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Particle-based Sb distribution model for Cu–Pb
flotation as part of geometallurgical modelling
at the polymetallic Rockliden deposit,
north-central Sweden
F. E. Minz∗1, N.-J. Bolin2, P. Lamberg3, C. Wanhainen1, K. S. Bachmann4

and J. Gutzmer4

The polymetallic Cu–Zn ore of the Rockliden massive sulphide deposit in the Skellefte District in
north-central Sweden contains a number of deleterious elements in relevant concentrations. Of
particular concern is the amount of antimony (Sb) reporting to the Cu–Pb concentrate. The aim
of this study was to compare different model options to simulate the distribution of Sb minerals in
a laboratory flotation test based on different degrees of details in the mineralogical information of
the flotation feed. Experimental data obtained from four composites were used for the modelling
and simulation. The following different simulation levels were run (sorted from least to highest
level of detail of their mineralogical information): chemical assays, unsized bulk mineralogy,
sized bulk mineralogy and particle information. It was shown that recoveries simulated based on
bulk mineralogy are mostly within the error margin acceptable in the exploration stage of the
Rockliden deposit. Unexpected high deviation in the simulation using particle information from
the original recovery has been partly attributed to the fact that recovery of non-liberated particles
cannot be modelled appropriately in the present version of the modelling and simulation
software. It is expected that the implementation of full particle information in simulation will
improve the Sb distribution model for the mineralogically complex Rockliden deposit.
Keywords: Flotation kinetics, Mineral floatability, Modelling, Sulphide ores, Antimony, Liberation

Introduction
An important aim in geometallurgy is to forecast the con-
centrate grades and recoveries of target minerals in proces-
sing products based on the information available for the
ore. This might be done through quantifying relevant par-
ameters or indicators in the ore (e.g. Chauhan, Napier-
Munn, Keeney and Bradshaw 2013). Several studies have
been conducted demonstrating the impact of ore character-
istics on the processing of base metal and precious metal
ore (e.g. Petruk and Hughson 1977; Bojcevski 2004; Lastra
2007; Cropp, Goodall and Bradshaw 2013; Dzvinamur-
ungu, Viljoen, Knoper and Mulaba-Bafubiandi 2013).

Laboratory flotation tests have been used to evaluate the
recoveries based on the floatability of different ore types
or geometallurgical units within an ore body (Lotter
et al. 2003; Brough, Bradshaw and Becker 2010; Suazo,
Kracht and Alruiz 2010; Lotter et al. 2011; Chauhan
et al. 2013). Suazo et al. (2010) developed unit parameters
representing the inherent floatability of geometallurgical
units. They used these parameters and the particle size dis-
tribution to predict the recoveries for each unit and then
forecasted the recovery of a flotation plant. The approach
was successfully applied in the case study of a porphyry
copper deposit (Suazo et al. 2010). A different approach
was suggested by Bulled and McInnes (2005), who aimed
to measure the pulp kinetics for each of the mineral species
independent of predefined ore types. The mineral-specific
pulp kinetics were applied for a whole mine block model
(Bulled and McInnes 2005). For such an approach to be
successful, the particle size distribution and liberation dis-
tribution should not change within the flotation feed.
Further, it is assumed that the decoupling of the mineral-
specific pulp kinetics and the ore type is admissible.
Recoveries obtained in a flotation process are often

described by first-order rate process (e.g. Niemi 1995;
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Runge, Franzidis, Manlapig and Harris 2003). The first-
order rate equation for the mineral recovery in a plug
flow with a perfectly mixed environment is written as

R = mi(1− e(−kit)) (1)

whereR is the recovery, ki is the kinetic constant or rate of
flotation for the component i, mi is the mass fraction of
component i and t is the discrete time in a batch cell
(Runge, Harris, Frew andManlapig 1997; Welsby, Vianna
and Franzidis 2010).
The rate constant is expressed as

k = kcRf = PSbRf (2)

where k is the overall rate constant (s−1), kc is the collec-
tion zone rate constant (s−1), P is the ore floatability
(dimensionless), Sb is the bubble surface area flux (s−1),
Rf is the froth recovery factor (e.g. Gorain, Napier-
Munn, Franzidis and Manlapig 1998).
Several input factors must thus be considered when

building a model for a particular flotation process.
These factors can be distinguished in two main groups:
characteristics of a cell feed stream, represented by float-
ability (P) in equation (2), and cell operating conditions
(Runge et al. 2003; Ralston et al. 2007). The latter is rep-
resented by Sb

∗Rf in equation (2) and comprises flotation
cell characteristics: froth recovery (Rf), and the bubble
surface area flux (Sb), which include parameters such as
entrainment, bubble diameter, superficial gas velocity,
bubble rise velocity and turbulent energy dissipation
(e.g. Ralston et al. 2007). The bubble surface area flux is
known to be partly dependent on feed stream parameters,
such as particle size (Gorain, Franzidis and Manlapig
1999). Feed characteristics (P), on the other hand, include
particle size distribution, degree of liberation or mineralo-
gical (surface) composition of particles, degree of surface
oxidation, contact angle of minerals, type and extent of
reagent coverage, particle density, and shape and degree
of aggregation of the particles in the system (Niemi
1995; Runge et al. 2003; Welsby et al. 2010 and reference
therein).
As the feed characteristics (P) cannot be assumed to be

constant, but insteadwill vary in relation to the variability
and complexity of an ore body, it has been suggested to
describe the flotation feed by a spectrum of floatabilities,
distinguishing fast, slow and non-floating components
(Runge et al. 2003). The classes include particles of vari-
able size and composition. If the data are recorded only
on unsized basis, the underlying physical properties can-
not be directly related to fast, slow and non-floating com-
ponents. It is known that the flotation component model
is only valid when no severe changes in the flotation
regime occur, i.e. no reagent addition, aggregation, oxi-
dation or regrinding in the circuit, and it faces challenges
when feed parameters, such as head grade and particle
size distribution, change (Runge et al. 1997; Welsby
et al. 2010). Welsby et al. (2010) showed that a narrow
particle size fraction and liberation interval of the valu-
able mineral could be matched with the fast floating com-
ponent, as defined by the floatability component method.
Ideally, it means that physical particle parameters could
be assigned to the floatability components. Thus, if the rel-
evant physical parameters of the flotation feed can be
extracted from the ore, this would allow a connection of
the variability and complexity found in an ore body and

the forecasting of the flotation efficiency in terms of
grades and recoveries (cf. Lamberg 2011).
In this study, the particle composition and size were

selected as physical parameters relevant to flotation mod-
elling and simulations. For simplicity only one floatability
component was used. The assumption behind this is that
the complexity in recoveries, which is met by different
components (fast, slow and non-floating) in the floata-
bility component model, can be simplified to one
component when each component is defined by its miner-
alogy and degree of liberation for narrow size fractions.
The floatability was modelled based on the recovery of
minerals, on unsized and sized basis, and finally based
on the recovery of liberation classes in narrow particle
size fractions. In the latter case, it is assumed that float-
ability of a pure liberated particle in a narrow size range
is virtually constant in different ore types at similar flo-
tation conditions (Gorain et al. 2000).
The mineralogical information used in this study was

collected on flotation products of the polymetallic
Cu–Zn massive sulphide Rockliden deposit. Antimony
(Sb) is a minor to trace element in the Rockliden ore,
which potentially lowers the quality of the Cu–Pb concen-
trate since it is a penalty element at Cu smelters (Larouche
2001). The average Sb grade of the Rockliden deposit was
estimated to be in the range of 0.075–0.15 wt-% (Minz,
Bolin, Lamberg and Wanhainen 2013). The Sb mineral-
ogy of the Rockliden deposit is complex, comprising tet-
rahedrite (Cu12Sb4S13), bournonite (PbCuSbS3),
meneghinite (Pb13CuSb7S24) and gudmundite (FeSbS)
as the main Sb carriers (Minz et al. 2013). Four mineralo-
gically distinct composite samples were subjected to a lab-
oratory flotation test; the results were presented in
previous contributions (Minz et al. 2015a, 2015b). The
main focus of the present study is to formulate a model,
which can forecast the Sb recovery and grade of the
Cu–Pb concentrate, based on the distribution of Sb min-
erals in particles in the feed to flotation. This study should
also show whether the prediction of Sb recovery and
grade is more precise when the floatability of Sb minerals
is derived from analysis providing particle information
(mineral liberation level) than by using bulk mineralogy
(sized and unsized). For comparison with mineralogical
data, the floatability was also modelled based on chemical
composition.

Methods
Material and experimental setup
This study is based on the results from laboratory flo-
tation test done on four composite samples representing
four Sb-rich mineralisation types of the Rockliden
deposit three massive sulphide samples (two Zn-domi-
nated and one Cu-dominated) and a mafic dyke sample.
Detailed descriptions of the sampling, analytical pro-
cedure and the results of flotation tests are reported in
Minz et al. (2015a, 2015b). Only a summary is provided
here. The samples were ground in a laboratory rod mill
to a P80 of about 50 µm. The flotation test was con-
ducted using a Magotteaux bottom-driven flotation
machine. The cell size of the flotation machine was
2.7 L, the percentage of solids used was 46–49 wt-%
for the four composites and the used flotation reagents
are as shown in Fig. 1. The froth was removed with a
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scraper at constant pace and depth given by the design
of the flotation machine. The total flotation time in
the rougher stages was 5.5 and 3.5 min for the cleaner
stages (Fig. 1). Samples were dried, weighted and sieved
into three size fractions, and polished epoxy mounts for
mineral liberation studies were prepared. It should be
noted that the test for the composites was not repeated
and hence the experimental error cannot be studied
directly (cf. Chauhan et al. 2013).
A mineral liberation analyser (MLA) at the Geometal-

lurgy Laboratory, Technische Universität Bergakademie
Freiberg, Germany, was used to study the mineralogical
composition of particles in the sized flotation products
by GXMAP analysis (Fandrich, Gu, Burrows and Moel-
ler 2007). Results were treated by a particle tracking tech-
nique (Lamberg and Vianna 2007). Before balancing of
particles in narrow size fractions, minerals were grouped
to reduce the complexity in mineralogy given in MLA
measurements for the Rockliden case. A total of 10 min-
eral groups were defined for each composite, comprising
Sb minerals, base-metal sulphides, Fe sulphides and
non-sulphide gangue minerals. The main Sb minerals
were kept separately as they show a different flotation dis-
tribution during Cu–Pb and Zn flotation (Lager and
Forssberg 1990; Minz et al. 2015a). The grouped MLA
data were binned, i.e. particle classes based on their com-
position (binary, ternary and complex particles) were
defined for each size fraction. The data were further
adjusted by advanced binning, so that mass balancing
was possible by reaching a sufficient number of particles
in each particle group of each product (Lamberg and
Vianna 2007). The processed MLA results will be referred
to as experimental data.
As an alternative approach, a bulk mineralogy was

computed from chemical assays provided for all flotation
products. The Cu, Zn, Pb, As, Sb and S assays were con-
verted into chalcopyrite, sphalerite, galena, bournonite
(PbCuSbS3), arsenopyrite, pyrite and quartz in the Geo
module of the HSC Chemistry software (cf. Roine 2009)
and then used similar to MLA-based bulk mineralogy
in the modelling of k values and simulation of grades
and recoveries of the four composites. It should be
noted, however, that the bulk mineralogy calculated
from chemical assays does not allow the distinction of
different Sb minerals.

Modelling of flotation rates
All modelling described in this manuscript is empirical,
i.e. it is based on the results of the experimental data for
the four studied ore composites. The models of this
study are developed for assay-based bulk mineralogy
(grades and recoveries of minerals derived from element
to mineral conversion, SL0), bulk mineralogy (mineral
grade and recoveries derived from MLA data, on unsized
and sized basis, SL1 and SL2, respectively) and for fully
liberated particles (derived from mass balancing of
MLA data, SL3) (cf. Table 1). The flotation rates were cal-
culated based on the mineral recovery corresponding to
the detail of information required for each simulation
option (SL0 to SL3). For simulation option SL3 and
SL2 the flotation rates were calculated for each mineral
in each size fraction (−20, +20 to −45, +45 µm). Using
information on sized basis gives a total of 10 (minerals) ×
3 (size fractions) = 30 flotation rates in option SL2 and
SL3, 10 (minerals) × 1 (size fraction) = 10 flotation rates
in option SL1, and 7 (calculated minerals) × 1 (size frac-
tions) = 7 flotation rates in option SL0. The flotation rates
are modelled both for Cu–Pb and Zn flotation. For all
minerals (SL0 to SL2) or liberated particles of each size
fraction (SL3), the flotation rates were calculated using
non-linear fitting techniques by minimising the mean
square error of the experimental and modelled recoveries.
The modelled recoveries were calculated based on
equation (1), applying the flotation times for rougher
and cleaner flotation as shown in Fig. 1. The flotation
rates were calculated for all four composites, and min-
eral-specific flotation rates were selected for simulation
from the Zn-dominated massive sulphide composites.

Simulation and model validation
During the laboratory flotation tests on the four compo-
site samples, the cell operating conditions were kept con-
stant. The cell parameters were not considered in
modelling, i.e. the bubble surface area flux (Sb) and
froth recovery were set to the value of ‘1’ in the simu-
lations leading to k = P in equation (2).
For each mineral (or mineral group, as defined in the

experimental data), global k values (flotation rates) were
chosen from two composites (UR-Zn or LR-Zn compo-
site, both are classified as Zn-dominated massive sulphide

1 Flowsheet of the laboratory flotation test showing all sampled flotation products: CuCC, Cu–Pb cleaner concentrate; CuCT,
Cu–Pb cleaner tailing; ZnCC, Zn cleaner concentrate; ZnCT, Zn cleaner tailing; ZnRT, Zn rougher tailing. The flotation
reagents are listed for the Cu–Pb and Zn flotation and the total flotation time is given in the symbols of the rougher and clea-
ner stages
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ore, cf. Table 1). The modelled mineral-specific k values
were used in HSC Chemistry Sim 7.1 modelling and simu-
lation software to forecast the distribution of the minerals
into the flotation products (Roine 2009). As described
above, fast, slow and non-floating components were not
distinguished; instead one component was used contain-
ing mineral-specific k values for narrow size classes.
Accordingly to the depth of information on which the
k values have been modelled, different detail of mineralo-
gical information was used to describe the feed in the
simulation of the four composites (Table 1). Full particle
information was used to describe the feed for simulation
option SL3.
The average coefficient of variation (ACV, cf. Abzalov

2008) has been used to estimate the errors between the Sb
grade and recovery given by the simulated data (ai) and
experimental data (bi) for the pairs (a and b) of the
rougher and cleaner concentrate in Cu–Pb flotation
(N = 2)

ACV = 100 2/N
∑N

i=1
[(ai±bi)

2/(ai + bi)
2]

{ }(1/2)
(3)

It should be noted that the ACV values were developed
originally for assay data in ore geology applications and
not for recoveries (Abzalov 2008).

Results
Mineralogical characterisation of test material
and distribution of Sb
Figure 2a gives an overview of the bulk mineralogy of the
four composites as derived from MLA measurements. It
shows that the feed is dominated by sulphide minerals
including pyrite, sphalerite and chalcopyrite for all tested
massive sulphide composites. The mafic dyke composite is
different as it is dominated by non-sulphide gangue,
mostly comprising amphiboles, phyllosilicates, feldspar
minerals and quartz. More details on the mineralogical
characteristics of the four composites are found in Minz
et al. (2015a, 2015b).
Figure 2b shows the degree of liberation of Sb minerals

in relation to their weight percentage in the feed samples.
The data in Fig. 2 demonstrate significant differences in
themineralogy between the feed samples. Systematic corre-
lation between head grades of Sb minerals and their degree
of liberation is not apparent (Fig. 2b). However, it might be
noted that at low mineral grades (<0.15 wt-%) the degree
of liberation of Sb minerals is highly variable, ranging
between 18 and 48%; with increasing mineral grade
(>0.15 wt-%) the degree of liberation of Sb minerals
narrows to a range of 35–45%.
Table 2 summarises the distribution of the Sb minerals

between different flotation products both for bulk min-
erals and for liberated particles. Individual Sb minerals

show significant differences in their distribution. The dis-
tribution of liberated Sb minerals is more pronounced
than the distribution of bulk minerals. Liberated par-
ticles of Cu- and Pb-bearing Sb sulphosalts (tetrahedrite,
bournonite and meneghinite) are recovered mostly into
the Cu–Pb cleaner concentrate (recoveries >85%) if
head grades of the Cu- and Pb-bearing Sb sulphosalts
are higher than 0.15 wt-% (compare Fig. 2b and
Table 2). Gudmundite reports largely to the tailings
(Table 2). The difference in distribution between bulk
and liberated gudmundite are attributed to effects of
locking, in particular of locking in chalcopyrite-gudmun-
dite and galena-gudmundite binary particles (Minz et al.
2015a, 2015b). The hypothesis that similar particle types
(in terms of composition and size, e.g. chalcopyrite-gud-
mundite and galena-gudmundite binary particles) show
similar flotation behaviour – regardless of bulk compo-
sition, location or ore type of the feed – was supported
by quantitative mineralogical studies on the feed and flo-
tation products (Minz et al. 2015a, 2015b).

Flotation rate constants and recovery of
binaries
The flotation rate constants (k values) have been calcu-
lated for all minerals in the four composites according
to the simulation options listed in Table 1. The flo-
tation rate constants were calculated for liberated par-
ticles per size fraction in the third simulation level
(SL3). In Fig. 3, the size–recovery curves (SL3 and
SL2) and unsized values (SL1) are shown for chalco-
pyrite, sphalerite, non-sulphide gangue and Sb minerals
in Cu–Pb flotation. As expected, chalcopyrite as well as
Cu- and Pb-bearing Sb sulphosalts show high k values
in Cu–Pb flotation (Fig. 3). The same is true for spha-
lerite in Zn flotation. The k values of the medium size
fraction (20–45 µm) are often highest, which is the
expected pattern for size–recovery curves (e.g. Trahar
and Warren 1976; Trahar 1981; Fig. 3). It should be
noted that composite LR-Zn has a low chalcopyrite
grade. The highest k value of chalcopyrite in the smal-
lest size fraction is thus attributed due to the fact that
in the case of the LR-Zn composite liberated chalco-
pyrite almost exclusively reports into the Cu–Pb clea-
ner concentrate.
The flotation rate constants (k values) for chalcopyrite

in option SL3 are higher than in option SL2 (compare
size–recovery curves, Fig. 3). This is related to the fact
that chalcopyrite includes liberated and non-liberated
particles in mineral-by-size modelling and simulation
option (SL2), and it reflects the more pronounced distri-
bution of liberated particles into Cu–Pb cleaner concen-
trate on which the k values of option SL3 are based
(cf. Table 2). Correspondingly, for sphalerite the k values

Table 1 Parameter options chosen for simulation

Simulation option SL0 SL1 SL2 SL3

Depth of information for feed to
simulation and k values selected
from UR-Zn and LR-Zn

Bulk mineralogy computed
from chemical assays,
unsized

Bulk mineralogy
derived from MLA data,
unsized

Bulk mineralogy
derived from MLA
data, sized

Liberated
particles, sized

Abbreviations: SL, simulation level; UR-Zn, Zn-dominated massive sulphide from the upper part of the Rockliden deposit; LR-Zn, Zn-
dominated massive sulphide from the lower part of the Rockliden deposit.
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of liberated particles are lower than for the bulk mineral
in size–recovery curves (Fig. 3).
The behaviour of binaries is derived from experimen-

tal data and selected types are as shown in Fig. 4. Gen-
erally, it can be seen from the bent shape to the recovery
curves (Fig. 4), that a small amount of Cu- or Pb-bear-
ing minerals (5–10 wt-%) will give high recovery of such

binary particles into the Cu–Pb cleaner concentrate.
However, the flotation model available in HSC Chem-
istry Sim 7.1 uses linear relation for recovery curves
of binary particles. It is clear from Fig. 4 that for the
simulation of flotation to be successful non-linearity
must be included in model option SL3. The implemen-
tation of a non-linearity model is currently not possible

2 Mineral characteristics of the flotation feed based on MLAmeasurement; amodal mineralogy and Sb mineralogy, b degree of
liberation of Sb minerals (fully liberated, P80 ca. 30 µm) vs. Sb mineral grade. Abbreviations: Bour, bournonite; Ccp, chalco-
pyrite; Gd, gudmundite; Gn, galena; Mene, meneghinite (with boulangerite); NSG, non-sulphide gangue (with remaining trace
minerals); Po, pyrrhotite; Py, pyrite (with arsenopyrite); Sp, sphalerite; Ttr, tetrahedrite. Composites: UR-Cu, Cu-dominated
massive sulphide from the upper part of the Rockliden deposit; UR-Zn, Zn-dominatedmassive sulphide from the upper part of
the Rockliden deposit; LR-Zn, Zn-dominated massive sulphide from the lower part of the Rockliden deposit; MD, mafic dyke

Table 2 Distribution of Sb minerals (Gd, gudmundite; Bour, bournonite; Mene, meneghinite; Ttr, tetrahedrite) into three final
flotation products (CuCC, Cu–Pb cleaner concentrate; ZnCC, Zn cleaner concentrate; Zn RT, rougher tailing) of each
composite (UR-Cu, upper Rockliden Cu-dominated massive sulphide; UR-Zn, upper Rockliden Zn-dominated massive
sulphide; LR-Zn, lower Rockliden Zn-dominated massive sulphide; MD, mafic dyke). Bold are the two main Sb host
minerals of each composite.

Sb%

Distribution of fully liberated particles Distribution of bulk minerals

Ttr % Bour % Mene % Gd % Ttr % Bour % Mene % Gd %

UR-Cu CuCC 24.2 82.0 69.9 54.9 14.0 85.9 46.4 72.3 8.3
UR-Cu ZnCC 6.7 0.9 2.3 5.5 10.1 0.4 2.9 3.3 10.4
UR-Cu ZnRT 42.4 0.4 13.7 22.4 36.9 0.3 30.8 11 41.6
UR-Zn CuCC 63.1 96.2 83.0 70.1 28.5 96.2 79.7 78.4 13.2
UR-Zn ZnCC 4.3 0.4 1.2 3.1 8.5 0.2 0.7 0.9 9.2
UR-Zn ZnRT 16.3 0.2 7.8 7.0 32.7 0.0 10.6 3.4 46.3
LR-Zn CuCC 56.8 93.5 87.5 94.6 28.3 95.9 90.0 97.8 12.8
LR-Zn ZnCC 4.3 2.0 1.6 1.1 6.8 2.0 0.5 0.6 4.5
LR-Zn ZnRT 21.1 0.4 5.4 1.4 35.4 0.4 5.2 0.3 52.1
MD CuCC 82.9 66.0 80.6 77.3 13.4 86.6 91.1 87.2 9.6
MD ZnCC 5.8 9.9 7.1 5.9 37.5 1.0 0.5 0.3 3.0
MD ZnRT 1.5 12.4 3.4 3.3 16.5 3.6 2.2 2.2 45.8
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by the HSC Chemistry Sim 7.1 modelling and simu-
lation software.

Comparison of different levels of simulation
To critically assess the different simulation options recov-
ery–grade curves are shown for Cu and Sb in the Cu–Pb
circuit (Fig. 5). The simulation options SL0 to SL2

generate higher recoveries for Cu and Sb than actually
observed. The opposite is true for the simulation options
SL3. Recovery curve of option SL3 tend to reflect the
shape of the experimental curve of composite UR-Zn
and LR-Zn more closely than option SL2 to SL0, and
in some cases give even recovery–grade curves apparently
closest to the curves based on the experimental data, e.g.
the Sb grade–recovery curve for option SL3 of composite

3 Flotation kinetics (k values) for chalcopyrite (Ccp), sphalerite (Sp), non-sulphide gangue (NSG) and Sb minerals (Ttr, tetrahe-
drite; Bour, bournonite; Mene, meneghinite; Gd, gudmundite) in Cu–Pb flotation. Bold lines show the size-recovery curves of
model-fitted k values selected from Zn-dominated massive sulphide composites (UR-Zn or LR-Zn). Vertical bars indicate the
variation in the k values as indicated from all four composites
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UR-Cu (Fig. 5). The recovery–grade curves for simu-
lation based on the sized and unsized bulk mineralogy
(SL2 and SL1) are very similar (Fig. 5). The results
obtained for simulation based on unsized bulk mineralogy
(SL1) deviates only slightly from that based on size-by-
size bulk mineralogy (SL2, Fig. 5). The recovery–grade
curves of simulation option SL0 are still close to exper-
imental data, but show more variable shapes in compari-
son to curves of simulation option SL1 to SL3.
The non-linear flotation behaviour of selected binary

particle types was implemented in simulation using
k values for the liberated particles from the same compo-
site. The recovery-grade curves of the tested cases were
closer to the experimental data in comparison with the
curves of simulation option SL3, but did not come to con-
gruence with the experimental data. More research is
required to enable incorporation of all non-linear behav-
iour of binary and more complex particles in simulation.
Table 3 collates experimental and simulated Cu, Pb and

Sb grades and recovery of the Cu–Pb cleaner concentrate.
In addition ACV values are also given in Table 3, compar-
ing grades and recoveries of the experimental and

simulated data in the Cu–Pb flotation for each simulation
option. The ACV values consider only the results from
Cu–Pb flotation. Simulations based on bulk mineralogy
(SL1 and SL2) give similar, in some cases even smaller
ACV values than for model option SL3 (e.g. composites
UR-Zn and LR-Zn, Table 3). It should be noted that
it is these two samples (UR-Zn and LR-Zn) from which
k values have been selected for modelling. The obser-
vation that ACV values, in particular for the Sb recovery,
of the UR-Zn and LR-Zn composites are partly smaller
for model option SL1 or SL2 than for SL3 might be
attributed to the fact that the distribution of binary and
more complex particles is not correctly modelled with
option SL3. The k values based on the bulk mineralogy
in option SL2 and SL1 might compensate the missing
modelling of binary and complex particles in simulation
SL3. However, ACV values for option SL3 are partly
lower for the UR-Cu and MD composite than values of
option SL2 and SL1. The plain bulk mineralogy (SL2
and SL1) does not directly take textural features in
the ore, i.e. the feed to flotation, into consideration. The
slightly higher precision of SL2 and SL1, compared to

4 Examples of bended shape of recovery curves for selected binaries in selected products. x-axes: weight (wt-%) of onemineral
in binary particles (the wt-% of other mineral is the difference to 100%), y-axes: recovery of the binary particle as defined by
experimental data. Abbreviations: NOP, number of particles (by size fraction); for other abbreviations, see Fig. 2
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SL3, for the UR-Zn and LR-Zn composites than for the
UR-Cu and MD composites indicates limits in the port-
ability (or global usage) of k values used for forecasting
of Sb recoveries (see the section ‘Usability of simulation
results for geometallurgical modelling’).

Discussion
Global usage of k values
Modelling the mineral-specific k values (flotation rate
constants) from experimental data showed that, although
the mineralogy of the composites is different (cf. Fig. 2
and Table 2), the k values are similar for liberated par-
ticles in all four composites (UR-Cu, UR-Zn, LR-Zn
and MD, Fig. 3). For simulation options SL3 to SL1,
mineral-specific k values were chosen from two

composites (UR-Zn and LR-Zn). It was shown that the
precision is similar for results from simulations conducted
on the composites (UR-Zn and LR-Zn) from which the
mineral-specific k values were selected and for simulations
using feed information from the remaining composites
(UR-Cu and MD, Table 3). This indicates that using
k values derived from distribution of liberated particles
from the flotation test on a different sample is permissible,
i.e. mineral-specific k values might be used globally within
a deposit.
However, it should be noted that the mineralogy of

tested composite samples represents, by intention,
extreme cases both in the main mineralogy and in the
Sb trace mineralogy in respect to ore from the Rockliden
deposit (Minz, Lasskogen, Wanhainen and Lamberg
2014; Minz et al. 2015b). Holding experimental con-
ditions constant in the flotation test does not mean that

5 Recovery–grade curves comparing results from the simulation with the experimental data (EPX). Simulation options (SL0,
SL1, SL2 and SL3) are as listed in Table 1. Composites: UR-Cu, upper Rockliden Cu-dominated massive sulphide; UR-Zn,
upper Rockliden Zn-dominated massive sulphide; LR-Zn, lower Rockliden Zn-dominated massive sulphide; MD, mafic dyke
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the flotation conditions for each composite were equal,
e.g. caused by different reagent consumptions. It is
observed that the Cu recovery of liberated chalcopyrite
is relatively low for the Cu-rich massive sulphide compo-
site (UR-Cu) although the liberation degree of chalcopyr-
ite is highest in this sample. In order to account for the
close relation of flotation cell parameters and the float-
ability of particles, modelling of micro-kinetics would be
required (Danoucaras, Vianna and Nguyen 2013 and
references therein). Guy and Trahar (1985) have listed sev-
eral interactions in the flotation cell triggered by charac-
teristics of the feed, such as oxidation, precipitation,
catalytic reactions and solid–solid interaction (e.g. slime
coating). They pointed out that the number of such inter-
actions is largely unknown. However, such interactions
cannot be discerned by the approach taken in this study.

Usability of simulation results for
geometallurgical modelling
According to purpose of sampling different tolerance
levels were suggested for the fundamental error in
sampling (sFE) by Pitard (1993): sFE≤ 0.5% for commer-
cial purpose, sFE≤ 5% for technical sampling and process
control and sFE≤ 16% for exploration and environmental
sampling. Expanding this classification to the ACV
values, these thresholds can be used to evaluate the appli-
cability of different simulation options in the forecasting
of grades and recoveries by geometallurgical models.
The results indicate that the model, based on bulk miner-
alogy of the feed and mineral-specific k values derived
from two tested composites, is sufficient to forecast the
Sb recoveries at a precision of less than 16% (Table 3).
Thus, simulation options SL2 and SL1 could be used
for models in the exploration stage or a scoping study.
The studied simulation options (SL0 to SL3) are not rec-
ommended to be applied beyond the exploration stage.
For simulation option SL3, the assumption of non-lin-

ear recovery behaviour for binary particles is currently not
correctly implemented in modelling and simulation with
HSC Chemistry Sim 7.1. This is a reason for relatively

high ACV values compared to other simulation options
(SL2 to SL0). However, it is expected that a full par-
ticle-based simulation, considering simulation of binaries
and more complex particles, would have considerable
advantages especially (but not only) when trace minerals
are concerned. This is reasonable under the assumption
that at decreasing grade and grain size, trace minerals
might be found more frequently locked in particles and
consequently less governed by the behaviour of fully liber-
ated particles. By implementing the correct behaviour of
binary and more complex particles, e.g. by taking into
account the bent shape of recovery curves (cf. Fig. 4),
models based on particle information may be consider-
ably improved (referred to as SL4 in Table 4).
Owing to the complexity of the Sb mineralogy at Rock-

liden, it was expected that the modelling and simulation
using only assays (SL0) would result in much poorer fore-
cast of Sb grades and recoveries than using simulation
options, especially since Sb minerals are not discerned
in option SL0. This was indeed the case for the UR-Cu
composite where the error for Sb grade and recovery is
higher in option SL0 compared to the other options.
Based on this observation, the plain chemical assays
should not be used for the simulation of product quality
in the case of mineralogical complex ore.
Table 4 compares the advantages and disadvantages of

different modelling levels for the simulation of the behav-
iour of minerals in a geometallurgical programme. In this
context, the term portability means that model par-
ameters can be derived from one sample or small number
of samples and can be globally used in a large number of
samples or ore blocks in a geometallurgical model or pro-
gramme, if appropriate input information for simulation
is available, e.g. in form of bulk mineralogy and textural
information in case of simulation option SL3 and SL4
(cf. Lund 2013).

Remarks on model expansion
A complete decoupling of the feed stream characteristics
and the cell operating conditions is not possible

Table 3 The distanceD between experimentally and simulated data points of Cu, Pb and Sb grades and recoveries in the grade-
recovery curves (cf. Fig. 5) is given for theCu–Pb cleaner concentrates for the respective simulation option (SL0 to SL3).
ACV values (%) are given for comparison of experimental and simulated assays and recoveries in the rougher and
cleanerconcentrateof theCu–Pbflotationcircuit. Simulationoptionsareas listed inTable1. Forabbreviations, seeFig. 5

Distance ACV values for assays ACV values for recoveries

D(Cu) D(Pb) D(Sb) Cu wt-% Pb wt-% Sb wt-% Cu % Pb % Sb %

UR-Cu SL3 6.9 14.9 2.9 15.3 2.9 11.1 2.9 14.2 6.5
UR-Cu SL2 9.4 7.4 9.4 13.3 22.9 28.6 4.6 5.3 11.4
UR-Cu SL1 10.8 7.2 9.2 13.7 24.2 30.2 5.7 5.3 11.6
UR-Cu SL0 8.5 14.1 15.9 14.6 8.3 38.3 3.3 10.3 21.7
UR-Zn SL3 16.5 17.4 17.4 28.6 28.5 22.6 12.1 12.3 18.0
UR-Zn SL2 5.7 7.2 2.8 25.8 26.2 24.8 3.1 0.9 3.1
UR-Zn SL1 5.8 7.4 3.4 26.0 26.5 24.6 3.2 1.1 3.7
UR-Zn SL0 6.4 9.0 4.1 25.7 24.5 18.2 3.6 3.7 7.8
LR-Zn SL3 21.3 25.5 17.7 22.3 26.5 22.8 22.7 17.3 19.3
LR-Zn SL2 12.2 7.6 4.2 28.1 21.5 17.5 17.0 3.1 7.8
LR-Zn SL1 13.1 7.7 4.7 28.8 21.9 17.0 17.6 3.3 8.5
LR-Zn SL0 13.1 8.8 2.4 30.2 22.5 17.5 17.9 3.3 14.8
MD SL3 4.5 14.5 8.1 8.5 16.5 4.2 3.4 6.5 7.1
MD SL2 11.5 32.8 14.6 10.8 21.5 11.0 11.1 21.4 10.7
MD SL1 12.2 33.3 14.8 11.5 21.9 11.2 11.5 21.7 10.8
MD SL0 2.0 27.5 15.0 9.0 23.5 4.8 5.4 15.8 11.3
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(cf. Danoucaras et al. 2013). For a technical approach it
might be sufficient to adjust the floatability of particles
by determining the effective floatability of a specific flo-
tation cell and by controlling the operation conditions care-
fully. The application of results from one flotation
condition to another (e.g. with the purpose for up-scaling)
requires studying the correlation of flotation cell par-
ameters influencing the floatability of a particle in different
environments (e.g. laboratory test and flotation plant)
(Niemi 1995; Gorain et al. 2000). This is beyond the
scope of this study. It is recommended to conduct research
that would allow scaling-up the results of this study.

Alternative model
Statistical modelling, commonly used in geometallurgy,
could be chosen as an alternative approach. By taking
this approach, processing attributes such as recovery can
be estimated based on geological data. A statistical
approach would require a large number of laboratory
tests to build a model that forecasts grades and recoveries
as a function of ore properties: e.g. CuRec = f (Cu, Sb, S,
Zn head grade etc.) (e.g. Bulled and McInnes 2005).
Keeney and Walters (2011) showed that comminution
models based on chemical assays results in poorer accu-
racy than those which also use additional information
such as petrophysical data. Similarly, it is assumed that
only using drill core assays would give poorer accuracy
forecasting the Sb grade of flotation products than using
additional mineralogical or petrographical information.
However, other than the drill core assays, quantitative
data are not consistently available in the Rockliden case.
This means that mineralogical, petrographical or petro-
physical data and test parameters would need to be col-
lected for a large number of samples to build a 3D
model for simulation of process parameters such as com-
minution indices and recoveries, which is more accurate

than a model based on assays only (e.g. Bulled and
McInnes 2005). The low number of samples (four) tested
in the Rockliden case study, does not permit a model fore-
casting the recovery based on sound statistics connecting
geological and processing parameters. Variations in the
mineralogy within the Rockliden massive sulphide
deposit were identified, in particular concerning the Sb
mineralogy (Minz et al. 2014). Thus, it is not rec-
ommended to base a model on a direct relation between
drill core assays and processing parameters since the
chemical assays might not accurately reflect the mineralo-
gical variability potentially influencing processing par-
ameters. Moreover, only Sb-rich composite samples
were collected to study the mineralogical end-members
of the Rockliden massive sulphide deposit, but were not
intended to cover the variation in the Sb grade at Rockli-
den and related difference in the Sb mineralogy (including
differences in bulk Sb mineralogy and textural patterns)
of potential mining blocks.

Summary and conclusions
In this study, several modelling and simulation options
were tested to forecast grades and recoveries (of Cu, Pb,
Sb etc.) in the Cu–Pb concentrate of the polymetallic
Rockliden massive sulphide deposit. Simulations were
based on mineral-specific flotation rate constants
(k values) modelled according to a first-order kinetic pro-
cess. Mineralogical information was available from exper-
imental data collected for four composite samples. Four
levels of simulation were distinguished by the details in
mineralogical information describing the feed used for
simulation and by the corresponding mineralogical
details available for model-fitting of k values. The follow-
ing levels were tested in the simulation, from most to least
detailed: full particle information (option SL3), sized bulk
mineralogy (option SL2) and unsized bulk mineralogy

Table 4 Suggested application of mineralogical information for different simulation options (SL0 to SL3 are as described in
Table 1, for explanation of SL4 see text)

Model
option Advantage Disadvantage Recommendation

References/case
studies

SL0 Information of assay-
derived bulk mineralogy
needed, no sizing and
liberation analysis
needed

Portably might be possible, but
not recommend with changes in
mineralogy (such as it is the case
of Sb mineralogy)

Usable in high-to-moderate grade
ore material, with simple mineralogy
(i.e. mineral grades can be
estimated from chemical assays),
high liberation degree and small
variation in mineral textures

Magnetite ore (Lund
2013; Parian 2015)

SL1 Information of bulk
mineralogy needed, no
sizing and liberation
analysis needed

Portability in ore bodies showing
only variation in mineral grades.
Leads easily to a big number of
samples to be tested (e.g. in
flotation tests)

Usable in material with complex
mineralogy but low variability in
mineral textures (e.g. grain size and
mineral association)

This study, simulation
option SL1

SL2 Information of bulk
mineralogy by size
needed, no liberation
analysis needed

As for SL1. Portability over high
variation in mineral textures does
not exist. Requires sizing and
thus tedious

Usable for ores where mineral
textures have a low variability and
particle size distribution is to be
optimised

This study, simulation
option SL2

SL3 Enables simulation of
different particle sizes
and mineral textures

Labour-intensive, requires
liberation analysis and
establishment of textural classes
(arche-types). Needs model
development

Ores showing high variation in
mineral textures (e.g. grain size and
mineral association)

This study, simulation
option SL3. Examples
for magnetite ore
(Lund 2013)

SL4 Global k values and
bending factors for
modelling distribution of
complex particles

See disadvantages of SL3.
Complex mineralogy will expand
into large number of mineral
combinations in particles

For simulation of trace elements
(<1 wt-%), complex trace
mineralogy, poorly liberated
particles of trace minerals

Sb minerals in
Rockliden
mineralisation
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(option SL1), as well as simulation based on chemical
assays only (option SL0). For each mineral, a k value
was selected from two composites. The application of
the selected mineral-specific k values in simulation of
grades and recoveries of the remaining two composites
indicated the portability or global usability of the min-
eral-specific k values.
Comparing the recovery-grade curves of the simulation

results of option SL3 (mineral liberation) to SL0 (chemi-
cal assays) showed that neither simulation option consist-
ently gives a close match to the experimental data. Those
model options based on bulk mineralogy (SL2 and SL1)
and on chemical assays (SL0) tend to overestimate recov-
eries of Cu and Sb, while option SL3 tends to underesti-
mate recoveries. It was found sufficient to use bulk
mineralogy data as a basis for simulation of Sb recoveries
for the exploration and scoping study stage of a mining
project. The simulation options (SL2 and SL1) require
less effort for data acquisition, processing and building
of a model since no complete particle analysis is imple-
mented in the simulation.
A large deviation between measured and simulated Sb

grades and recoveries was noted for one composite using
simulation option SL0 and thus it is not recommended to
use only assays for the simulation in the case of a complex
mineralogy. The studied feed samples all had relatively
high Sb grades (about 0.2 wt-%). Further, the proportion
of fast floating Sb minerals (Cu- and Pb-bearing Sb sul-
phosalts) and slowly floating gudmundite is similar for
all the massive sulphide composites. Thus, there is no
basis on which the results for simulation option SL0
could be extrapolated to feed samples with different
ratio in fast- and slow-floating Sb minerals or feed
samples with different Sb grades for which also a lower
degree of liberation for Sb minerals is expected. More
experimental work should be conducted on this issue.
Generally, it is perceived that with increasing depth of

information a more precise modelling and simulation is
achieved in the context of geometallurgy (e.g. Lishchuk,
Lamberg and Lund 2015). In this study it could not be
shown that a particle-based simulation (SL3) gives con-
sistently better result than simulation based on e.g. bulk
mineralogy (SL2 or SL1). This was partly attributed to
the fact that recoveries of binary or more complex par-
ticles are not correctly implemented in the particle-
based simulation option (SL3). Continued research on
this issue should reveal whether the implementation of
full particle information, including the flotation distri-
bution of binary or more complex particles, may provide
better quality forecasts on grades and recovery for
implementation in a geometallurgical model usable
beyond the exploration stage.

Geolocation information
The Rockliden mineralisation is located in the Örnskölds-
vik municipality (Västernorrland county, north-central
Sweden), ca. 50 km south of Åsele (64°09′N 17°21′E).
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