. 2) is 
dominated by quartz and topaz, but also contains 
relatively high concentrations of cassiterite (~5 area%) as 
well as columbite (~2 area%). Cassiterite is present in 
high concentrations distributed over all particle sizes. 
Evaluated MLA data revealed that about 92 % of 
cassiterite is liberated. This is favorable for processing, 
because cassiterite is largely present as free grains and 
only a few grains are intergrown with other mineral 
phases. Especially in the small particle sizes, SnO2 
(representing cassiterite) is enriched up to 30 wt% and 
Nb2O5 + Ta2O5 (representing columbite) up to 15 wt% 
(Fig. 3). The highest concentrations of up to 5 wt% ZrO2 
(representing zircon) are in the <200 µm particle sizes. In 
terms of mass, the highest yield of SnO2 (40 wt%) is in 
the coarse fraction >800 µm (Fig. 3), whereas Nb2O5 and 
Ta2O5 are distributed over the entire particle size range. 
The highest concentrations of ZrO2 are only in the 100-
200 µm fraction (Fig. 3).  
 
 
 
 
 
 
 
 

Figure 2. Classified MLA image of pre-concentrates (jig, 2nd 
chamber) from Cachoeirinha (left) and Bom Futuro (right) and their 
respective modal mineralogy (blue: cassiterite, red: columbite, 
violet: quartz, turquoise: topaz, grey: K feldspar, apricot: goethite, 
yellow: others) 

 
Figure 3. Element content (upper half) and recovery (lower half) 
dependent on grain size fraction of pre-concentrate from 
Cachoeirinha (left-hand side) and Bom Futuro (right-hand side) 
 

Quartz is the major phase in the pre-concentrate from 
Bom Futuro, with minor topaz, goethite and potassium 
feldspar. Compared to Cachoeirinha, cassiterite is 
present in lower amounts (~0.6 area%) and columbite is 
lacking (Fig. 2). Cassiterite is highly liberated up to 97 %. 
The tin content ranges from 2 to 4 wt% SnO2 and is rather 
uniformly distributed over the entire particle size range 
(Fig. 3). The highest concentrations of Nb2O5, Ta2O5 and 
ZrO2 are in the small particle size ranges <200 µm, but 
are negligible in terms of mass. The largest proportions 
of SnO2, Nb2O5 and Ta2O5 are >100 µm over the entire 
particle size range. However, high SnO2 contents of 1 
wt% are also in the >2 mm fraction, which represents 
about 18 % of total mass of the bulk sample. 
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4.1 Density separation 
 
During density separation using a shaking table on the 
pre-concentrate from Cachoeirinha, cassiterite and 
columbite are almost completely recovered (recovery 
of >95 %) into the two heavy fractions (HF1 and HF2) and 
are nearly absent in the middlings (MD) and light fraction 
(LF). This applies to all four grain size fractions (Fig. 4). 
The highest mass of HF1 and HF2 is obtained from the 
63-200 µm grain size fraction. Due to its small grain size 
of <200 µm, zircon is concentrated in the 63-250 µm grain 
size fraction (7.5 wt% ZrO2) and has highest recovery in 
HF2 followed by HF1. 

 

Figure 4. Element content (left) and element recovery (right) for 
heavy fractions (HF1 and HF2), middlings (MD) and light fraction 
(LF) from density separation for the different grain size fractions from 
Cachoeirinha. Top line shows the initial contents of the element 
oxides for each grain size fraction. 
 
For Bom Futuro, cassiterite is also effectively 
concentrated especially into the heavy fractions (HF1 and 
HF2) for all four grain size fractions at >95 % recovery 
(Fig. 5). Both are almost absent in the middlings (MD) and 
light fraction (LF). The amount of Nb2O5 + Ta2O5 is 
significantly less compared to Cachoerinha and is not 
present as single columbite grains. Zircon also plays a 
role in the 63-250 µm grain size fraction and has highest 
recovery in HF1.  

 

 
Figure 5. Element content (left) and element recovery (right) for 
heavy fractions (HF1 and HF2, HF3 just for 63-250 µm fraction), 
middlings (MD) and light fraction (LF) from density separation for 
grain size fractions from Bom Futuro. Top line shows the initial 
contents of the element oxides for each grain size fraction. 
 
4.2 Magnetic separation 
 
The heavy fractions from Cachoerinha contain 
cassiterite, but also columbite. Both phases can be 
separated effectively by magnetic separation as 
cassiterite goes into the diamagnetic fraction, whereas 
columbite is concentrated in the paramagnetic fraction. In 
all diamagnetic fractions of HF1 and HF2, high SnO2 
concentrations are achieved with high recoveries 
of >80%. Overall, only a small amount of SnO2 entered 
the paramagnetic fraction, which is possibly due to Fe-
rich cassiterite, or cassiterite inclusions in columbite. 
Columbite was strongly enriched in the paramagnetic 
fraction. Part of the Nb2O5 + Ta2O5 were also transferred 
into the diamagnetic fraction because the cassiterite 
contains Nb and Ta, either as columbite inclusions, or 
incorporated as trace elements in the crystal lattice.  

 

 
Figure 6. Concentrations and recovery rates in magnetic fractions 
for different grain size ranges from Cachoeirinha 
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For heavy fractions from Bom Futuro, cassiterite is 
recovered at high grades in all diamagnetic fractions, but 
some cassiterite is lost into the paramagnetic fraction. 
However, there is no significant enrichment in 
concentration compared to the heavy fractions from the 
shaking table. Individual columbite grains are not 
enriched.  

 

 
Figure 7. Concentrations and recovery rates in magnetic fractions 
for different grain size ranges from Bom Futuro 
 
5 Conclusions 
 
The valuable minerals in both pre-concentrates are 
almost completely liberated and can be successfully 
concentrated by a combination of density and magnetic 
separation.  

The heavy minerals of interest in the bulk sample from 
Cachoeirinha are cassiterite, columbite, and zircon. 
Cassiterite and columbite can be enriched by density 
separation. Zircon is only enriched in the <200 µm grain 
size range. To achieve higher recovery for cassiterite and 
columbite, the HF1 and HF2 fractions should be further 
processed together. By magnetic separation, cassiterite 
and columbite can be separated effectively; columbite 
entering the paramagnetic fraction and cassiterite in the 
diamagnetic fraction. In the diamagnetic fraction, small 
amounts of Nb and Ta are present as trace elements or 
intergrowths in cassiterite. This Nb and Ta content in the 
cassiterite had to be rated as a loss and are transferred 
into the slag during tin smelting. However, the slags may 
be significantly enriched in Nb2O5 + Ta2O5 and can be 
considered as an additional raw material.  

The valuable mineral at Bom Futuro is cassiterite. As 
the >2 mm portion contains up to 1 wt% SnO2, the coarse 
fraction should be ground to <200 µm to recover this 
SnO2 content. Subsequently, an enrichment of the 
cassiterite via the shaking table is possible. Magnetic 
separation (if at all) should take place at field strengths 
lower than 1.1 Tesla to avoid losses of cassiterite into the 
paramagnetic fraction. No Nb-Ta concentrate could be 
produced as the initial concentrations are too low and do 
not occur as individual minerals like columbite, but are 
present as trace elements within the lattice of other 
mineral phases.  
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Abstract. Leucogranites that are exploited at Krásno – 
Vysoký kámen deposit (Krásno ore district, Slavkov 
crystalline unit, western part of the Bohemian Massif, 
Czech Republic) are used as a feldspar raw material. 
These rocks are product of hydrothermal metasomatic 
alteration of Variscan granites. As the exploited material 
is utilized mainly by ceramic and/or glass industries, the 
content of harmful colourants presents a critical issue. 
Laboratory and small-scale processing trials by 
combination of magnetic and gravity separation aimed 
in reduction of the content of harmful phases. 
Mineralogical and chemical analyses of the obtained 
waste have shown that it is enriched in phases with high 
concentration of elements such as Li, Nb, and/or Ta 
which are considered as critical raw materials in EU.  
 
1 Introduction 
 
Feldspar-rich leucogranite formed by metasomatic / 
hydrothermal alteration of original granite makes one of 
the largest resources of feldspar raw material in the 
Czech Republic. Studied material consists mainly of 
albite and quartz accompanied with minor amounts of 
minor / accessory phases (Fe-, Mn-, Ti-rich phases 
partially with complex mineralogical binding with Nb-Ta, 
Li-micas, and apatite). The latest phases represent the 
major harmful components because their potential to 
cause colour changes in the final product. 

As the exploited feldspar raw material is primarily 
used as one of the major components in the ceramic 
and glass industry, its quality is carefully controlled; this 
concerns specifically content of undesirable 
pigmentation components. 

Due to overall mineralogy/geochemistry of the 
exploited deposit, part of excavated material is 
processed by newly installed dry magnetic separation. 
This processing results in generation of several tons of 
magnetic separate which is currently deposited nearby 
the quarry and can be generally viewed as a “waste” or 
currently non-usable by-product. However, extreme 
enrichment in phases such as Li-micas, and/or Nb-Ta-
rich Ti-oxides lead authors to the idea on potential re-
processing of the by-product and separation of 
individual phases which contain elements being 
currently classified as “critical raw materials” by EU and 
other countries. 

The previous studies of the authors focused mainly 
on detailed mineralogy of the exploited raw material and 
on preliminary laboratory scale trials aiming to evaluate 

individual processing methods for separation of 
individual phases. Considering the technical, 
economical, and ecological feasibility of available 
separation methods, combination of dry magnetic 
separation and air gravity concentrating table appeared 
to be very effective. Therefore, the recent study 
presents a step further: pre-industrial scale separation 
trials by using several tens of kg of by-product material. 
This step is a necessary for formulation of real, 
industrial-scale experiment which will use several tons 
of material and will be used as a basis for adoption of 
processing scheme in real feldspar raw material 
processing flowchart. 

 
2 Geological setting 

 
The main extracted raw material is alkaline - feldspar 
granite (albitic granite) which belonging to Krásno ore 
district situated in western part of Bohemian Massif 
(Czech Republic) (Pácal and Pavlu 1979). This feldspar 
deposit makes part of the granitic and locally 
greisenized stock Vysoký Kámen. (Sejkora et al. 2006). 
The deposit occupies an area of approximately 400 x 
600 m in widht and reaches a thickness to 190 m in 
depth (Hron and Kottnauer 2007). The exploited raw 
material is composed of prevalent feldspar minerals, 
specifically albite (Nosek 1997).  

Granites are white to slightly pink, with an albite 
content of 30-50% and a K-feldspar content of 20-30%. 
In the case of feldspatite, feldspars form more than 75% 
of the mass. 

Another important mineral is quartz (20 - 40%), which 
together with the feldspar is the main rock-forming 
minerals (Jarchovský 2006). Most rocks also contain 
mica, which are marked as Li - muscovite, cinvaldit or 
polylithionite. The distribution of mica is very variable in 
the bearing area. Top quality parts contain mica only 
accessory, whereas in the edge parts of mine, it is 
possible to find large mica crystals up to several 
centimeters. Another mineral, whose representation is 
variable, is topaz. In some rocks topaz has not been 
found, while some samples have a content of about 
10% (Hron and Kottnauer 2007). Another important 
mineral is apatite, whose representation is very 
variable, as in the previous case. The locality is 
mineralogically quite rich and contains many accessory 
minerals. 

There are up to 15 cm large greenish berylliums. In 
quartz veins there are hemispherical aggregates of 
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radially arranged hematite crystals. Other minerals 
found include wolframite, bismuth, beryl, bertrandite, 
molybdenite or scheelite. (Beran 1999; Sejkora et al. 
2006). In the area of the quarry was also discovered 
hollandite reaching several centimeters (Pauliš et al. 
2014). In a cracks can be found significantly yellow-
green (meta)autunite and autunite. (Pauliš 1990). In 
addition to these there are also younger alteration 
products such as russelite and clay minerals (Beran 
1999). There are also muscovite, sericite and rutile 
(Jarchovský 2006). The site is mineralogically rich and 
there are supposed to be other minerals, especially 
phosphates. 

 
3 Separation methods and results 

 
According to the results of previous separation trials on 
laboratory scale done by the author, the small-scale 
separation experiments focused finding the optimum 
flow chart of separation techniques that would be further 
tested on full-scale. The general aims of these 
experiments were twofold: (1) increase of purity of 
feldspar raw material (i.e. removal of the phases 
bearing colourants – specifically Fe- and Ti-rich 
phases), and (2) effective separation of phases being 
present in the “waste” from previous step (i.e. trial to 
convert “waste” into the valuable byproduct(s)). 
Based on the results of previous laboratory study, the 
combination of dry magnetic separation and air gravity 
concentrating table proved to be very effective. 

The combined gravity and magnetic separations 
were used to divide the material to individual 
components. Specifically, dry magnetic separation, wet 
shaking table and high density liquid was used. This 
process resulted in several fractions of relatively pure 
concentrates. 

The main obtained concentrates are (Fig.1): 
1 – Micas concentrate 
2 – Apatite concentrate 
3 – Nb-Ta rich concentrate 
4 – Fe-Mn rich concentrate 

 

Figure 1. Photos obtained concentrates: A: primary material 
(magnetic concentrate), B: micas concentrate, C: Apatite 
concentrate, D: Nb-Ta-rich concentrate, E: Fe-Mn-rich 
concentrate. 

 
Small-scale separation experiment focused on 

selection of optimal devices/processes that can be used 
for further processing (i.e. separation of individual 
components) of “waste” material generated during 
feldspar raw material processing. The specific interest 
was on separation of Li-rich micas and Nb-Ta minerals. 
About 50 kg of input material was employed for 
experiments. 

The effectiveness of applied separation techniques 
was controlled though chemical analyses of the initial 

input material and the end-products of the separation 
process by using XRF and SEM-EDS. For selected 
samples, content of specific light elements (e.g., of Li) 
was determined by wet silicate analysis. Control 
measurements of phase composition from powder XRD 
was done as well. 

 
4 Discussion 

 
4.1 Composition of magnetic concentrate 
 
The studied material consists of several major minerals, 
which can be divided into almost pure fractions.  

Micas are mostly represented by Li-micas with 
variable Fe content (Fig. 2). Some of mica are partially 
eroded and transformed to clay minerals.  

Apatite occurs as microcrystalline aggregates, fill in 
cracks and also as zonal monocrystals.  

Nb-Ta rich concentrate consist mainly of Nb-Ta rich 
rutile grains (Fig 3.) & less extant grains of Nb-Ta 
minerals (ferocolumbite).  

Fe-Mn oxides are represented mostly by hematite 
and hollandite. Which can make crystals even a few 
centimeters. 

Last mineral that is in the material more abundant is 
topaz. Other minerals are only accessory. 

 
4.2 Small-scale separation 

 
Li mica separation 
To obtain Li-rich micas concentrate, dry electro-
magnetic separation appeared to be very effective. By 
using input material with 0.2 / 0.8 mm granulometry, it 
was possible to obtain relatively pure mica concentrate 
exhibiting 2.1 wt.% of LiO2 in average. 
 

Figure 2. SEM (BSE) image: Li-rich mica (Zinnwaldite) grain with 
overgrown apatite. 
 
Nb-Ta rich mineral separation 
To obtain Nb-Ta rich phases, the wet gravity and dry 
gravity methods have been tested. Both of these 
methods were very effective and can be used to obtain 
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a concentrate containing first percents of Nb2O5. Air 
gravity concentration table appears to be proper and 
very effective method for heavy minerals concentrating. 

Due to grain size of constituent minerals, the 
processing appeared to be most effective for input 
material having granulometry of 0.2/0.5 mm. Wet 
shaking table can also be employed for material with 
finer granulometry, but its use in operation would be 
much more complicated than in the optimum grain size 
distribution. Concerning the coarser input material 
(grain size above 0.5 mm), the separation of Li-, Nb-Ta-
bearing phases is impossible as these phases are not 
liberated from the quartz-feldspar matrix. The effective 
separation is thus controlled by the optimum 
granulometry of the input material allowing for liberation 
of individual phases during crushing. 

 

Figure 3. SEM (BSE) image: Heterogeneous Nb-Ta rich rutile 
grains. 

 
5 Conclusions 
 
The studied material consists of several major minerals, 
which can be divided into almost pure fractions, such as 
Li-micas, apatite and Nb-Ta minerals. Combination of 
dry magnetic separation and air gravity concentration 
table seems to be a very effective way on how to 
separate Nb-Ta-rich phases and Li-mica from material 
which is generated in feldspar raw material processing. 
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Graphite raw material in the Bohemian Massif - processing 
for future mining  
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Czech Geological Survey, Prague, Czech Republic 

 
 
Abstract. Critical raw materials in the Czech Republic 
have been studied under the frame of the project 
Competence Centre for Effective and Ecological Mining 
of Mineral Resources. The aim of this study was the 
improvement of graphite processing of the material 
samples from the Český Krumlov-Městský vrch deposit 
using the delamination of graphite-mica composite from 
the concentrate after the first flotation process. In order to 
delaminate the graphite-mica composite of the fraction 
grain size 100–150 µm, before the second flotation 
process, the destructive methods of ultrasound (US), 
frost cycles and repeated heating were applied. The 
process of destroying was tested at various US 
frequencies, at different intensities and times of 
processing (2 to 30 minutes). The delamination based on 
triple repeated frost cycles was performed at -18 ºC and 
+24ºC. Delamination based on repeated heating up to 
150ºC was conducted in two cycles. The most efficient 
improvement of ore processing has been shown by 
applying the method of delamination of graphite-mica 
composite after the second flotation. 

 
 

1 Introduction 
 
This study has been performed under the project 
Competence Centre for Effective and Ecological Mining 
of Raw Materials, funded by the Technology Agency of 
the Czech Republic (TA ČR) under the leadership of the 
Technical University of Ostrava (TUO). The aim of the 
project is to study critical raw materials (CRM) of the 
European Union (EU), assess the suitable resources of 
CRM in the Czech Republic and propose a possible 
efficient and environment-friendly way of their mining and 
processing. 

One of the most important topics of the project is the 
detailed study of Czech graphite deposits. Graphite was 
declared to be a critical raw material due to its importance 
in crucial industries such as steel, lithium-ion batteries, 
and nuclear reactors. Lithium-ion batteries, widely used 
in cell phones, power tools and notebook computers, 
contain almost twenty times more graphite than lithium. 
Graphite being an essential ingredient in the production 
of the lithium-ion batteries that power the electrical and 
hybrid vehicles is forecasted to increase the demand in 
the future. Over 70 % of world production of natural 
graphite powders holds China, followed by Latin America, 
EU production of natural graphite powder is less than 
1 %. The Czech Republic does not produce natural 
graphite domestically and is completely dependent on 
imports for graphite supply.  

Since 2008 there is no mining of graphite in the Czech 

Republic due to economic reasons but also due to 
difficulties in processing of the material. However, in the 
recent years there is an increased interest in reopening 
of graphite mining. All graphite deposits in the Czech 
Republic belong to the metamorphogenic type. They 
originated during the regional metamorphism of clayey 
sandy sediments rich in organic matter, which is also 
indicated by higher concentrations of S, P, V and Sr 
(Franěk et al. 2011). The deposits are located within the 
Bohemian Massif in two regions: South Bohemian 
Moldanubicum, and in the Moravicum and Silesicum (Fig. 
1). South Bohemian graphitic rocks have a character of 
graphitic gneisses and carbonates. Deposits in the 
Moravian-Silesian region occur in an area affected by 
lower grade metamorphism.  

The most important deposits (Český Krumlov-
Městský Vrch and others) occur in the Moldanubicum, 
particularly in the so-called Varied Group of Českyý 
Krumlov. 

 
Figure 1. Schematic geological map of the Czech Republic, with the 
location of the EU CRM deposits and potential resources. 

 
2 Samples and methods 
 
The graphite deposit Český Krumlov-Městský vrch 
occurs in the central part of the Varied group of Český 
Krumlov, in the South Bohemian Moldanubicum region.  

The deposit is hosted by graphitic paragneiss with a 
content of graphitic carbon from 8 to 30%. The material 
also contains blanched biotite, less common muscovite, 
sericitized and kaolinized feldspars, sillimanite, cordierite 
and apatite; pyrrhotite and pyrite are also very common, 
mostly in the form of sulphide impregnations (Tichý 
2002). The raw material is formed by crystalline graphite 
of the size of flake from 0,001–0,5 mm. The deposit is 
comprised from five ore bodies; their geological structure 
is very complex (Fig. 2).   
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Figure 2. 3D model of the most important graphite ore body, Český 
Krumlov-Městský vrch deposit, after Jelínek et al. (in print).  

 
We have collected a large volume of samples of 

graphitic raw material for the further technological tests 
(Fig. 3).  

 

 
Figure 3. Macroscopic sample of graphite ore, underground mine, 
Český Krumlov - Městský vrch deposit. 

 
The processing tests were performed at the TUO. The 

results of flotation tests have shown the low quality of 
primary flotation concentrate that proved a content of 
inner dust and low purity of graphitic flakes. The flakes of 
graphite are very often epitaxially grown on plates of 
biotite or white mica (Fig. 4). This, during the crushing and 
milling of the material, causes the formation of a graphitic 
composite. Therefore, the full process of flotation 
processing becomes impeded. 
 

 
Figure 4. Natural flake of graphite showing fine layers of biotite and 
graphite, SEM image.  

 
3 Results 
 
The aim, at the Czech Geological Survey, was the 
improvement of graphite processing of the material 
samples from the Český Krumlov-Městský vrch deposit 
using the delamination of graphite-mica composite (Fig. 
4) from the concentrate after first flotation process, 
performed at the TUO. The processing tests were 
performed at dry conditions after the crushing of graphite 
in jaw crusher and in oscillatory agate mill. Ultra-fine 
fraction below 100 µm was separated in air screener ASP 
HOSOKAWA-ALPINE up level of 40 µm and 
consequently chemical analyses were performed 
complemented by a magnetic separation of original milled 
rock of a fraction 40–100 µm. The Table 1. shows the 
analyses of selected elements for graphite contaminated 
by Fe sulphides with a low pH 4. Application of magnetic 
separation significantly improved to lower the content of 
sulphides (see Table 1). 

In order to delaminate the graphite-mica composite of 
the fraction grain size 100–150 µm, before the second 
flotation process, the destroying methods of 
ultrasound (US), frost cycles and repeated heating 
were applied. The process of destroying was tested at 
various US frequencies from 20 to 40 kHz at different 
intensities and times of processing (2, 3, 5, 20 and 30 
minutes).  
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Table 1 Chemical analyses of selected elements in raw graphite, non-magnetic fraction (non-mag), after magnetic separation (mag) and after 
the first floatation of non-magnetic part of graphite.  

Graphite Original Non-mag Mag Flotation concentrate 
Non-mag 0-100 µm 40-100 

µm 0-40 µm 
40-100 

µm  40-100 µm  

Non-mag Mag 

Fe 7.03 3.40 8.45 3.19 7.69 4.84 9.53 3.26 5.70 

Ti 0.27 0.36 0.23 0.54 0.24 0.30 0.18 0.40 0.40 

CaO 2.85 1.94 2.83 2.79 2.85 2.79 2.99 2.57 2.60 

K2O 2.52 2.30 2.25 2.06 2.69 2.13 2.84 2.09 2.13 

S 5.92 4.24 6.22 1.93 6.37 4.21 7.32 4.14 4.87 

Mn 0.35 0.15 0.36 0.27 0.23 0.25 0.23 0.15 0.23 

 
Table 2 Annealing loss of graphite (non-mag fraction) after the first and second flotation, processing of graphite suspension before flotation 
US (20 kHz, 45oC) for 5, 15 and 30 minutes. 

Graphite 

Non-mag Flotation concentrate 
non-mag 

Flotation 
concentrace non-

mag 

Flotation concentrace 
non-mag 

Flotation 
concentrace non-

mag 

after 1st flotation after 2nd flotation after 5 min US after 15 min US after 30 min US 

    after 2nd flotation after 2nd flotation after 2nd flotation 

          

Annealing loss (%) 38,5 64,9 69,0 81,8 89,5 

 
 
4 Discussion 
 
The Table 2. shows that the application of the 
delamination process using US increased the effect of the 
flotation. Therefore, the amount of combustible carbon 
(annealing loss) increased after flotation based on time of 
US application from 64.9 wt.% to 89.5 wt.%, in total of 
about 25 %. However, the increasement of content of 
combustible carbon is at the expense of the graphite 
flakes size. The higher intensity of US leads to flakes 
crushing (Fig. 5 c, d). The similar results obtained Łoś et 
al. (2013) and Guittonneau (2010).  

The delamination based on triple repeated frost cycles 
was performed at -18ºC and +24ºC. Delamination based 
on repeated heating up to 150ºC was conducted at two 
cycles. The most effective method of delamination of 
graphite-mica composite was the crushing using US, 
when the content of combustible particles increased from 
original 40% (in the concentrate after first flotation) to 
95% after second flotation (Fig. 5). 

The processing methods were applied for the first time 
on graphite from Czech Republic. 
 
5 Conclusions 
 
Reserves of graphite ores in the Czech Republic are 
substantial and reach up to about three millions of tons. 
The possibility of renewal of graphite mining in the 
territory of the Czech Republic is dependent on new 
technologies applied for graphite processing. 

Graphite ores available in the Czech Republic contain 

relatively high amounts of inorganic admixtures 
predominantly quartz, micas and pyrite and therefore 
these have to be separated during the ore processing. 
The sufficient improvement of ore processing has been 
shown by applying the method of delamination of 
graphite-mica composite after the second flotation. 
 

 
Figure 5. (a) Graphite before processing. (b) Graphite flakes from 
Lazec deposit. (c) Graphite after floatation before delamination. (d) 
Delaminated graphite. SEM images. 
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Remediation of cyanide within gold mine waste: an in-
depth review of Prussian blue in aqueous solution 
Megan D. Welman-Purchase, Robert N. Hansen 
University of the Free State 
 
 
Abstract. Cyanide (CN-) is used for gold extraction in 
mining, which creates a potential for dangerous 
environmental contamination. This research delves into 
the complexity of the ferro/ferri-cyanide complexes (such 
as Prussian and Turnbull’s blue crystals) and their 
potential to be a resolution to this contamination. The Fe-
CN bond of these complexes are believed to be stable 
and with the exact combination of bondings may create 
an inert substance. Although it has been mentioned that 
pH and redox conditions may affect this stability. This 
study involves the growth of Prussian and Turnbull’s blue 
single crystals, the analysis of them using single crystal 
X-ray Diffraction, the affect that strong acids and UV-
radiation will have on the stability of the crystals changing 
the following variables: light intensity, total dissolved 
salts, pH, temperature, solubility and cyanide complex 
concentrations. Resulting in the presentation of the best 
ferro/ferri-cyanide complex for the prevention of CN- 
environmental contamination. 
 
1 Introduction 
 
Cyanide in the form of HCN is one of the most toxic 
chemicals known (Luque-Almagro et al. 2016). There are 
several industries; including metal plating, mining, 
synthetic rubber production, pharmaceutical, steel 
hardening, production of nitrile and nylon, photographic 
applications and gas production that either use or 
produce cyanide (Zagury et al. 2004; Akcil 2003). In the 
mining industry, cyanide is commonly used in the 
extraction of Ag and Au due to its’ high affinity for these 
elements (Zagury et al., 2004) resulting in the mining 
industry using 20% of the world’s cyanide production 
yearly (Luque-Almagro et al. 2011). Thus, the mining 
industry is responsible for the production and potential 
release of thousands of tons of waste which, along with 
cyanide, contains toxic metals such as, Hg, Pb and Cd 
(Luque-Almagro et al. 2016). The threat that cyanide has 
on human health and the environment is dependent on 
the chemical speciation (toxicity of the cyanide and 
physiochemical behaviour) (Meeussen et al. 1992). 
Cyanide in the gold mining industry can be classified into 
four categories: free cyanide (CN- and HCN), readily 
soluble cyanide (KCN, NaCN), weak acid dissociable 
cyanide (CNWAD – reasonably unstable containing Ni, Cu, 
Cd and Zn) and strong acid dissociable cyanide (CNSAD – 
dissociate in acidic environments containing Au, Ag, Fe 
and Co) (Zagury et al., 2004). Free cyanide is the most 
toxic of these due to its high metabolic inhibition potential 
(Zagury et al., 2004). Free cyanide is produced during the 
dissociation and dissolution of cyanide complexes in 
aqueous solutions (Kuyucak and Akcil 2013). At a pH 

below ~8.5, HCN is produced thus being the main 
volatilization conditions for free cyanide (Kuyucak and 
Akcil 2013). For optimum gold extraction, the pH needs 
to be 10.5 or greater causing the cyanide to form CN- 
(Kuyucak and Akcil 2013). The high pH conditions 
minimise the volatilization of the cyanide (Kuyucak and 
Akcil 2013). 

Soluble cyanide complexes include: NaCN, KCN and 
Ca(CN)2, which dissipate completely in an aqueous 
solution (Kuyucak and Akcil 2013). The weakest cyanide 
complexes (referring to the chemical stability) are Zn and 
Cd complexes and the strongest complexes are Fe and 
Co (Kuyucak and Akcil, 2013). Strong acids and UV-
radiation may dissociate these complexes releasing free 
cyanide (Kuyucak and Akcil 2013). Dissociation rate is 
affected by light intensity, pH, water temperature, 
complex concentration and TDS (total dissolved salts) 
(Kuyucak and Akcil, 2013). 

According to Meeussen et al. (1992), cyanide is 
primarily treated and disposed of as iron-cyanide 
minerals or iron cyanide complexes such as 
Fe4[Fe(CN)6]3. Fe4[Fe(CN)6]3 is referred to as Prussian 
blue and Fe3[Fe(CN)6]2 as Turnbull’s blue (Weiser et al. 
1942), although there is controversy surrounding these 
terms. The reason for the disposal is the alleged stability 
of such complexes (Kyle 1997) and the spontaneity of 
their production (Cosgrove et al. 1972). Other methods of 
treatment include sulphur dioxide and air process, 
hydrogen peroxide treatment, alkaline and breakpoint 
chlorination, biological treatments, among others (Akcil 
2003). 

Prussian blue can be found in two forms, soluble and 
insoluble (Adhikamsetty and Jonnalagadda 2009). 
Insoluble Prussian blue has the chemical formula of 
Fe4[Fe(CN)6]3xH2O and soluble Prussian blue has the 
chemical formula of KFe[Fe(CN)6]yH2O (Adhikamsetty 
and Jonnalagadda 2009). Such minute alterations in the 
ions incorporated in the crystal structure can lead to the 
crystals being soluble or insoluble, thus the positioning of 
the ions in the crystal structure will reveal the solubility of 
the crystal.  

According to the author’s knowledge, single crystals of 
Prussian blue and Turnbell’s blue have not yet been 
grown for the purpose of mining waste remediation. 
Crystal structures as published in Weiser et al. (1942) 
and Buser et al. (1977), see figure 1, have been 
calculated from powder diffraction. Crystals that have 
been produce are for other purposes such as for material 
sciences (Nai et al. 2018), for polymer research (Zheng 
et al. 2007), electrode research (Zadronecki et al. 1999), 
and so forth, which produce nano-sized crystals. Proving 
the significance of a crystal structure study, the study of 
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the positioning of ions in the crystal structure and the 
other factors that have been mentioned that affect the 
solubility of the crystals.  

The aim of this study is to investigate the stability of 
the iron-cyanide minerals or iron cyanide complexes. 
Further studies will involve the implementation of the 
findings from this study. 

 

 
Figure 1. Calculated Prussian blue crystal structure from powder X-
ray diffraction, modified after Bruser et al. (1977).  
 
2 Methodology 
 
The first method attempted to produce Prussian blue was 
by rapidly mixing an aqueous solution of ferric chloride 
and an aqueous solution of potassium ferrocyanide 
(Cosgrove et al. 1972). This produces a fine crystalline 
material, which can be seen in figure 2. The fine material 
is not sufficient for this study and thus a method of slow 
diffusion is needed. 

The second method currently being attempted 
involves a single crystal grown using the method 
mentioned in Buser et al. (1977). A 7.5 mmol solution of 
FeCl2.3/4H2O along with 2.5 mmol K3[Fe(CN)6] were 
added to 500 ml 10 mol HCl/L (fig. 2). The solution is then 
placed in a desiccator containing water, as seen in figure 
2. Turnbell’s blue crystals are grown using a solution of 
FeCl2 and K3Fe(CN)6 (Weiser et al. 1942). 

The third method that will be attempted is the crystal 
growth using the solvent diffusion/growth from gels 
method as described in Nishinaga (2015). Which involves 
the slow crystallization where two solutions interact.  
 
3 Final thoughts 
 
Humans are responsible for majority of cyanide 
environmental contamination. Methods to resolve this 
issue are of utmost importance. Although the key method 
of disposal is through ferro/ferri-cyanides, it can be 
concluded from the literature that there are many factors 
that influence the stability of these complexes. This 

proves the significance of an empirical study of these 
systems. 

 

 
Figure 2. a. Prussian blue fine-grained crystals produced from rapid 
mixing of two solutions (potassium ferrocyanide and ferric chloride). 
b. Two solutions used for the single crystal grow. 7.5 mmol solution 
of FeCl2.3/4H2O along with 2.5 mmol K3[Fe(CN)6]. c. The 10 mol of 
HCl/L solution in a desiccator containing water.  
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Fungal extraction of Se and Te from the Kisgruva 
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Abstract. Microbial Se or Te reduction offers a potential 
route to biorecovery of these elements. Reduction is often 
efficient and large amounts of these metalloids can be 
removed from solution because of extensive precipitation 
of elemental forms. In this research, Aureobasidium 
pullulans, Mortierella humilis, Trichoderma harzianum, 
Phanerochaete chrysosporium, Phoma sp., and Phoma 
glomerata were used to investigate their potential to 
extract Se and Te from selenium and tellurium resources 
in the Kisgruva Proterozoic volcanogenic massive sulfide 
deposit. All microorganisms were able to grow in 
selenium- and tellurium-containing sulfide ore liquid 
media and extract these elements from the ores. The 
findings are relevant to novel approaches for selenium 
and tellurium biorecovery from liquid and rock matrices 
as well as bioremediation.  

 
1 Introduction 
 
Many microorganisms are capable of transforming 
various selenium and tellurium species through 
methylation, oxidation, reduction and demethylation 
(Jacob et al. 2016; Eswayah et al. 2016). Filamentous 
fungi are capable of extracellular and intracellular 
synthesis of selenium particles making processing and 
biomass handling easier and hence perhaps more 
preferable than unicellular organisms (Mandal et al. 
2006). The large amounts of extracellular produced 
enzymes and reductive proteins make fungi an unique 
investigation system (Gharieb et al. 1999; Gharieb and 
Gadd 2004; Espinosa‐ortiz et al. 2017). Filamentous 
fungi like Trichoderma harzianum have been reportedly 
used for the extracellular biomass-free synthesis of silver 
nanoparticles. T. harzianum has been used as a 
biological control agent because of its multi-enzymatic 
system composed of chitinases, β-glucanases and 
proteases (Siddiquee et al. 2014). Several 
naphthoquinone and anthraquinone compounds from T. 
harzianum possess good reducing properties (Siddiquee 
et al. 2014). Pseudomonas sp. (Hunter and Manter 
2009), Alternaria alternata (Sarkar et al. 2012), and 
Phanerochaete chrysosporium (Espinosa-Ortiz et al. 
2015) were able to generate selenium nanoparticles from 
reduction of either selenate or selenite, while Fusarium 
sp., Penicillium citrinum (Gharieb et al. 1999), 
Saccharomyces cerevisiae (Gharieb and Gadd 2004), 
and Rhodotorula mucilaginosa (Ollivier et al. 2011) can 
produce nanoscale elemental Te from tellurite. P. 
chrysosporium also produced mixed Se-Te nanoparticles 
when grown with selenite/tellurite (Espinosa-Ortiz et al. 
2017). The application of microbial Se or Te reduction 

offers a potential route for biorecovery of these elements  
 
from solution and solid substrates.  

This research explored the potential of selected fungal 
strains as selenium- and/or tellurite-reducing organisms 
and their potential to extract Se and Te elements from 
selenium and tellurium resources in the Kisgruva 
Proterozoic volcanogenic massive sulfide deposit. The 
objectives were to determine: (1) the effect of sulfide ores 
on fungal growth and morphology modification, (2) the 
different composition of sulfide ores before and after 
fungal growth, (3) Se and Te extraction rates after growth 
with selected fungi. 
 
2 Sequential extraction and metalloid 

speciation in the Kisgruva sulfide ores  
 
Sequential extraction and speciation were performed on 
Kisgruva sulfide ore samples 450, 456 and 459 to 
determine the total amounts of Se and Te associated with 
oxide minerals and organic matter (Bullock et al. 2018). 
Concentrations of selenium and tellurium species 
adsorbed to charged surfaces, such as oxide minerals, 
were determined using a phosphate buffer extraction 
method (Fig. 1 blue), while concentrations and speciation 
of selenium and tellurium bound to organic matter were 
examined by a sodium hydroxide extraction method (Fig. 
1 orange). The Aqua regia residues method was used for 
total extractable concentrations of selenium and tellurium 
(Fig. 1 grey). Both selenite (SeO32−) and tellurite (TeO32−) 
were identified in sulfide ore crust samples by phosphate 
and sodium hydroxide extraction methods (Fig. 1), but 
elemental forms (Se0 and Te0) or selenate (SeO42−) / 
tellurate (TeO42−) were not detected. For sample 450, of 
the extractable Se (14.3% of total Se), only 39.5% was 
associated with oxide minerals, with 60.5% bound to 
organic matter (Se(-II)). For extracted Te (31.4%), 22% 
was associated with oxide minerals, and 78% with 
organic matter. Similar results were observed for sample 
459, with total extractable Se, associated with oxide 
minerals and bound to organic matter of 27%, 20.9% and 
79.1% respectively. For Te, the percentages were 24.2%, 
20.9% and 79.1% respectively. More selenium was 
bound to organic matter in sample 456, compared to the 
other samples, with total extractable Se, associated with 
oxide minerals and bound to organic matter of 74.2%, 7% 
and 93% respectively. For Te, the respective 
percentages were 10.9%, 15.4% and 84.6%. 
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Figure 1. Se and Te speciation revealed by extraction with 
phosphate buffer (blue), sodium hydroxide (orange) and Aqua regia 
(grey) extraction methods for samples 450, 456 and 459. All values 
shown are means of at least three measurements with typical 
relative standard deviations of about 5%. 
 
3 Tolerance indices of selected fungi grown 

with Kisgruva sulfide ores 
 
Tolerance indices (TI) were used to compare fungal 
biomass yields grown in AP1 medium with or without 
sulfide ore samples (Fig. 2). A TI value lower than 100 
indicates growth inhibition, whereas larger than 100 
suggests growth stimulation. The tolerance indices for 
sulfide ore samples varied between different fungal 
strains. In the presence of samples 450, 456 and 459, all 
fungi showed growth reduction. For sample 450, growth 
of P. chrysosporium, T. harzianum and Phoma. sp was 
significantly (P < 0.05) inhibited by 43%, 19% and 51% 
respectively, while A. pullulans, M. humilis and P. 
glomerata showed relatively better tolerance (Fig. 2). In 
the presence of sample 456, T. harzianum showed the 
most inhibition (34%). There were no significant inhibitory 
effects on P. chrysosporium, and Phoma. sp in the 
presence of sample 459, while biomass yields were 
markedly reduced for A. pullulans and M. humilis (Fig. 2).  

All fungi were able to grow in the presence of sulfide 
ore samples 450, 456 and 459 after 30 days incubation 
at 25°C. The original media pH values for samples 450, 
456 and 459 were 3.9, 2.2 and 7.9 respectively. There 
were no significant differences in the media pH values on 
addition of samples 450 and 456. Compared to the 
controls grown in ore-free AP1 medium, growth of the 
fungal strains lowered the pH values from 3.9 to between 
1.8 to 2.9 for sample 450, and from 2.2 to between 1.9 to 
3 for sample 456. The pH values for sample 459 in the 

presence of the fungi increased slightly after 30 days 
incubation except for P. chrysosporium and Phoma. sp 
(Fig. 2).  

 

  
Figure 2. TI (tolerance indices) (top) and medium pH (bottom) for A. 
pullulans, P. chrysosporium, M. humilis, T. harzianum, Phoma. sp. 
and P. glomerata grown in AP1 medium amended with samples 450, 
456 and 459. All values shown are means of at least three 
measurements with typical relative standard deviations of about 5%.  
 
4 Composition of the Kisgruva sulfide ores 

before and after fungal growth 
 
The sulfide ore at the Kisgruva mine site was originally 
used for extraction of copper, sulfur and iron, but also 
contains high concentrations of selenium and tellurium. 
Elements present in the sulfide ore samples were 
determined by X-ray fluorescence (XRF) before and after 
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growth with fungi for 30 days. Both Se and Te were also 
present within the sulfide ores in pyrite and chalcopyrite 
(sample 450 and sample 459), which contained high 
concentrations of up to 688 ppm Se and 81 ppm Te 
(Bullock et al., 2018), together with the major and trace 
elements, including Fe, S, P, Al, Ca, K, Fe, Mg, Si, Ti, Co, 
Na, Ni, Cu, Zn, Cl, Pb, W and As. There were no 
significant differences observed with the composition of 
sulfide ore samples 450, 456 and 459 before and after 
fungal growth (Fig. 3, data for samples 456 and 459 not 
shown). The presence of fungi helped to leach most of 
the elements from the sulfide ore, however, only small 
proportional changes were observed for certain elements 
(Fig. 3). Since the XRF analysis assumes the sample 
matrix all in oxidic condition, the real compositions of the 
sulfide ore samples were too complicated to conclude by 
XRF on its own, it only gives oxidic composition 
percentages for elements detected, the further laser 
ablation analysis should give detailed element changes.  

  
Figure 3. Elemental composition of sulfide ore sample 450 before 
and after fungal growth. Kisgruva sulfide ore sample was incubated 
with selected fungi in AP1 liquid media for 30 days at 25°C in the 
dark at 125 rpm. All values shown are means of at least three 
measurements with typical relative standard deviations of about 5%.   

 
5 Fungal extraction of selenium and 

tellurium from Kisgruva sulfide ores 
 
P. glomerata was chosen for further experiments, 
because of good tolerance of the sulfide ores. P. 
glomerata was grown on polished flat surfaces of 
samples 450 and 459 for 30 days on MEA plates to 
investigate its ability for selenium and tellurium extraction. 
Trace element analysis of polished sulfide ore blocks of 
generally inclusion-free pyrite was performed by using a 
new wave laser ablation system UP213 nm coupled to an 
ICP-MS Agilent 7900. Samples 450 and 459 were high in 
other chalcophile elements which showed a chemical 
affinity to Se and Te, such as Fe (380041 ppm, 633668 
ppm), Cu (476 ppm, 2124 ppm), As (408 ppm, 376 ppm), 
Ag (26 ppm, 62 ppm), Au (0.2 ppm, 0.2 ppm), Hg (0.7 
ppm, 1.4 ppm) Pb (1274 ppm, 189 ppm) and Bi (17 ppm, 
30 ppm) respectively. Sulfide ore samples contained an 
average of 0.05% TOC (Fig. 4). All elements in the sulfide 
ore samples showed marked removal after growth with P. 
glomerata. Selenium and tellurium from sulfide ore 
samples 450 and 459 were extracted by P. glomerata 
with removals of 66-77% for selenium and 72% for 
tellurium confirmed by the laser ablation (LA) ICP-MS 
analysis (Fig. 4). Laser ablation analysis showed that Se, 
and Te to a lesser extent were present, even though Te 
was generally high throughout the pyrite phases (Bullock 
et al. 2018). For As, Se and Te, concentrations were 
higher towards the edges of the pyrite for samples 450 
and 459. As well as a high content throughout pyrite, Se 
and Te also showed disseminated areas of high 
concentration, in some instances, up to 10,000 ppm and 
1000 ppm respectively. Though the selected pyrite 
crystals were generally inclusion-free, these Se and Te 
hotspots may correspond to micron-sized Se2− and Te2− 
(Bullock et al. 2018). After growth with P. glomerata, Se 
and Te hotspot concentrations for sample 450 dropped 
down to 1000 ppm and 100 ppm respectively, while for 
sample 459, concentrations dropped down to 100 ppm on 
both selenium and tellurium (Fig. 4).  
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Figure 4. Concentrations of all elements in the sulfide ore samples 
450 (top) and 459 (bottom) before (blue) and after (orange) growth 
with P. glomerata for 30 days at 25°C in the dark. Typical results are 
shown from one of at least three determinations. 
 
6 Implications 
 
Bioremediation and biorecovery of Se and Te from 
selenium- and tellurium-polluted environments suggest 
an environmentally-sustainable choice of treatment for 
contaminated soils, groundwater, wastewater and 
sediments (Liang and Gadd 2017). The potential 
application of bioextraction of Se and Te may be 
developed through established protocols and optimized 
processes. Previous research has demonstrated Se- or 
Te-species removal by fungi is accomplished through 
intracellular uptake or interaction with surface 
biomolecules such as proteins, amino acids and 
extracellular polymeric substances, while cellular 
biotransformation of selenium and tellurium oxyanions 
leads to reduction to elemental selenium and tellurium. 
Both elemental selenium and tellurium were found within 
the fungal biomass and in supernatants. A challenge in 
the biogenic production of selenium and tellurium 
nanoparticles is their purification from fungal biomass, 
because the formation of selenium and tellurium 
nanoparticles can be achieved both intracellularly and 
extracellularly: separation of particles from biomass 
without altering their properties, shape and size is 
challenging (Liang et al. 2019). These findings from the 

fungal interaction with sulfide ore samples are relevant to 
novel approaches for biorecovery of these elements as 
elemental selenium and tellurium by the fungal surface 
biomolecules straight from the ore samples.  
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