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The Rockliden massive sulphide Zn–Cu deposit contains minor amounts of Sb-bearing minerals. The
Sb mineralogy is complex in terms of composition, micro textures and mineral associations. The main
Sb-bearing minerals comprise tetrahedrite, bournonite, gudmundite and Sb–Pb sulphides such as
meneghinite. The presence of these minerals is especially critical to the quality of the Cu–Pb
concentrate. To study how they are distributed and what controls their process behaviour, Sb-rich
drill core samples were selected from the Rockliden deposit and a standard laboratory flotation test
was run on the composite samples. SEM-based automated mineralogy was used to measure the Sb
mineralogy of the test products. The mineralogical factors controlling the distribution of Sb-bearing
minerals are the degree of liberation, associated minerals and particle size.

1 Introduction

Rockliden is a polymetallic copper-zinc (Cu–Zn) massive sulphide deposit located in north-central
Sweden (Minz 2013). The inferred mineral resource is 9.2 Mt with 4.0 wt% Zn, 1.8 wt% Cu, 0.4 wt%
Pb and 48 g/t Ag (New Boliden 2014). Rockliden contains not only bonus elements such as silver (Ag)
but also other critical trace elements such as antimony (Sb). Generally, Sb is known to be a penalty
element at smelters as it lowers the quality of Cu concentrates derived from massive sulphides ores.
Typically, penalty charges are imposed for Sb contents of 0.1 to 0.3 wt% in Cu concentrates sent to
smelters (Larouche 2001). At Rockliden, drill core samples with Sb grades higher than 0.2 wt%
represent ca. 25 % of the length of all analysed massive sulphide drill core intersections down to a
deposit depth of ca. 900 m. The abundance of Sb-rich massive sulphide drill core intersections is
higher in the upper parts of the deposit (i.e. above 400 m below surface); and particularly in the Zn-

dominated massive sulphides from the upper part of the deposit, the Sb grade is higher than 0.2 wt%
in more than half of the analysed intervals.
Flotation tests on Rockliden composite samples have shown that the threshold of 0.2 wt% Sb is
exceeded in the Cu–Pb concentrate even if the Sb grade of the blended feed material is below this
value (Bolin 2010; Minz et al. 2012). This is related to the flotation behaviour of common Sb-bearing
minerals but also the mineral association and the degree of liberation is suspected to influence the
distribution of Sb-bearing minerals between different flotation products (Lager and Forssberg 1990;
Minz et al. 2013). Mineralogical studies on the Rockliden massive sulphide ore have shown that the
mineralogy of Sb is complex. The main Sb-bearing minerals are tetrahedrite (Cu,Fe,Ag,Zn)12.1Sb3.89S13,
bournonite Pb1.01Cu1.03Sb0.94S3, meneghinite Pb13.02Cu1.10Sb6.81S24, boulangerite Pb5.16Sb3.80S11 and
gudmundite Fe1.04Sb0.94S (Minz et al. 2013). Indications are found that the Sb mineralogy varies
between different host rock types and also spatially within the steeply dipping massive sulphide
bodies (Mattsson and Heeroma 1985; Minz et al. 2013).
In geometallurgical projects it is common to run ore variability tests in the form of laboratory
flotation tests in order to study the variation in the metallurgical response (Lamberg 2011). Instead
of running the tests for a large number of samples, a different approach was chosen in this study.
Two massive sulphide samples rich in Sb and with different Sb mineralogy were selected. One sample
was collected from the upper (< 400 m depth) and the other from the lower (> 400 m depth) part of
the Rockliden deposit. Given the complexity of the Sb mineralogy, it is the primary aim of this study
to quantify the Sb mineralogy in the ore and in the products of the flotation test using automated
mineralogical tools based on scanning electron microscopy (SEM). Finally, the target is to define the
factors controlling the distribution of Sb minerals between different products like Cu-, Znconcentrates and tailing.

2 Methods

2.1 Samples
Two sets of drill core samples were collected, representing Zn-rich massive sulphide ore types from
the upper (S-7576) and lower (S-7577) part of the deposit. Each set contains four to five drill core
samples of ca. 1 m length. For each drill core sample ca. 1 kg quartered drill core was collected. The
aim was to obtain drill core material with a Sb grade higher than 0.2 wt% to allow for easier
interpretation of the distribution of minor and trace elements (such as Sb) during flotation in
correlation to a reasonable particle statistic (e.g. Byrne et al. 1995; Chetty et al. 2009; Sutherland
1989). The drill core samples were crushed and ca. 100 g sample were separated for chemical
analysis (Fig. 1). Chemical analyses were obtained for 76 major and trace elements at ALS Minerals
Division, Piteå, Sweden.
Further, the Sb mineralogy was studied in polished epoxy grain mounts prepared from all crushed
drill core samples. The qualitative studies were conducted at Merlin – Zeiss Gemini FESEM1, Luleå
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University of Technology, Sweden. The following settings were chosen for acquisition of energydispersive X-ray spectroscopy (EDS) data: 20 keV acceleration voltage and ca. 1 nA emission current.
Based on both chemical and SEM-based analyses, three individual drill core samples were selected
from each set of drill core samples and combined to composite samples (Fig. 1). The composite
samples were ground to a P80 of ca. 50 µm in a laboratory rod mill before treated in the laboratory
flotation test (Fig. 1).

2.2 Laboratory flotation test
A simplified laboratory flotation test was based on the test commonly used at the Boliden Mining
Company (Fig. 1). The flotation test (on composite sample S-7576 and 7577) was conducted using
Magotteaux bottom driven flotation machine. The flotation reagents are indicated in figure 1.

Fig. 1. Laboratory flotation test (abbreviations: D250 – Dowfroth 250 (poly glycol methyl ether), IBX –
sodium isobuthyl xanthate collector, kalk – slaked lime, KAX – potassium amyl xanthate collector).
Five flotation products were collected from each test: Cu–Pb cleaner concentrate (CuConc), Cu–Pb
cleaner tailing (CuRet), Zn cleaner concentrate (ZnConc), Zn cleaner tailing (ZnRet) and final tailing
(ZnMp) (Fig. 1). Their chemical composition was measured with XRF analysis (X-ray fluorescence
spectrometer SPECTRO X-LabPro, technical laboratory, Boliden Mining Company, Sweden). The
distribution (recovery) of minerals and the composition of the feed were calculated by simple mass
balancing (Fig. 2 and 3, table 3). The flotation products of the composite samples were sieved into
three size fractions (+45 µm, -45 to +20 µm, -20 µm) and the chemical composition of each fraction
was assayed with XRF. From each size fraction ca. 10 g sample was separated for preparation of

polished epoxy grain mounts at the Geometallurgy Laboratory at the Technical University Freiberg,
Germany.

2.3 Mineral Liberation Analysis (MLA) for characterisation of flotation products
All flotation products were studied using SEM-based automated mineralogy tools. Polished epoxy
grain mounts of the sieved flotation products were prepared by mixing of 3 g aliquots with graphite
and epoxy resin; and finally, the epoxy grain mounts were ground and polished (Erzlabor, Technical
University Freiberg, Germany). Prior to the SEM studies the samples were carbon-coated with a Leica
EM MED020 carbon coater to avoid surface charging due to electron beam interactions. Analyses
were carried out with a FEI Quanta 650F equipped with two Bruker Quantax X-Flash 5030 energydispersive X-ray spectrometers and the MLA Suite 3.1.4 software was used for automated data
acquisition and processing at the Geometallurgy Laboratory, Technical University of Freiberg.
Consistent operating conditions were applied (table 1). The grain X-ray mapping mode (GXMAP) was
used for MLA measurement (Fandrich et al. 2007).

Table 1
Summary of measurement parameters at Mineral Liberation Analyzer (MLA).
SEM parameters
Measurements

MLA parameters
S-7576
S-7577

Mode
GXMAP
Voltage (kV)
25
Working dist. (mm)
12
Probe current (nA)
10
Spot size
5.88
HFW (µm)
750
Brightness
83.5
Contrast
25.9
BSE calibration
Au 252
Horizontal field width - HFW

Measurements

Samples >20µm

Samples <20µm

Scan speed
Resolution (pixels)
Pixel size (µm/px)
Acq.time (ms)
Min Quartz EDX-count
Step size (px)
GXMAP trigger
Min. particle size (px)
Min. grain size (px)
Particle count

16
1000 x 1000
0.75
6
2000
6x6
25
10
4
>45000

16
1000 x 1000
0.75
6
2000
6x6
25
4
4
>190000

3 Results

The chemical composition of the composite samples is given in table 2. The distribution of base
metals and Sb in the flotation products of each sample is shown in figure 2. Figure 2 also summarises
the results of the microscopic study on the main mineralogy and minor to trace Sb-bearing
mineralogy of the composite samples. It should be noted that, although distinguishable by careful

SEM/EDS2 spot analysis and by EPMA/WDS3 analysis (Minz et al. 2013), meneghinite and
boulangerite cannot be distinguished accurately by the MLA measurements under the chosen
conditions (table 1). For this purpose the back scattered electron image should be tuned and
expanded to have a difference between grey levels of meneghinite and boulangerite, similarly as
done to distinguish hematite and magnetite by applying specific MLA solutions (Figueroa et al. 2012).
However, this was regarded unnecessary since due to their similar chemical composition their
flotation behaviour is expected to be similar.

Table 2
Chemical composition of composite drill core samples.
composite
S-7576

No.* AM
& SD
3 AM
SD

S-7577

3 AM
SD

sulph.*
* (wt%)
85.2

SiO2
(wt%)
12.4

Fe
(wt%)
32.9

Zn
(wt%)
9.43

Cu
(wt%)
1.76

Pb
(wt%)
2.37

As
(wt%)
0.44

Sb
(wt%)
0.46

Ag
(ppm)
145.7

10.2

7.7

4.0

1.57

0.41

0.70

0.25

0.08

27.2

86.2

10.0

32.2

11.15

0.33

2.39

0.44

0.29

51.7

7.9

9.7

32.2

3.35

0.21

0.77

0.36

0.08

21.6

AM: arithmetic mean.
SD: standard deviation.
*) number of blended drill core intervals.
**) amount of sulphides as calculated by element to mineral conversion in HSC (cf. Minz et al. 2013).

The modal mineralogy of the composite (feed) samples (S-7576 & S-7577) was back calculated from
the MLA measurements of the flotation test products (Fig. 2). The main mineralogy of the composite
samples is largely in agreement with the results from the optical microscopic observations on epoxy
grain mounts prepared from crushed drill core samples. The main sulphide minerals are pyrite (FeS2),
sphalerite (ZnS), pyrrhotite (Fe1-xS), chalcopyrite (CuFeS2) and silicate minerals for both composite
samples (Fig. 2). Further they contain minor amounts of galena (PbS) and arsenopyrite (AsFeS). The
Sb mineralogy is in agreement with the qualitative mineralogical SEM-based study on the drill core
intervals. As targeted, the composite samples are distinctively different in their Sb mineralogy; S7576 is dominated by tetrahedrite and gudmundite, and S-7577 is dominated by meneghinite and
gudmundite (Fig. 2).
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Fig. 2. Mineralogy of the composite samples S-7576 and S-7577 used as a feed in flotation tests
(recalculated from MLA measurements). Recovery of base metals and distribution Sb based on XRF
analysis of the flotation products (Cu Conc – Cu–Pb cleaner concentrate, Cu Ret – Cu–Pb cleaner tail,
Zn Conc – Zn cleaner concentrate, Zn Ret – Zn cleaner tail, Zn Mp – final tailings). The thickness of
arrows indicates the Sb distribution (Sankey diagram). Mineral abbreviations: Apy – arsenopyrite,
Bour – bournonite, Ccp – chalcopyrite, Gn – galena, Gd – gudmundite, Mene – meneghinite (+
boulangerite), Po – pyrrhotite, Py – pyrite, Sil – silicates, Sp – sphalerite, Ttr – tetrahedrite.

Mineral grades by size are illustrated in figure 3 and the mineral distribution (recoveries) in the
flotation test products is given in table 3. Generally, the mineral distribution of chalcopyrite (CuFeS2),
sphalerite (ZnS) and galena (PbS) is in agreement with the elemental distribution of Cu, Zn and Pb
(Fig. 2). Deviations in the elemental and mineral distribution (e.g. Cu (Fig. 2) vs. chalcopyrite (table 3))
might be related to challenges in the sample preparation and MLA analyses of the finest sieving
fractions (-20 µm). For example misidentification of chalcopyrite in epoxy grain mounts is partly due
to agglomeration effects in finest sieving fraction, which could not be fully removed during
processing of MLA data. Thus, reconciliation is needed, and the preliminary results on the mineral
distribution presented here should be considered with caution.
In both flotation tests chalcopyrite and sphalerite show relatively low recoveries into Cu–Pb and Zn
cleaner concentrates, 32 % to 67 % and 47 % to 60 %, respectively. Galena and Pb–Cu–Sb-bearing
minerals show better selectivity. Their recoveries into the copper concentrate are high: 74 % to 86 %

for galena, 96 % for tetrahedrite, 84 % to 88 % for bournonite and 94% for meneghinite. Gudmundite
shows in both flotation tests quite similar distribution: about one third is reported to the final tailing
(ZnMp), 30 % to the Cu–Pb cleaner concentrate (CuConc), 10 % to 20 % to the Cu–Pb cleaner tailing
and majority of remaining gudmundite to the Zn cleaner tailing (ZnRet). This is against presumptions:
for which it was expected that gudmundite would be concentrated in the tailings if liberated (Lager
and Forssberg 1990).

Fig. 3. Content of main minerals and of Sb-bearing minerals, and the distribution of the three most
abundant Sb-bearing minerals in the sieved products of flotation test S-7576 (left graphics) and S7577 (right graphics). Mineral abbreviations: Apy – arsenopyrite, Bour – bournonite, Ccp –
chalcopyrite, Gd – gudmundite, Gn – galena, Mene – meneghinite (+ boulangerite), Po – pyrrhotite,
Py – pyrite, Qtz – quartz, Sp – sphalerite, Ttr – tetrahedrite.

Table 3
Distribution (recovery) of minerals into different flotation products in % (as sum over sieving
fractions for each product of feed sample S-7576 and S-7577). Mineral abbreviations: Apy –
arsenopyrite, Bour – bournonite, Ccp – chalcopyrite, Gd – gudmundite, Gn – galena, Mene –
meneghinigte (+ boulangerite), Po – pyrrhotite, Py – pyrite, Sil – silicates, Sp – sphalerite, Ttr –
tetrahedrite. For abbreviation of product names see figure 2.
S-7576
CuConc
CuRet
ZnConc
ZnRet
ZnMp
S-7577
CuConc
CuRet
ZnConc
ZnRet
ZnMp

Py
10.9
9.8
6.0
6.3
67.0
Py
7.9
4.4
4.3
11.4
72.0

Sp
27.8
21.0
47.0
3.1
1.1
Sp
20.3
10.0
59.8
6.5
3.4

Po
6.3
14.2
8.2
22.9
48.4
Po
8.7
8.6
9.4
25.0
48.4

Sil
3.4
4.6
2.8
3.3
85.9
Sil
2.0
2.3
2.8
3.4
90.4

Ccp
67.3
8.4
2.1
4.3
17.9
Ccp
32.2
11.0
6.4
14.1
36.4

Gn
74.0
8.2
3.0
4.0
10.7
Gn
86.2
3.7
4.1
3.2
2.9

Apy
16.8
18.7
10.5
9.9
44.2
Apy
11.9
5.9
4.6
17.0
60.7

Ttr
96.2
3.1
0.4
0.1
0.2
Bour
87.9
2.5
1.7
2.7
5.3

Bour
83.8
5.7
1.2
2.0
7.3
Mene
94.7
1.6
1.2
1.2
1.4

Gd
28.9
17.8
8.6
12.3
32.4
Gd
28.5
10.0
6.8
19.4
35.3

Tetrahedrite, bournonite and meneghinite are largely distributed as expected (Lager and Forssberg
1990). Their mass proportion (< 2 %) reported to Zn concentrate is mainly due to their locking with
sphalerite (Fig. 4, Fig. 5). The liberated gudmundite particles tend to report mainly to the final tailing,
as expected. However, the mineral locking plays an important role in the distribution of gudmundite.
In figure 4 it can be seen that chalcopyrite is an important mineral locking gudmundite and
chalcopyrite–gudmundite particles tend to report to Cu–Pb cleaner concentrate and Cu–Pb cleaner
tailing of test S-7576. Additionally, galena is locking gudmundite in the Cu–Pb cleaner concentrate
and Cu–Pb cleaner tailing of test S-7577. It should be noted that the chalcopyrite content is higher in
the feed of test sample S-7576 than in S-7577 (Fig. 2, cf. table 2).Thus, it is reasonable that the higher
amount of chalcopyrite in the feed of test sample S-7576 will in turn also increase the possibility of
misplacement of gudmundite due to the locking with chalcopyrite.

Fig. 4. Mineral association of tetrahedrite and gudmundite (S-7576), and gudmundite and
meneghinite (S-7577). Mineral abbreviations: Apy – arsenopyrite, Bour – bournonite, Ccp –
chalcopyrite, Gd – gudmundite, Gn – galena, Mene – meneghinite (+ boulangerite), Po – pyrrhotite,
Py – pyrite, Sil – silicates, Sp – sphalerite, Ttr – tetrahedrite.

4 Summary and Discussion

Two composite samples of the Rockliden massive sulphide ore body were studied by means of their
main sulphide mineralogy and minor Sb-bearing mineralogy. The samples have been obtained from
different parts of the Rockliden ore body: S-7576 from the upper part (< 400 m depth) and S-7577
from the lower part of the deposit. Both massive sulphide samples are relatively rich in Sb. Although
the main mineralogy is similar – dominated by pyrite, sphalerite and pyrrhotite – the Sb-mineralogy
is different: S-7576 is dominated by tetrahedrite and gudmundite, and S-7577 by meneghinite and
gudmundite. For the two composite samples a laboratory flotation test including Cu–Pb rougher
flotation, Cu–Pb cleaning, Zn rougher flotation and Zn cleaning stage was conducted. The distribution
of Sb-bearing minerals into different flotation products was measured by using the MLA technique.
It was shown that both the degree of liberation and locking have an effect on the distribution of Sbbearing minerals in the different flotation products. Also, the particle size plays an important role as
the degree of liberation of the Sb-bearing minerals is increasing towards finer particle sizes (Fig. 4, cf.
Fig. 3).

Comparing results from flotation test sample S-7576 and S-7577, it can be seen that, although their
Sb-mineralogy is different, they both contain abundant gudmundite which, in part, reported wrongly
into the Cu–Pb concentrate due to locking with chalcopyrite (S-7576 and S-7577) and galena (S-7577)
(Fig. 5). The types of locking – i.e. dominance of chalcopyrite or galena – might be related back to the
differences in the chalcopyrite and galena content of the feed sample. It is known that gudmundite
can form very fine intergrowths with chalcopyrite, pyrrhotite and galena (Minz et al. 2013); and such
intergrowths are noticed frequently in BSE images of particles in the Cu-Pb concentrate of S-7577.
These intergrowths are so fine that they could not be correctly resolved in the processed MLA data
(Fig. 5B). However, locking of gudmundite with chalcopyrite as well as with galena will cause a
misplacement of gudmundite into the same product, the Cu–Pb concentrate. The other Sb-bearing
minerals, tetrahedrite (S-7576), bournonite and meneghinite (S-7577) report largely to the correct
products (Cu–Pb concentrate) as it was expected (Lager and Forssberg 1990).
However, other factors such as entrainment might have additionally caused the deviation from ideal
behaviour of Sb-bearing minerals during the flotation process (Chetty et al. 2009; Welsby et al. 2010).
This might be true, for example, in the case of meneghinite. Misplacement of this mineral in Zn
products is especially noted in the finest sieving fraction, where meneghinite is largely liberated.
Misplacement of meneghinite and tetrahedrite into the Zn concentrate locked with sphalerite is
noted (Fig. 5), but this is a minor effect (cf. Fig. 3).

Fig. 5. Examples of the mode of occurrence in the +45µm sieving fraction of: A) gudmundite in the
Cu–Pb concentrate (test sample S-7576), B) gudmundite in the Cu–Pb concentrate (test sample S-

7577). Comparison of classified MLA images and BSE images showing the fine intergrowth
gudmundite with chalcopyrite and galena (not fully resolved in the classified images). C) tetrahedrite
in the Zn concentrate (test sample S-7576), D) meneghinite in the Zn concentrate (test sample S7577).

It should be also noted that challenges occurred during the MLA measurement on epoxy grain
mounts of the finest sieving fraction (-20 µm) including misidentification of minerals along rims of
grains and within agglomerations. Such effects might be crucial on the distribution of minor amounts
of meneghinite and bournonite reported to products other than the Cu–Pb concentrate, but also to
base metals with relatively low grade (e.g. Cu in S-7577). Several filtering tools were used to minimise
such errors during the processing of MLA data. However, data reconciliation is suggested to improve
the matching between the chemical assays and MLA data which is preliminary presented in the
conference contribution.
Further it was noted that e.g. liberated gudmundite is misplaced into valuable products what is
unexpected (cf. Lager and Forssberg 1990). It can be assumed that additional cleaning stages would
have removed some of the liberated gudmundite from the Cu–Pb concentrate. However, this is an
assumption and cannot be verified with the simplified laboratory floatation test used in this study.

5 Conclusions

The studied massive sulphide samples contain several Sb-bearing minerals including tetrahedrite,
bournonite, meneghinite and gudmundite. From the Sb distribution, preliminary calculated from
chemical analysis, it can be seen that not all Sb is separated into Cu–Pb concentrate and tailing
products as it would be expected based on the study of the distribution of the listed Sb-bearing
minerals (Lager and Forssberg 1990). The locking of Sb-bearing minerals with base metal sulphides
was proposed to be one factor controlling the distribution of Sb-bearing minerals (Minz et al. 2013).
Preliminary result from the MLA measurements showed that tetrahedrite, bournonite and
meneghinite are largely recovered into the Cu–Pb concentrate, as it is excepted (Lager and Forssberg
1990; Minz et al. 2013), and only a minor amount of these minerals is wrongly reported to the Zn
concentrate due to locking with sphalerite. However, for gudmundite, it was shown that a mineral
association with chalcopyrite and galena of up to 30 % is reached in the Cu–Pb concentrate, which is
related to the misplacement of gudmundite into this product.
Misplacement of Sb-bearing minerals into valuable flotation products due to locking with base metal
sulphide minerals might not be adjustable during the flotation. Finer grinding could be considered,
but overgrinding might have negative effects on the flotation of the main base metal sulphide
minerals. The results of this study show that especially the mineralogical separation of gudmundite
from the Cu–Pb concentrate is incomplete. This knowledge might help to evaluate an alternative
treatment of the Cu–Pb concentrate as it is expected that also gudmundite can be removed from the
Cu–Pb concentrate by alkaline sulphide leaching before the product is sent to the smelter (Minz et al.
2013).
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