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Journal

Comment

Heavy minerals is a small and often neglected field of mining and metallurgy. 
However, this industry produces some of the most important minerals and metals 
of the modern world. Where would we be without titanium for its multitude of 

uses, zirconium for its ultra-hard properties in zirconia, or the rare earth elements for 
their plethora of uses in modern technology?

The mining challenges of this industry are somewhat different to traditional 
hard-rock mining as the mines are almost exclusively surface operations. However, 
because of that, the environmental, social, and resource challenges of this type 
of mining have a character of their own. The economics of the industry can be 
rewarding, but because of the relatively low price of the intermediates the industry 

has to move large tonnages of material. The processing of mined minerals, although 
seemingly simple, has many nasty ‘hookers’ such as the effect of the surface properties of the minerals. 
The effect of atmospheric conditions on surface properties can have significant consequences regarding the 
recovery and grade of concentrates. In addition to the metallurgical challenges, the issue of radioactivity 
requires management. Although not at a level to cause any health issues, the levels are significant enough 
to attract attention from health and safety regulators. The challenges of the industry do not stop there as 
the end products of this sector often require high-cost and high-technology solutions. In no way can high-
temperature chlorination in a gaseous atmosphere be considered straightforward. Similarly, the production of 
neodymium or samarium for high-powered magnets is not simple, a fact illustrated by the small number of 
facilities that operate this technology.

The International Heavy Minerals Conference series hosted by the SAIMM is an industry-driven initiative 
to allow sharing of ideas, technologies, and methods of handling the various challenges. The first conference 
was in 1997 and was held in Durban, South Africa. At this conference, which  was organized by the 
Zululand and Western Cape branches of the SAIMM, there were 38 papers and over a 100 delegates. This 
was followed every second year by further conferences in the HMC series. The committees of the Institute 
encouraged sister organizations in other heavy-minerals-producing countries to participate, resulting 
conferences being held in Australia (2001), South Africa (2003), the USA (2005), South Africa (2007 and 
2009), Australia ( 2011), India (2013), South Africa (2016), and finally this conference in South Africa in 
2019.

At the most recent conference, held in Cape Town, there were 19 papers presented covering a wide range 
of topics including ore reserve evaluation, mining, minerals processing, pyrometallurgy, and mine closure. 
There were three keynote presentations given at the conference: Learning from Kwale to build Toliara by 
Colin Bwye, Executive Director at Base Resources; Tronox - to infinity and beyond by Willem van Niekerk, 
Senior Vice President at Tronox; and Do heuristics influence the mineral sands mining landscape? by Rob 
Hattingh, CEO at Sierra Rutile. The two-day conference was followed by a site visit to the Tronox Namakwa 
Sands Plant at Saldanha Bay.

The International Heavy Minerals series of conferences has become established as one of the main 
sources of collaboration for those in this industry. While not as large as some other mineral resource sectors, 
the diversity and complexity found in the heavy minerals industry stands on a par with any of the other 
resource sectors.

J.H. Selby 
Chairman: 2019 HMC Organizing Committee
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President’s

Corner
The beginning of February marks the annual Investing in African Mining 

Indaba Conference, which takes place in our beautiful Cape Town. This was 
the 26th event and remains Africa’s largest mining investment event. It 

brings together investors, government, junior miners, mid-caps, and the world’s 
largest companies – all under one roof.

I was privileged to attend the event this year, which was aptly themed 
‘growth and investment in the digitized mining economy’. The conference had a 
positive vibe given the number of attendees, estimated at over 7000. However, 
the theme did not capture another topic that was high on the agenda of many 
presentations and panel discussions to promote the growth of investment in 
mining, viz., sustainability and the topic of ESG (Environment, Social and 
Governance).

There was a heightened attention to ESG during 2019 and specifically the 
topic of climate change, owing to some severe weather conditions and natural 
disasters, such as the fires in Australia and floods in various parts of the world. 
ESG has shifted from periphery to the mainstream among the investment 
community. It is a primary filter for investment decision-making and selection of 
shares on the stock market. This is a significant shift in the mindset of investors 
and will result in material changes to the conduct of mining companies (and 
other industries) and allocation of capital investment. 

 It is therefore pleasing for me to highlight and compliment the SAMESG 
Committee for receiving the United Nations Intergovernmental Working Group 
of Experts on International Standards of Accounting and Reporting (ISAR) 
Honours Award on 30 October 2019. ISAR reviews developments in the field of 
international reporting and promotes best practices for corporate governance. 
Within the context of Agenda 2030, ISAR contributes to the realization of 
the Sustainable Development Goals through enhanced transparency and 
sustainability standards for companies. Now in its second year, the ISAR 
Honours 2019 attracted 33 entrants from around the world and SAMESG 
received the Award for an Outstanding National Initiative to Advance the Sustainable Development Goals. The SAMESG 
Committee, who were present to receive the award said: ‘The development of the SAMESG guideline was seen as 
an imperative considering that resources companies listed on the Johannesburg Stock Exchange, at that time, were 
not subjected to a formalized standard for reporting on ESG matters and determining their impact on mineral project 
reserves, resources and valuations … ‘We believe that this guideline, when applied diligently, has the potential to 
significantly improve the quality of information made available to investors in and shareholders of mineral resources 
companies in respect of environmental, social and governance considerations.’1

Hence, ESG is providing an opportunity for deeper alignment between shareholders and corporate leadership to 
share both on the upside and downside performance of the company arising from capital allocation decisions. Mining 
is a long-term investment with positively transformative qualities in terms of its impact on society, therefore the focus 
on the long term that is emerging through ESG is absolutely welcome. The individual ESG elements are integrated and 
represent an aggregate of the several individual and material indicators of a company’s performance.

Consequently, the future of mining, not only coal mining, was topical (and frankly looks promising given this 
changing perspective). Given the emphasis on digitalization and ESG, with a focus on climate change, mining and its 
role in society was extensively discussed at the Indaba. Amazingly, the discussions were not all on the technical merits 
of the future of mining. The most spoken about issues included the ‘future of work’ in terms of the future profile of a 
‘mining employee’ and the related skills, how mining will take place in terms of automation and remote mining, as well 
as the accountability to society that mining will conduct itself with2. This latter issue is already evident in terms of the 
EY’s top ten business risks facing mining and metals in 2020 (www.ey.com), where License to Operate (LTO) is the no. 
1 risk for the second year in a row. The publication is an interesting read for emerging risk trends in the mining sector 
and I recommend it.

A high-level assessment of the top ten risks for 2020, compared to the previous year, is a clear indication of the 
changing nature of mining. Sustainability is the prevailing theme in terms of license to operate, employee wellbeing 
(future of workforce), productivity in terms of cost performance, technology and innovation, and return on investment. 
As the industry evolves, and it is doing so in a big way, so should we as the Institute in order to remain relevant and 
worthy to our members. Are we sufficiently grappling with these issues and evolving as an institution? Please share 
with me your thoughts at president@saimm.co.za   

    M.I. Mthenjane
President, SAIMM

 

1www.saimm.co.za
2I was a on an EY panel discussion on the topic of ‘The Future of Mining’. 
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Design of sidewall lining/cooling 
systems for AC or DC ilmenite smelting 
furnaces
H. Joubert1 and H. Kotzé2

Synopsis
Ilmenite smelting is well established using both direct current and alternating current furnaces. 
Regardless of the furnace type, the slag produced is aggressive towards the sidewall lining. The 
formation of a stable slag freeze lining is essential to arrest lining wear and ensure an acceptable furnace 
campaign life. The sidewall lining can be severely damaged within a short period of time under upset 
conditions and without a stable freeze lining in place. The sidewall lining/cooling system adjacent to the 
furnace slag bath must be designed to ensure a stable freeze lining and prevent lining wear under normal 
as well as upset conditions. In this paper we explore the effectiveness of high-intensity copper coolers 
compared to the more traditional magnesia working lining combined with an externally cooled furnace 
shell. An increase in furnace heat losses has been raised as a concern for intensively cooled sidewalls. 
The estimated furnace heat losses are compared for the different lining/cooling system designs.

Keywords
ilmenite smelting, AC furnace, DC furnace, sidewall cooling, freeze lining.

Introduction
Ilmenite is smelted in both direct current (DC) and alternating current (AC) furnaces to produce titania-
rich slag and pig iron (Kotzé, Bessinger, and Beukes, 2006; Gous, 2006; Williams and Steenkamp, 
2006). The slag is the main product and is primarily used as a feedstock for the production of TiO2 
pigment (Kahn, 1984). 

As described by MacPherson (1982), the slag produced in ilmenite smelting is extremely aggressive 
towards the furnace lining and no known refractory material can withstand the slag attack. The 
formation of a frozen slag layer or freeze lining is essential to protect the furnace lining and maintain 
sidewall integrity. The slag superheat must be controlled to prevent the rapid destruction of the freeze 
lining, and subsequently the refractory lining. Pistorius (2004) estimated that a 130 mm thick freeze 
lining can be worn away within 15 minutes if the feed to the furnace is terminated while the power 
input is maintained. In contrast, it will take much longer to re-form the freeze lining. Part of the reason 
for the aggressive nature of ilmenite smelting slag is its low viscosity at temperatures above its liquidus 
temperature, resulting in a remarkably fluid slag with a high convective power (Handfield and Charette, 
1971). 

A typical ilmenite smelting furnace working lining consists of high-quality magnesia refractory 
bricks. Magnesia bricks are used owing to their resistance at high operating temperatures and relatively 
high thermal conductivity (assumed 5.9 W/mK), which helps establish a freeze lining. Another reason 
for maintaining the freeze lining is to avoid potential slag contamination by magnesia (MgO) due to 
refractory wear (Kotzé, Bessinger, and Beukes, 2006).

In this paper, we explore the use of an alternative lining/cooling system which will maintain a 
competent freeze lining in ilmenite smelting furnaces. A freeze lining is considered competent when 
it is thick enough to maintain structural stability, typically at least 20 mm thick, and this thickness is 
maintained across all operating conditions. Key criteria considered in evaluating the furnace lining/
cooling system include its ability to form and maintain a competent freeze lining under normal as well 
as upset operating conditions, prevent slag contamination, reduce metal penetration and wear in the 
critical slag-metal tidal zone, improve monitoring of the freeze lining and slag bath conditions, and 
limit heat losses from the furnace. Coetzee et al. (2007) proposed the use of a carbon-based lining to 
achieve a more stable freeze lining in an ilmenite smelting furnace. We propose the use of intensive 
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sidewall copper cooling as an alternative. The proposed lining/
cooling system design is evaluated considering the key criteria 
listed above. A comparison is made with a typical lining design 
consisting of high-quality magnesia bricks in the working lining.

Proposed sidewall lining/cooling system design
The proposed lining/cooling system design consists of high- 
intensity copper coolers installed in the sidewall adjacent to the 
slag bath. The proposed arrangement is shown in Figure 1. It 
includes Tenova’s high-intensity MAXICOOL® sidewall cooler 
designed to operate at hot face fluxes of up to 500 kW/m2. The 
height and location of the high-intensity cooler are determined 
by evaluating the expected maximum metal and slag bath 
levels in the furnace. Safety margins for both maximum slag 
bath level and metal bath level are considered. For the safety 
margin between the metal bath level and the bottom of the 
cooler, a safety margin equal to at least 24 hours of production 
without tapping above the normal maximum metal level is 
considered appropriate. This is to prevent superheated molten 
metal from contacting and damaging the copper cooling element. 
It is important to note that ilmenite smelting furnaces, and in 
particular the furnace arrangement considered, are stationary and 
do not tilt.

The MAXICOOL® cooler’s cast copper body consists of a hot 
face star pattern to retain frozen slag more securely and cast-in 
Monel piping for the cooling water. Two cast-in cooling circuits 
run in parallel throughout the cooler. The cooler is designed to 
operate safely with only one circuit in the event that cooling 
water supply is lost to one of the circuits. All cooling water 
connections remain external to the furnace shell. A steel frame 
incorporating special friction joints, and a single hold-down 
spring mechanism per cooler connects the cooler to the furnace 
shell through four locating bolts. The hold-down mechanism 
ensures sufficient pressure is maintained on the lower sidewall 
lining to prevent metal penetration through horizontal joints, 
even during furnace cool-down periods. Each cooler is fitted 
with cast-in thermocouples extending past the hot face of the 
cast-in cooling pipes. For furnace start-up a sacrificial monolithic 
refractory lining is cast on the hot face of each cooler. Vertical lap 
joints between adjacent coolers ensure that there is no through 
path for superheated slag.

As shown in Figure 1, a single row of copper plate coolers 
with cooling water channels external to the furnace shell is 
incorporated in the lining below the high-intensity cooler. This is 
to provide deep cooling in the critical metal-slag tidal zone while 
eliminating the risk of metal making contact with cooling water. 
The copper plate coolers are fitted with thermocouples extending 
close to the cooler hot face.

Sidewall heat load and evaluation
The evaluation of the lining/cooling system design, with and 
without intensive sidewall cooling, depends primarily on the slag 
bath superheat and the convective heat transfer between the slag 
bath and the sidewall. In turn, both parameters depend on the 
operating conditions and the slag composition. The operating 
conditions, in particular the ilmenite feed to input power ratio 
(IPR), determine the bulk slag temperature that influences the 
slag superheat. The slag composition affects the slag properties 
that determine the bath to sidewall heat transfer coefficient, 
including the molten slag thermal conductivity, viscosity, 
expansion coefficient, liquidus and solidus temperatures, and 
in turn the slag freezing temperature. The slag properties, in 
particular the slag viscosity, are a function of the IPR as well 
as the selected feeding regime. The feeding regime is primarily 
determined by the reductant (normally anthracite) to ilmenite 
feed ratio (AIR) (Pistorius, 1999). Depending on the furnace 
design, size, and operating mode, the bath to sidewall heat 
transfer coefficient can be affected by forced convection due 
to phenomena such as arc thrust, as is likely the case for AC 
furnaces (Timm, 2006; Stenkvist, 1984). In addition, the slag 
composition affects the thermal conductivity of the frozen slag.

In this paper, natural convection next to the sidewall is 
considered for the calculation of the heat transfer coefficient 
between the bath and the sidewall hot face. The Nusselt number 
used in the calculation of the heat transfer coefficient is based on 
an empirical relationship developed for slag bath furnaces (Kang, 
1991; Joubert,  2000). The effect of arc thrust on the bath flow 
patterns and the convective heat transfer adjacent to the furnace 
sidewall is not considered in this paper. If arc thrust is present, 
it is expected to enhance the convective heat transfer adjacent to 
the sidewall. 

Operating conditions and slag properties
Table I lists the slag bath operating conditions and slag properties 
considered in the calculation of the bath to sidewall convective 
heat transfer coefficient. A slag with an equivalent FeO content 
of 12% by mass is considered. The slag liquidus temperature 
is calculated based on work done separately by Kotzé (2019) 
considering equivalent FeO content. The slag bath temperature 
is considered to be 60°C above the slag liquidus temperature. 
The slag solidus temperature is calculated using an empirical 
relationship considering equivalent FeO content (Kotzé and 
Pistorius, 2010). Typically, the slag freezing temperature is 
calculated as the average between the liquidus and solidus slag 
temperatures (Joubert and McDougall, 2019). Considering that 
the viscosity increases rapidly around the liquidus temperature 
for ilmenite furnace slags (Handfield and Charette, 1971; Hu et 
al., 2018), the freezing temperature is assumed to be closer to the 
liquidus temperature and is calculated as the solidus temperature 
plus 80% of the difference between the liquidus and solidus 
temperatures. The slag superheat is calculated as the difference 
between the slag bath and the slag freezing temperatures.

Figure 1—Typical high-intensity sidewall cooling arrangement proposed for 
an ilmenite smelting furnace
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The dynamic viscosity for typical ilmenite smelting slags has 
been measured and is reported to be 0.03 kg/ms (Handsfield 
and Charette, 1971) and 0.06 kg/ms (Hu et al., 2018). In both 
studies, the viscosity was found to remain remarkably constant 
at temperatures above the liquidus temperature. However, both 
studies considered a fully molten slag without any iron droplets, 
crystallization, or other solid inclusions. The presence of these 
solid inclusions is what gives rise to the slag foaming typically 
encountered in ilmenite smelters and it is therefore considered 
that the effective viscosity will be higher than for fully molten 
slag (Pistorius and Coetzee, 2003; Roscoe, 1952). Viscosity 
measurements of slag with inclusions are not possible using 
the typical measurement equipment, and no such data could 
be found. Considering this, a range of viscosities is used in the 
calculations with an effective viscosity of 0.7 kg/ms assumed for 
the typical case (see Table I).

Dingwell (1991) reported the density of pure liquid TiO2 to 
range between 3270 and 3300 kg/m3 for the range of slag bath 
temperatures considered. Based on separate work by Kotzé 
(2019) on TiO2 –Ti2O3 –FeO melts, it was decided to use a density 
of 3850 kg/m3 for the purpose of calculating the heat transfer 
coefficient.

The thermal conductivity of the molten slag affects the slag 
to sidewall heat transfer coefficient through the Prandtl number 
as well as directly in the calculation of the coefficient from the 
Nusselt number. A thermal conductivity value of 1 W/mK was 
proposed by Pistorius (2004) for frozen slag and by Zietsman 
and Pistorius (2004) for molten slag. As the thermal conductivity 
of the molten slag has a significant influence on the calculated 
heat transfer coefficient, a range is proposed in Table I with the 
typical value equal to 1 W/mK. The maximum value of 5 W/mK 
is based on the measured thermal conductivity of frozen slag at 
1400°C by Heimo (2018). This value is considered as an extreme. 

A molten slag volumetric expansion coefficient of 1 ×  
10-4 m3/m3K is used to calculate the Grashof number (Kang, 
1991). The specific heat of the slag bath is calculated using 
an empirical relationship based on equivalent FeO (Kotzé and 
Pistorius, 2010). Finally, the thermal conductivity of the frozen 
slag layer is assumed to be 3 W/mK. The effect of the frozen 
slag conductivity is limited to determining the slag freeze lining 
thickness, if formed, and the conductivity has little influence on 
the sidewall hot face temperature and heat flux (Joubert and Mc 
Dougall, 2019).

The slag bath temperature, freezing temperature, and 
slag superheat for the base case are used in the heat transfer 
calculations. The heat transfer coefficient is calculated across the 
range of slag viscosities and molten slag thermal conductivities to 
evaluate its sensitivity.

Calculation results
The results of the calculations are shown in Figure 2. The 
calculations and results are limited to the sidewall slag bath 
zone. The results include the calculated heat transfer coefficient, 
the equilibrium working lining thickness for a lining based on 
a typical magnesia refractory lining design with external shell 
cooling, and the freeze lining thickness if intensive sidewall 
cooling is employed. For the typical refractory lining design, the 
equilibrium working lining thickness represents the worn lining 
thickness at which the hot face temperature will be equal to the 
slag freezing temperature. Further wear of the lining will occur 
only if the bath operating conditions or slag properties change for 
the worse. 

In Figure 2a the results are plotted against the range 
of slag bath dynamic viscosity values listed in Table I. The 
thermal conductivity of the molten slag bath is maintained 
at the base case value of 1 W/mK. The bath to sidewall heat 
transfer coefficient decreases with increasing viscosity, while the 
equilibrium working lining thickness for the typical lining design, 
as well as the freeze lining thickness for the intensive sidewall 
cooling design, increase. The base case values are labelled on the 
graph in Figure 2a for reference.

In Figure 2b the results are plotted against the range of 
molten slag thermal conductivity values listed in Table I. The slag 
bath viscosity is kept constant at the base case value of 0.7 kg/
ms. The bath to sidewall heat transfer coefficient increases with 
increasing bath thermal conductivity. The equilibrium working 
lining thickness for the typical lining design, as well as the freeze 
lining thickness for the intensively cooled design, decrease with 
increasing bath thermal conductivity. The base case values are 
labelled on the graph in Figure 2b for reference.

The first observation from the results is that for the base 
case, 0.7 kg/ms viscosity and 1 W/mK molten slag thermal 
conductivity, the equilibrium working lining thickness for the 
typical refractory lining design is calculated to be 319 mm. This 
is at the limit of maintaining a stable working lining and any 
adverse deviations in operating conditions and slag properties 

   Table I

  Slag bath operating conditions and slag properties used in heat transfer coefficient calculations
   Temperatures: Units  12% equivalent FeO (by mass)

   Liquidus temperature °C  1610
   Bath temperature °C  1670
   Solidus temperature °C  1450
   Freezing temperature °C  1563
   Superheat °C  107
   Slag properties: Units Min. Base case Max.
   Dynamic viscosity kg/ms 0.03 0.7 1
   Density kg/m3 3850 3850 3850
   Thermal conductivity (molten) W/mK 0.5 1 5
   Expansion coefficient 1/K 0.0001 0.0001 0.0001
   Specific heat J/kgK 1012 1012 1012
   Thermal conductivity (frozen) W/mK 3 3 3
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could result in lining failure. For the same base case the freeze 
lining thickness on the hot face of the intensive sidewall cooling 
system is calculated to be 166 mm. This is considered a very 
competent freeze lining thickness.

The second observation is that for the minimum viscosity of 
0.03 kg/ms, as measured for fully liquid slag by Handsfield and 
Charette (1971), the equilibrium lining thickness is calculated to 
be 109 mm (Figure 2a), which is considered unsustainable. For 
the same load case the freeze lining thickness developed on the 
hot face of the intensive sidewall cooling will reach equilibrium 
at 60 mm, which is a competent freeze lining thickness. As noted 
previously, freeze lining thickness is directly proportional to the 
thermal conductivity of the frozen slag (Joubert and Mc Dougall, 

2019). If the thermal conductivity is assumed to increase from 
3 W/mK to 5 W/mK considering the operating temperatures 
(Heimo, 2018), the freeze lining thickness will increase to 
approximately 101 mm.

A parameter that has not been varied in the calculations is 
the slag superheat. As noted by MacPherson (1982), the slag 
cannot be allowed to attain significant superheat as this will 
result in the rapid destruction of the freeze lining and subsequent 
wear of the refractory lining. Considering the base case viscosity 
and thermal conductivity, and lowering the superheat from 60°C 
to 30°C above the slag liquidus, the equilibrium lining thickness 
for the typical refractory design will increase from  
319 mm to 507 mm. Increasing the superheat to 90°C results in a 

Figure 2—Heat transfer coefficient, working lining equilibrium thickness (typical lining design with external shell cooling), freeze lining thickness (intensive sidewall 
cooling), and sidewall hot face heat flux plotted against (a) bath dynamic viscosity and (b) thermal conductivity
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reduced equilibrium lining thickness of 224 mm. The calculation 
results confirm that the equilibrium lining thickness of a typical 
refractory lining design is sensitive to the slag bath superheat, 
assuming all other parameters remain unchanged. If the same 
changes in the slag superheat are applied to the calculations for 
the intensively cooled sidewall design, the calculated equilibrium 
freeze lining thickness varies between 260 mm and 119 mm 
compared to the base case 166 mm. In all cases a competent 
freeze lining is maintained on the hot face of the lining/cooling 
system. 

As noted, the calculations are based on natural convection 
between the bath and the sidewall hot face. For AC furnaces the 
heat transfer coefficient may be higher considering the forced 
convection effect that is likely to be induced by the arc thrust. 
This differentiates AC from DC furnaces, where arc thrust is not a 
significant contributor.

Lining/cooling system integrity
The campaign life of a furnace lining is determined by extreme 
or upset conditions, and not by the normal operating conditions 
(Joubert, 1997). Severe lining wear can occur during a short 
period of upset conditions. This is true for all furnace operations, 
and in particular for ilmenite smelting where the typical refractory 
lining is subjected to high bath temperatures and aggressive 
chemical attack (Garbers-Craig and Pistorius, 2006).

The extreme case listed in Table II is used to evaluate the 
lining/cooling system integrity. The extreme case considers the 
base case slag composition combined with the minimum slag 
viscosity and the maximum molten slag thermal conductivity. The 
bath operating temperature is increased to 1750°C, resulting in a 
bath to freezing temperature superheat of 187°C. 

Applying the extreme condition to the typical refractory lining 
design for ilmenite furnaces, it is calculated that the working 
lining will be worn away completely. In fact, equilibrium is 
calculated to be achieved halfway through the expansion layer 
typically installed between the refractory lining and the externally 
cooled furnace steel shell. 

For the intensively cooled sidewall design, the extreme 
condition results in an average equilibrium freeze lining 
thickness of 4 mm on the hot face of the copper cooler. The 

equilibrium heat flux under extreme conditions is calculated 
to be 441 kW/m2. The extreme case is not considered a viable 
long-term operating condition as the heat losses will be too high. 
The purpose of considering the extreme case is to evaluate the 
lining integrity under extreme conditions that may occur for short 
periods during the furnace campaign. It is calculated that the 
typical refractory lining design will not withstand such extreme 
conditions, and exposure for only short periods of time will 
severely damage the lining.

To evaluate the integrity of the intensive sidewall cooler 
considering the extreme case, a more detailed 3D FEA model 
is used. The model is shown in Figure 3. The model represents 
a symmetrical MAXICOOL® cooler section. The extreme case 
bath temperature of 1750°C is applied to the model hot face 
through the calculated bath to sidewall heat transfer coefficient 
of 2356 W/m2K. A transient thermal analysis is performed with 
nonlinear properties for the slag bath to calculate the freeze lining 
formation on the hot face. The results are presented in Figure 4.

The freeze lining thickness stabilizes at approximately  
8 mm in front of the slag-retaining copper stars’ hot face, and at 
a thickness less than or behind the hot face of the copper stars in 
the pockets between the copper stars. This result compares well 
with the calculated average equilibrium freeze lining thickness 
of 4 mm. Under these extreme conditions, the maximum copper 
temperature is calculated to be 353°C, which is below the 400°C 
limit Tenova Pyromet aims for during the design of copper 
sidewall coolers to ensure structural integrity of the cooler is 
maintained.

The main observation from these results is that the 
intensively cooled sidewall design will maintain its integrity 
under these extreme operating conditions. A thin freeze layer will 
be maintained on the copper cooler hot face and the maximum 
copper temperatures are below the design limit to ensure 
structural integrity is maintained. The typical refractory lining 
design used for ilmenite furnaces will not be able to maintain its 
integrity under these extreme conditions.

Slag-metal tidal zone
For any furnace the sidewall slag-metal tidal zone is one of the 
most important and difficult areas to design. The lining/cooling 
system hot face is exposed to both metal and slag. As such 
the lining is exposed to the more aggressive wear mechanisms 
associated with the slag, while the use of intensive sidewall 
cooling is not advised as it may come in contact with molten 
metal, which can lead to failure. 

For the purpose of evaluating the slag-metal tidal zone the 
base case slag composition, slag viscosity (0.7 kg/ms), and 

Figure 3—MAXICOOL® high-intensity sidewall cooler model 

   Table II

   Extreme case slag bath operating conditions, slag 
properties, and calculated bath to sidewall heat transfer 
coefficient

   Temperatures: Units 12% equivalent FeO (By mass)

   Liquidus temperature °C 1610
   Bath temperature °C 1750
   Solidus temperature °C 1450
   Freezing temperature °C 1563
   Superheat °C 187
  Slag properties: Units Extreme case
   Dynamic viscosity kg/ms 0.03
   Density kg/m3 3850
   Thermal conductivity (molten) W/mK 5
   Expansion coefficient 1/K 0.0001
   Specific heat J/kgK 1012
   Thermal conductivity (frozen) W/mK 3
   Calculated bath to sidewall W/m2K 2356 
   heat transfer coefficient
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molten slag thermal conductivity (1 W/mK) are considered. As 
for the extreme case, a bath operating temperature of 1750°C is 
considered, resulting in a bath to freezing temperature superheat 
of 187°C. A 2D axisymmetric, thermal steady-state FEA model 
with nonlinear material properties is employed. For the working 
lining the equilibrium lining thickness is calculated considering 
a slag freezing temperature of 1563°C as for the base case slag 
composition in Table I. For the purpose of the evaluation it is 
assumed that all metal is tapped until slag appears. In other 
words, the lower sidewall hot face is exposed to the slag bath 
from the metal tap-hole level upwards. The results for the typical 
refractory lining design and the high-intensity sidewall cooling 
design are shown in Figure 5. 

For the typical refractory lining design, the extensive working 
lining wear profile will extend down to the metal tap-hole level. 
For the intensive sidewall cooling design, the working lining wear 

below the MAXICOOL® cooler will be minimal, with only slight 
wear shown on the hot face directly above the metal tap-hole. 
This is due to the cooling effect from the MAXICOOL® cooler 
above and the copper plate cooler behind the slag-metal tidal 
zone, ensuring the equilibrium lining thickness is close to the 
original lining thickness. 

The main observation is that the intensive sidewall cooling 
design will better maintain the sidewall integrity adjacent to the 
slag bath, as well as the working lining integrity in the critical 
slag-metal tidal zone. In addition, the spring-loaded hold-down 
mechanism will help prevent metal penetration into the lower 
sidewall lining. By maintaining pressure on the lower sidewall, it 
prevents horizontal gaps from opening up due to contraction of 
the refractory bricks during cool-down periods. This will further 
enhance the working lining integrity in the slag-metal tidal 
zone. Even though the modelled area does not include the actual 

Figure 5—Lining wear in the slag-metal tidal zone for typical refractory design and intensive sidewall cooling design

Figure 4—MAXICOOL® cooler FEA modelling results under extreme conditions, showing equilibrium freeze lining thickness (left) and resulting copper temperatures 
(right)
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metal tap-hole, the intensive sidewall cooling design will be 
advantageous in maintaining the integrity of the metal tap-hole 
area in the long run.

Heat losses
Under steady-state conditions the heat flux, and therefore the 
heat loss, through the slag sidewall working lining will be the 
same for the typical refractory lining design and the proposed 
high-intensity sidewall cooling design. As per Equation [1], 
once steady state is reached, either due to refractory wear up 
to the point where the hot face temperature is equal to the slag 
freezing temperature or when a stable freeze lining is formed, the 
heat flux is a function of the bath temperature, the slag freezing 
temperature, and the heat transfer coefficient between the bath 
and the sidewall hot face. As such, under steady-state conditions, 
the slag sidewall heat losses will be a function of the operating 
conditions and slag chemistry, or physicochemical properties, and 
not a function of the lining/cooling system design.

[1]

Overall heat losses will, however, be higher for the high-
intensity sidewall cooling design due to the exposed cooler area 
above the slag bath. The height of this area depends on the 
safety margin allowed for and the actual operating bath level. 
Typically, a design safety margin of approximately 300 mm is 
included above the maximum expected bath level. The additional 
heat losses are limited and expected to be in the order of 5% of 
the overall furnace heat losses.

The initial heat losses until equilibrium is reached will be 
higher for the intensively cooled sidewall design. However, the 
heat losses will change less over the campaign life of the furnace 
as there is no significant lining wear adjacent to the slag bath.

Under extreme conditions the heat losses will increase 
more rapidly for the intensively cooled sidewall design. This is 
desirable for two reasons. Firstly, the higher heat removal rate is 
required to re-establish steady state, maintain the freeze lining, 
and ensure the sidewall integrity under extreme conditions. 
Secondly, the rapid increase in heat losses will assist in the more 

responsive monitoring of the bath conditions under extreme 
conditions, as described in the next section. 

Monitoring
Apart from protecting the furnace lining, it is important to 
maintain a stable freeze lining on the sidewall of ilmenite 
furnaces as it forms a critical part of the overall bath smelting 
process as well as the process control (Pistorius, 1999, 2004). 
Monitoring of the freeze lining condition and any upset bath 
conditions are therefore critical in ilmenite smelting. The most 
obvious and widely used monitoring method is by thermocouples 
installed in the sidewall refractory lining. The depth of 
installation is limited by the maximum allowable operating 
temperature of approximately 1200°C for the typically used 
Type K thermocouples. As a consequence, the thermocouples 
are not responsive to changes in bath conditions and freeze 
lining thickness due to the thermal inertia or specific heat of the 
refractory lining between the thermocouple and the lining hot 
face (Zietsman, 2004).

The intensively cooled sidewall design and the use of 
copper coolers allow more rapid monitoring of changes in bath 
conditions and the freeze lining thickness. Thermocouples are 
installed close to the hot face of the copper cooling elements, 
reducing the distance to the freeze lining. In addition, the 
copper between the thermocouple and the freeze lining 
has a lower specific heat and a significantly higher thermal 
conductivity compared to magnesia refractory material. As a 
result, thermocouple temperature measurements will respond 
more rapidly to changes in the bath conditions and freeze lining 
thickness.

As an example, on a slag cleaning furnace operating at bath 
temperatures in excess of 1600°C and equipped with high-
intensity MAXICOOL® sidewall coolers, an upset condition was 
experienced adjacent to the sidewall (Joubert et al., 2005). 
During the event, a sudden rise or jump in the copper cooler 
temperatures occurred on one of the coolers, eventually triggering 
the high-level alarms (see Figure 6). The cooling water outlet 
temperatures increased as well. On inspection it was noticed that 
the freeze layer that formed on the hot face of the cooler had 

Figure 6—MAXICOOL® sidewall cooler temperature trends during freeze lining loss (Joubert et al., 2005)
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collapsed. The copper star pattern on the hot face of the cooler 
was visible through an inspection port. Thermocouples were 
installed on three levels inside the cooler body. The thermocouple 
that responded first and showed the highest increase in 
temperature was the closest to the location of the collapsed freeze 
layer. The other thermocouples responded as well, but slower 
and with a lower temperature increase. The furnace was kept 
operating and within approximately 3 hours the freeze layer re-
formed and full equilibrium was re-established.

The main observation here is that the number and location 
of thermocouples in the copper coolers can be selected based on 
the expected operating bath levels to monitor local conditions and 
detect events.

Conclusions
The campaign life of an ilmenite smelting furnace lining, and 
consequently the furnace campaign life, is not determined by 
the normal operating conditions, but by the extreme operating 
conditions. For this reason, among others, the aim is to form 
and maintain a slag freeze lining on the sidewall hot face. An 
intensively cooled sidewall design will help to form and maintain 
a freeze lining, ensuring sidewall and furnace integrity even 
under extreme operating conditions. In addition, the high-
intensity cooling system hold-down mechanism will help to 
prevent metal penetration in the lower sidewall working lining.

Once equilibrium is reached and a freeze lining is formed 
on the lining hot face, the heat losses are a function of process 
parameters such as slag superheat, viscosity, and conductivity, 
and not of the cooling system design or cooling medium 
temperature.

A high-intensity cooling system will allow more responsive 
monitoring of the freeze lining condition and thickness. Upset 
conditions and bath events will be more rapidly detected.

An intensively cooled sidewall design will reduce the 
sensitivity of the freeze lining and sidewall integrity to changing 
operating and process conditions. This will allow operators to 
focus more on optimizing the process to achieve the required 
throughput and product quality.
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Technological developments in 
processing Australian mineral sand 
deposits
M.I. Pownceby1, W.J. Bruckard1, and G.J. Sparrow1

Synopsis
Almost all Australian mineral sand deposits are placer deposits, with the major commercial deposits 
located in four provinces along the east, west, and south coasts and in ancient basins in the southeast 
of the country. The development of new technology for mineral separation and its adaption to changes 
in the mineralogy of the deposits are discussed. Also, a summary is given of novel processing conditions 
developed to lower the levels of impurity elements (in particular manganese and radionuclides) in 
the heavy minerals, and to remove gangue minerals to obtain the maximum value from the deposits. 
The extensive, but still undeveloped, fine-grained Murray Basin deposits will require unique flotation 
conditions and roasting processes to produce marketable heavy mineral concentrates. The numerous 
potential novel processes that have been proposed for these deposits are discussed.

Keywords
mineral sands, mineral processing, technological developments, Australia.

Introduction
Australia is a major world producer of titanium and zirconium minerals from mineral sand deposits. 
The principal heavy minerals of commercial value recovered from these deposits are ilmenite (FeTiO3), 
rutile (TiO2), and zircon (ZrSiO4). According to Geoscience Australia, Australia has the world’s largest 
economic resources of rutile and zircon, and the second largest share of the world’s ilmenite resources 
after China (Britt et al., 2019). Commercial concentrations of titanium and zirconium minerals are found 
around the world in hard rock deposits, or in placer (alluvial) deposits resulting from the weathering of 
a hard rock deposit and the concentration of the heavy minerals by wave action on modern or ancient 
beaches, or by deposition in fluvial (river) systems. Almost all Australian mineral sand deposits are 
placer deposits, but although alluvial mineral sands occur in many places, commercial concentrations 
are found in only a small number of locations. The major commercial deposits in Australia are found 
along the east and west coasts and in ancient basins in the south (Eucla Basin) and southeast (Murray 
Basin) of the country.

In addition to ilmenite, and its alteration products (including pseudorutile, hydroxylian pseudorutile, 
and leucoxene, as discussed below), rutile, and zircon, there are usually small amounts of anatase 
(TiO2), monazite ([Ce,La,Th]PO4), xenotime (YPO4), cassiterite (SnO2), and other lower-value heavy 
minerals also present in the deposits (Popp, 2005). Major gangue minerals in Australian deposits that 
can affect processing conditions are aluminium silicates, in particular clay minerals, and oxides such as 
spinels (e.g., chromite, FeCr2O4). Gangue minerals can form significant proportions (>20%) of the heavy 
mineral assemblage and the specific mineral suite can vary significantly.  

While ilmenite has a nominal chemical formula of FeTiO3 (FeO.TiO2), assaying 52.7 wt% TiO2 and 
47.3 wt% FeO (52.6 wt% Fe2O3), this ideal composition seldom occurs in nature due to substitution of 
impurity elements (e.g., Mg, Mn, V, Nb, Fe3+) for Fe2+ in the crystal lattice, the presence of Fe3+ in Fe2O3 
in solid solution in ilmenite, and incorporation of elements such as Al, Si, U, Th, P and Cr in the pores 
of grains during weathering of the ilmenite. Weathering is also associated with removal of iron and 
an increase in TiO2 levels. As a result, in a commercial mineral concentrate, the individual titanium-
containing grains may have a range of compositions.

 ➤   Primary or unaltered ilmenite contains 48–55 wt% TiO2 with a composition close to the 
theoretical formula and a Ti/[Ti+Fe] ratio of 0.5. It may contain some Fe3+ as a haematite-ilmenite 
solid solution (Fe2O3-FeTiO3) or as exsolution lamellae of ilmenite-haematite, and appreciable 
amounts of impurities give rise to the formula Fe3+

2-2x(Fe2+,Mg,Mn)xTixO3. 
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 ➤   Secondary or weathered ilmenite has 55–65 wt% TiO2 
and a Ti/[Ti+Fe] ratio between 0.5 and 0.6. It has a variable 
composition consisting of a mixture of ilmenite and 
pseudorutile.

 ➤   Pseudorutile is formed on further weathering and has 
a composition of 60–71 wt% TiO2 and a Ti/[Ti+Fe] ratio 
of 0.6–0.7. This is an iron titanium oxyhydroxide solid 
solution with one end-member close to Fe3+

2Ti3O9 and an 
extended range of homogeneity towards Fe3+

1.5Ti3O7.5(OH)1.5 
(Grey and Reid, 1975).

 ➤   Hydroxylian pseudorutile, with a composition of around 
70 wt% TiO2 and a Ti/[Ti+Fe] ratio of 0.85–0.9, is a porous 
hydrated iron titanate that can contain more than 10 wt% 
water. This mineral is present in the Murray Basin deposits. 
It has recently been accepted as a new mineral by the 
International Mineralogical Association and has been given 
the name kleberite (Grey and Li, 2003; Grey, Steinike, and 
MacRae 2013).

 ➤   Leucoxene is an inhomogeneous, cryptocrystalline, high-
TiO2 (>70 wt% TiO2) product of ilmenite weathering with a 
Ti/[Ti+Fe] ratio of 0.7–0.9. Further weathering can proceed 
to form microcrystalline phases similar in composition to 
rutile. 

 ➤   Rutile (and its low-temperature polymorph, anatase) is a 
titanate mineral that usually contains over 95 wt% TiO2. 
In natural systems V, Fe, Cr, Sn, Mo, Mn, Bi, Nb, Ta, and 
Sb may substitute into the rutile lattice (Bramdeo and 
Dunlevey, 1999).

As a result of the wide range of heavy minerals with similar 
physical properties, and the variable compositions and particle 
sizes of some, the concentration and separation of the minerals of 
value in alluvial mineral sand deposits is often not totally efficient 
and the final mineral products usually contain small amounts of 
gangue minerals (e.g., quartz and aluminium silicate minerals). 
A commercial ilmenite concentrate may contain 45–65 wt% TiO2, 
the value depending on the composition of the individual mineral 
ilmenite grains. 

Most of the heavy minerals in Australian mineral sand 
deposits are coarse-grained, such as in the deposits in Western 
Australia, where the ilmenite has a particle size of nominally 
90–300 μm. In the Murray Basin deposits, the mineralization is 
generally finer with deposits in the north of the basin containing 
ilmenite with a particle size in the range 75–180 μm, while the 
further south in the basin that the deposits are located, the finer 
the particle size of the mineralization. There are major heavy 
mineral resources in the southeast of the Murray Basin that 
contain very fine-grained WIM-type mineralization with a particle 
size of 40–80 μm (Pownceby, 2010). 

In this paper the properties of the Australian heavy mineral 
deposits are discussed, along with the development and advances 
made in equipment used to produce individual heavy mineral 
concentrates. Processing conditions developed and modified to 
treat the changing impurities in these deposits are reviewed. 

Australian mineral sand deposits
Areas in Australia containing the major commercial deposits of 
mineral sands are shown in Figure 1. Mining of these alluvial 
mineral sand deposits is done either dry, with earthmoving 
equipment to excavate and transport the sand, or wet, using 
dredging techniques when the ground conditions are suitable 
and access to water is not a problem. The heavy minerals in the 

mined sand are processed by gravity separation processes or 
flotation to yield a heavy mineral concentrate (HMC), and then 
the valuable minerals are separated in a mineral separation plant 
(MSP) into individual mineral concentrates using a combination 
of gravity, magnetic, and electrostatic separations or flotation. 
The commercial development of the Australian mineral sand 
provinces is discussed in chronological order here. 

East coast deposits
Sediments weathered and eroded from the Lachlan fold belt of 
eastern Australia were captured by high-energy fluvial systems 
and transported to the east, where they were deposited to form 
the eastern Australian heavy mineral deposits along the coast of 
New South Wales and Queensland. Morley (1981) has presented 
a detailed review of the people and companies involved in the 
development and processing of these east coast deposits and the 
following summary is taken from his publication.

Concentrations of heavy minerals were identified along 
the east coast of Australia in the 1870s but these ‘sniggers’ 
were initially mined for their gold, tin, and platinum content. 
The first commercial production of zircon, rutile, and ilmenite 
commenced in 1934 at Byron Bay and expanded to various sites 
along the New South Wales and Queensland coastlines such 
that in the 1950s there were up to 33 operations in production. 
Production from eastern Australia reached its peak in the 1970s 
but has since decreased and only the mining operations on 
North Stradbroke Island by Sibelco Australia remain. These are 
the longest continuously operating sand mining operations in 
Queensland, but are expected to cease production before 2025 
(fact sheet by Wort in Rankin, 2013). Final separation of the 
minerals is done at the MSP at Pinkenba on the mainland near 
Brisbane. 

The first three companies to commercially produce heavy 
minerals from the beach sands were Zircon-Rutile Ltd, Metal 
Recoveries Ltd, and the Titanium Alloy Manufacturing Company. 
Dry mining with shovels and scoops was used to collect the black 
beach sand and the heavy minerals were initially recovered as a 
mixed zircon-rutile-ilmenite concentrate by passing the sand over 
sluice boxes lined with carpet material and using tables. Zircon-
Rutile Ltd discovered (accidentally) that when the beach sand 
was added to hot water in the presence of kerosene and soap, on 
stirring the heavy minerals floated to the surface. Today this ‘hot 

Figure 1—Location of the major mineral sand provinces in Australia (modi-
fied from Pownceby, Sparrow, and Fisher-White, 2008)
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soap’ flotation process is used to recover many oxide minerals. 
Moreover, it also was found that the addition of sulphuric acid to 
the heavy mineral concentrate depressed the rutile and ilmenite, 
leaving a froth of white zircon. Using this technology, Zircon-
Rutile Ltd focused on producing a zircon concentrate (96–98% 
zircon) and a rutile-ilmenite mixture from the beaches around 
Byron Bay. 

After 1945, mining of the sand was carried out with 
bulldozers and front-end loaders. A dragline was used to strip 
overburden and a bucket wheel excavator was used to mine 
hard indurated deposits. Later, when areas were re-worked, the 
lower grades resulted in the introduction of the floating dredge-
concentrator arrangement. Gravity concentration was with 
pinched sluices and trays, spirals, and cones. The introduction of 
magnetic and electrostatic separators allowed the production of 
individual zircon, rutile, and ilmenite concentrates rather than a 
combined concentrate. 

Mineral Deposits Pty Ltd (now Mineral Technologies, based 
at Carrara south of Brisbane) was formed at this time, and 
became a major developer and supplier of gravity, magnetic, and 
electrostatic separation equipment, and a construction company 
for the mineral sand industry. Early equipment developed by the 
company included the Reichert spiral and cone concentrators 
and electrostatic separators. Also during the same period, 
H.T. Readings at Lismore commenced the development and 
manufacturing of electromagnetic separators. Readings is now 
part of Mineral Technologies.

In the 1930s, the Commonwealth Council for Scientific and 
Industrial Research (CSIR) established an Ore Dressing Section 
at Melbourne University. This group worked with the fledgling 
mineral sands industry to assist in improving processing 
conditions and the development of downstream products. This 
government-industry collaboration has continued to the present 
day through the Commonwealth Scientific and Industrial Research 
Organisation (CSIRO), with research scientists located at several 
laboratories around the country. 

While the zircon and rutile separated from the east coast 
deposits were easily marketed, the ilmenite was not suited to 
the production of white titania pigment by either the sulphate or 
chloride process due to its high chromium content. It was usually 
stockpiled or buried. However, with an increased demand for 
rutile as a feedstock for the new chloride process, Murphyores 
Inc. Pty Ltd, working with CSIRO from 1963 to 1977, developed 
the Murso process to upgrade ilmenite (and lower its chromium 
content) to a synthetic rutile that was a suitable feedstock for 
the chloride process. The ilmenite was oxidized in air at 1000°C 
to convert Fe2+ to Fe3+ and form micro-cracks in the ilmenite 
grains. The oxidized product was then reduced at 850–900°C in 
a reducing gas mixture of H2–CO–CO2–H2O under conditions that 
minimized the formation of metallic iron. The highly reactive 
reduced product was dissolved in 20% HCl at 105–110°C under 
reflux and from the acid a high-grade synthetic rutile product 
containing 96 wt% TiO2 precipitated. Although a pilot plant was 
run successfully in Japan, the process was never implemented in 
practice (Sinha, 1973). 

In 1985, in response to a shortfall in world ilmenite 
production, Consolidated Rutile commenced upgrading stockpiled 
high-chrome ilmenite at its Pinkenba (Brisbane) MSP using 
dry magnetic separation to produce a product with a minimum 
of 50 wt% TiO2 and a maximum of 0.40 wt% Cr2O3 for pigment 
production (Woodcock and Hamilton, 1993).

The Goondicum mine in central Queensland, owned by 
Melior Resources Inc. (Melior), is a weathered residual hard-
rock deposit. Material in the Goondicum crater is mined, 
crushed, screened and sized, and gravity (spirals) and magnetic 
separations are used to produce primary ilmenite and apatite 
concentrates.

West coast deposits
Mineral sand deposits, many of a commercial size, have been 
formed by wave action along the coast of Western Australia 
in the Swan Coastal Plain, which stretches over 600 km from 
Jangardup south of Perth to Eneabba in the north. Many of these 
mineral-bearing strandlines are now located as much as 50 km 
inland from the current coastline. The degree of weathering of 
ilmenite in Western Australian deposits generally increases from 
south to north. Manganese is a major impurity element in west 
coast ilmenites. Also, the levels of uranium, thorium, and their 
radionuclide daughters tend to increase the further north the 
deposit is located, in association with the increased degree of 
weathering of the ilmenite.  

Numerous companies have been established over the years to 
recover heavy minerals from these west coast deposits. However, 
few have been able to ride out the cyclical nature of market 
conditions (demand and price) and overcome difficult mining and 
processing conditions. 

Commercial production of heavy minerals commenced in 
1956 in the Capel region, south of Perth, with the operations 
of Cable Sands Pty Ltd (Cable Sands) and Western Titanium NL 
(which became Associated Minerals Consolidated Ltd, and then 
Renison Goldfields Consolidated Mineral Sands Ltd, RGC). In 
1959 Westralian Sands Ltd (Westralian Sands) began mining 
near Capel. Initial operations in the Capel area generally used 
dry mining with scrapers and dozers to mine the sand and wet 
gravity concentration with spirals and cones to produce a heavy 
mineral concentrate (HMC). Mineral separation was carried out in 
plants at Capel (RGC), Bunbury (Cable Sands), and in the North 
Capel and Capel plants of Westralian Sands using spirals, cones, 
and magnetic and electrostatic separators. 

Currently the major operators in Western Australia are Iluka 
Resources Ltd (Iluka, a merger of Westralian Sands and RGC in 
1998) and Tronox Management Pty Ltd (Tronox, formerly TiWest 
Joint Venture). In April 2019, Tronox acquired Cristal Mining 
Australia Ltd (Cristal) and with it the Cable Sands operations that 
Cristal had acquired previously. Tronox has the only integrated 
operation, with ilmenite from its Cooljarloo mine being fed to 
its pigment plant at Kwinana. Through the acquisition of Cristal 
it also has pigment plants near Bunbury. Individual mineral 
concentrates and upgraded products are exported to overseas 
customers.

Initially, Western Titanium NL produced a primary ilmenite 
concentrate (approx. 54 wt% TiO2) as a feedstock for production 
of titania pigment by the sulphate process. With the supply of 
rutile (>95 wt% TiO2), the preferred feedstock for the chloride 
process, diminishing, the Becher process was developed by the 
Western Australian Government Research Laboratory (Becher 
et al., 1965) to upgrade the primary ilmenite from 54 wt% TiO2 
to a synthetic rutile containing over 90 wt% TiO2. Large-scale 
commercial production of synthetic rutile commenced from ‘B 
plant’ at Capel in 1974.

In the Becher process, iron in the ilmenite is reduced at 
1100–1180°C in a rotary kiln (5.1 m diameter and 62 m in 
length) for 10 hours to form metallic iron dispersed in a titania 
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matrix (reduced ilmenite, RI). The locally available reactive 
Collie coal (and char) is used as the reductant. After magnetic 
separation to remove residual char, aeration of the reduced 
ilmenite in an ammonium chloride solution results in oxidation 
of the metallic iron and precipitation of finely divided iron oxides 
in the suspension that can be separated easily from the coarser 
titania grains, typically with a hydrocyclone. The iron oxide is 
discharged to a storage area from which an iron-rich concentrate 
is recovered for sale. A leach with dilute sulphuric acid is used 
to remove residual iron and other impurities from the aeration 
product to produce a premium-grade synthetic rutile (SR) product 
containing around 92.5 wt% TiO2. To increase the reactivity of 
the primary Capel ilmenite for the Becher process, initially it was 
necessary to pre-oxidize the mineral at around 1000°C in air. 
When, subsequently, the ilmenite mined at Capel, and from the 
Eneabba deposits discovered north of Perth in the early 1970s, 
became progressively more oxidized (58–62 wt% TiO2), the pre-
oxidation step was no longer necessary. 

Work commenced in the late 1960s at CSIRO, in collaboration 
with Western Titanium NL, to identify the phase changes 
occurring in the reduction step of the Becher process in order 
to optimize the process. Subsequent work targeted the removal 
of specific impurities by modifications to the Becher processing 
conditions. To lower the manganese levels, elemental sulphur 
is added to the reduction kiln to form a manganese sulphide 
phase (Rolfe, 1973; Li and Merritt, 1990) that dissolves in the 
acid leach after the aeration step. In another modification, the 
Synthetic Rutile Enhancement Process (SREP), a borate flux is 
added during the reduction step to collect uranium and thorium 
and their radionuclide daughters into an acid-soluble glassy 
phase that can be leached out after the aeration step to lower 
uranium and thorium levels in the synthetic rutile to <100 ppm 
U+Th (Ellis, Harris, and Hudson, 1994; Aral et al., 1997).

RGC (later Iluka) processed the large Eneabba strandline 
deposits north of Perth until 2015. Dry and wet mining 
operations were used, with MSPs at Eneabba and at Narngulu 
near Geraldton. Two reduction kilns (the C and D plants) were 
commissioned at Narngulu to upgrade ilmenite to synthetic rutile 
(92–95 wt% TiO2). Over the years Iluka (and its predecessors) 
processed numerous deposits south of Perth, but in 2018 
their operations at the Tutunup South deposit were completed. 
Production from the Cataby deposit north of Perth commenced 
in 2019, with an estimated mine life of around 8.5 years. The 
HMC is separated on site into a nonmagnetic fraction that is 
transported to the Narngulu MSP for separation of zircon and 
rutile and a magnetic fraction that is feed for SR production at 
Capel. 

The Tiwest Joint Venture commenced operations at Cooljarloo 
north of Perth in 1989 using a dredge and floating concentrator 
to mine and concentrate the heavy minerals. The HMC was 
transported to a MSP at Chandala. A Becher plant was also built 
at Chandala to produce SR as a feedstock for the company’s 
chloride pigment plant at Kwinana. Now known as Tronox, the 
company continues to source its ilmenite from deposits in the 
Lancelin to Gingin area north of Perth. Image Resources NL 
recently commenced production of HMC from its Boonanarring 
deposit near Gingin. The HMC is exported to China for separation. 

Several other operations are currently producing ilmenite in 
the southwest of Western Australia. Tronox (previously Cristal) is 
producing HMC from its Wonnerup mine, with separation of the 
minerals at the Cable Sands MSP at Bunbury. The company has 

five other mines scheduled to come into production and expects 
to continue mining in the southwest for the next two decades. 
Doral Mineral Sands Pty Ltd (Doral) is mining deposits in the 
Jangardup area, also in the southwest of Western Australia, with 
treatment of the HMC at its MSP at Picton. The current operation 
is in the western extension to the original project (Burekup), 
which has a mine life of 3.5–5 years. 

Details of the processing conditions for the major operations 
in Western Australia have been presented in the Maurice Mawby 
memorial volumes produced by the Australasian Institute 
of Mining and Metallurgy (Woodcock, 1980; Woodcock and 
Hamilton, 1993; Rankin, 2013).

Over the years there have been significant developments in 
concentration and separation equipment used in the Western 
Australian operations. More efficient gravity concentration has 
been achieved with banks of spirals of improved design and 
materials of construction and improved flow sheets (Palmer 
and Vadeikis, 2010). Kelsey centrifugal jigs have been used to 
separate zircon from gangue minerals such as kyanite (Jones 
and Foster, 2010). The development of higher strength rare 
earth permanent magnets has resulted in advances in magnetic 
separators. Several types of rare earth magnetic separators, 
including rare earth roll (RERMS) and rare earth drum magnetic 
separators (REDMS) for both wet and dry separations, and 
matrix-type separators such as wet high-intensity magnetic 
separators (WHIMS) are used to concentrate and separate heavy 
minerals in different parts of the processing circuit. Traditional 
electrostatic separation equipment for nonmagnetic minerals have 
used combinations of high-tension roll (HTR) and electrostatic 
plate (ESP) separators. Germain et al. (2003) summarized novel 
technology that gave better separation efficiency by reducing the 
effects of particle size. The Julius Kruttschnitt Mineral Research 
Centre (JKMRC), through the industry-funded Australian 
Minerals Industry Research Association (AMIRA) P255 project, 
has developed a range of instruments and process models for 
improved optimization and control in separation plants (Kojovic, 
Pax, and Holtham, 1999). Pax (2011) has used finite element 
modelling of the equipment to improve mineral separation. 

Significant developments have also occurred in the 
characterization of heavy mineral ores, concentrates, and 
processed products through the commercial availability of 
instruments such as scanning electron microscopes (SEMs) 
and electron probe microanalysers (EPMAs) in the 1950s and 
1960s. The value of these systems in process mineralogy was 
quickly established (Jones, 1987; Sutherland and Gottlieb, 
1991), although it was not until the late 1990s, when computing 
hardware and speed were sufficiently advanced, that automated 
SEMs (Reid et al., 1984; Gu, 2003; Fandrich et al., 2007), and 
more recently EPMAs (Pownceby and MacRae, 2011, 2016) 
became commercially available and were routinely applied to 
mineral sands characterization. 

Automated SEM-based systems such as the original 
QEMSCAN and MLA systems (now owned by Thermo Fisher 
Scientific) and the more recent TIMA (Tescan), Mineralogic 
(Carl Zeiss NV), INCAMineral (Oxford Instruments), and AMICS 
(Hitachi/Bruker) systems have found the greatest use in heavy 
mineral characterization by providing information such as 
quantitative modal analysis, mineral grain size, liberation, 
and textural analysis. The advantage of automated SEM-
based mineralogy systems is their ability to rapidly collect 
quantitative data for many thousands of particle sections, with 
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minimal operator intervention (Baum, 2014), and automated 
mineralogical methods are now widely used in heavy mineral 
mines and MSPs for ore characterization, grade control, and 
process design optimization. EPMAs, being of higher cost 
and usually requiring specialist operators, have largely been 
limited to generating quantitative chemical information on 
individual valuable minerals to assess potential marketability 
and to guide and improve process parameters (e.g. in MSP 
plants or after upgrading to a high-TiO2 product). More recent 
EPMA advances have seen the development of integrated 
X-ray and cathodoluminescence mapping systems (MacRae 
et al., 2005; Wilson and MacRae, 2005) to illustrate mineral 
phase distributions (particularly useful for determining particle 
coatings), impurity mineral/element distributions (Pownceby, 
2005; Pownceby, MacRae, and Wilson, 2007), and textural 
information (Pownceby, 2010), thereby providing a powerful 
technique for characterizing heavy mineral deposits and process 
products. 

Murray Basin deposits
Detritus from the weathering and erosion of sediments from the 
Lachlan fold belt of eastern Australia that was shed to the west 
was reworked in the palaeo-Darling, Lachlan, Murrumbidgee, 
and Murray River systems and subsequently deposited in the 
Murray Basin, the remains of a shallow inland sea (Roy et al., 
2000). The basin extends over an area of 320,000 km2 across 
Victoria, New South Wales and South Australia. In Pliocene times 
(approx. 5.3–1.8 Ma), economic heavy mineral concentrations 
formed within the Loxton-Parilla sands unit. These were first 
reported in the late 1960s and  extensive exploration commenced 
in 1970, leading to the discovery of over a hundred areas 
of mineralization.  However, few of the occurrences contain 
economic quantities of heavy minerals. Locations of the more 
important deposits are shown in Figure 2.

The first major discovery in the Murray Basin, in 1982, was 
the fine-grained WIM 150 deposit near Horsham in the southeast 
of the basin. Subsequently, four similar deposits (WIM 050, 
WIM 100, WIM 200, and WIM 250) were discovered nearby. The 
discovery of the WIM 150 deposit led to increased exploration 
across the basin and between 1989 and 1999 coarser strandline 
deposits were discovered and subsequently brought into 
production. These included Mindarie in the west, Wemen, Kulwin, 

Woornack, and Rownack in the centre, Douglas in the south, and 
Ginkgo and Snapper in the north of the basin (Figure 2).

Murray Basin Titanium Joint Venture (MBTJV) commenced 
the first operation in the basin at their Wemen deposit in 2001. 
It was a relatively small resource and mining was completed 
in 2004.  Bemax Resources NL (Bemax) acquired MBTJV, and 
Cable Sands in Western Australia, in 2004. Iluka commenced 
their operations in the basin with the Douglas and nearby Echo 
deposits in 2004, with mining of these two deposits completed 
in 2012. The Kulwin deposit was mined between 2009 and 2012 
and production from the Woornack, Rownack and Pirro (KWP) 
deposits commenced in 2012 and finished in 2015. Iluka is 
currently undertaking the development of a large deposit in the 
Balranald area of New South Wales. 

Iluka used wet gravity concentration equipment to produce 
a HMC. WHIMS was used to separate part of the ilmenite (the 
most magnetic fraction) which was retained on-site due to its 
high chromium levels (1–2 wt% Cr2O3). The rest of the HMC was 
sent to the MSP at Hamilton where zircon, rutile, and weathered 
ilmenite products were produced. Since completing the treatment 
of stockpiled HMC, the MSP at Hamilton has closed. Processing 
conditions used by Iluka are summarized by Hugo and Jones in 
Rankin (2013).

Bemax commenced production from its Pooncarie deposits 
in the north of the Murray Basin in New South Wales in 2005. 
Initial production was from the Ginkgo deposit with the HMC sent 
to the MSP at Broken Hill that was commissioned in 2006. In 
2010 production commenced from the Snapper deposit, and from 
the nearby Crayfish deposit in 2017. In 2008 Cristal acquired 
Bemax, and in 2019 Tronox procured Cristal. The HMC produced 
at the Ginkgo, Snapper, and Crayfish mines is trucked to the 
recently expanded MSP at Broken Hill, where magnetic leucoxene 
and secondary ilmenite products are produced and railed to Port 
Adelaide in South Australia for export. The nonmagnetic fraction 
is shipped to the Bunbury dry plant for separation of rutile and 
zircon products that are exported through the port of Bunbury. 
Little of the ilmenite concentrate was sold initially because of its 
high chromium content of over 1 wt% Cr2O3. 

The Mindarie deposit in the west of the basin consists of 
numerous strandlines between Mindarie and Karoonda in South 
Australia. Mineralogical data for the deposit reports a grain size 
of between 45 μm and 63 μm, suggesting that the mineralization 

Figure 2—Location map of Murray Basin mineral sand deposits (modified from Pownceby, 2010)
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is finer than that in other strandline deposits in the Murray Basin. 
The deposit was developed by Australian Zircon NL (Australian 
Zircon) with production commencing in 2007. The HMC was 
exported to China. After several changes in ownership, the project 
was put on care and maintenance in 2015. 

Ilmenite concentrates produced from the Murray Basin 
deposits contain high levels of chromium due to the presence of 
chrome spinel minerals. The wide range in the composition of 
these spinels makes it hard to remove them during processing. 
Extensive experimental work has been done to characterize the 
compositional variations (Pownceby, 2010), and Bruckard et al. 
(2015) summarized the various treatment conditions evaluated 
to remove the chrome spinels to obtain products with chromium 
levels low enough for pigment production. A magnetizing roast to 
increase the magnetic susceptibility of the titanate grains relative 
to that of the chrome spinels has been shown to yield a titanate 
product with a lower chromia content after magnetic separation. 
For a primary ilmenite fraction, a low-temperature magnetizing 
roast around 600°C, which limits the amount of rutile produced 
in the roast, is successful. (Rutile does not dissolve well in 
concentrated sulphuric acid.) A higher roasting temperature may 
be used with weathered ilmenite since the formation of rutile 
during the roast is not a problem in the subsequent chlorination 
process. Bemax has proposed constructing a multi-hearth fluid 
bed roaster at its Broken Hill MSP to roast high-chromium 
ilmenite at around 620°C under reducing conditions to yield a 
magnetic product suitable as a chlorinatable feedstock in which 
the chromium content has been lowered from >1.5 wt% to  
<0.3 wt% Cr2O3 (Everett et al., 2003).

Under reducing conditions, such as in a Becher reduction kiln, 
chromium is chalcophilic and has a strong affinity for sulphur. 
The possibility of modifying the chemical and physical properties 
of the chrome spinels in a Murray Basin ilmenite concentrate was 
investigated by adding elemental sulphur to the Becher reduction 
step. Examination of the reduced ilmenite product revealed the 
presence of small amounts of bronze-coloured grains indicating 
chrome spinels coated with rims of sulphur-rich phases (i.e., 
selective chromite sulphidization). After de-metallization of the 
reduced ilmenite, removal of the sulphur-coated chrome spinel 
grains may be possible by flotation using reagents typically used 
to float base metal sulphides. Initial results were promising, 
and further work is in progress to optimize the treatment 
conditions (Ahmad et al., 2014, 2016; Rhamdhani et al., 2018).  
In Western Australian Becher plants, chromite is removed in 
the nonmagnetic fraction from the magnetic separation after 
reduction of the ilmenite.

Weathered ilmenites are usually upgraded to over 90 wt% 
TiO2 to serve as feedstock for a chloride pigment plant. Processes 
that may be used for Murray Basin weathered ilmenites 
include kiln-based or fluidized bed processes. Magnesium and 
manganese are major impurities in Murray Basin ilmenites, and 
while manganese levels can be lowered by addition of elemental 
sulphur in the reduction step of the Becher process, magnesium 
is not removed in a standard Becher treatment. Consequently, 
modifications to the Becher processing conditions have been 
proposed to produce satisfactory sulphate and chloride pigment 
feedstocks from weathered Murray Basin ilmenites. Kiln-based 
processes that have been evaluated for Murray Basin weathered 
ilmenite concentrates include the Hybrid, Acid Soluble Synthetic 
Rutile (ASSR) and the Recovery of Upgraded Titania by Impurity 
Liquefaction and Extraction (RUTILE) processes. While these 

processes have been tested at pilot plant scale, the use of a 
modified Becher process is likely to require demonstration of 
the technology at a larger scale. The Murso, Austpac ERMS and 
NewGenSR processes use fluidized bed reactors to oxidize and 
reduce iron in the ilmenite at temperatures between 750 and 
1000°C. All these processes have been demonstrated at pilot plant 
scale, but no commercial operation has been established as yet. 
A summary of the application of these processes to weathered 
Murray Basin ilmenites has been given by Bruckard et al. (2015).

Eucla Basin deposits
Another major heavy mineral province in Australia is the Eucla 
Basin, an approximately 2000 km wide marginal marine basin 
spanning the border between South Australia and Western 
Australia (Hou, Keeling, and Hocking, 2011). Exploration 
since 2004 has led to the discovery of numerous major heavy-
mineral deposits in Tertiary shorelines along the east of the 
basin (Jacinth, Ambrosia, Atacama, Typhoon, and Cyclone). 
Other prospects (Cyclone Extended, Balladonia, and Plumridge) 
are around the western edge of the basin (Hou, Keeling, and 
Hocking, 2011; Pownceby, Sparrow, and Fisher-White, 2008). 
Iluka commenced production from the Jacinth deposit in October 
2009, primarily for production of zircon. After a short suspension 
in production in April 2016, production recommenced in 
December 2017 with the HMC being transported to the Narngulu 
MSP in Western Australia. Mining of the Ambrosia deposit is 
expected to commence in 2019. At Narngulu, a hot acid leach is 
used to clean the surfaces of the final zircon product to lower iron 
contamination levels.     

Future developments
New deposits
In addition to the commercial operations noted above, several 
companies are actively evaluating other resources in Western 
Australia. Sheffield Resources Limited is evaluating several 
prospects in the Eneabba area. North of Geraldton, Strandline 
Resources Limited has the Coburn heavy mineral sands project 
just south of Shark Bay, and even further north is the flagship 
Thunderbird mineral sands deposit of Sheffield Resources 
Limited. This project is in the Canning Basin, on the Dampier 
Peninsula west of Derby, and is the first major mineral sand 
deposit discovered in the Canning Basin. A prefeasibility study 
indicated that an ilmenite product with 56.1% TiO2 and low levels 
of alkalis and chromium could be produced from the deposit 
following a low-temperature roast.

In Victoria, future developments are expected to occur in the 
north of the Murray Basin. Iluka is developing a large deposit 
in the Balranald area. This deposit is under 60 m of overburden 
and underground mining and backfilling techniques are being 
evaluated to recover the heavy minerals. Cristal Mining is 
developing the Atlas/Campaspe Project north of Balranald with a 
planned mine life of 11–20 years.

Also in Victoria, there are many occurrences of mineral sands 
around the eastern edge of the Murray Basin. Over the years 
numerous companies have evaluated them but no development 
has occurred. The Gippsland Basin in the southern part of 
Victoria also is host to extensive late Miocene-Pliocene strandline 
deposits and exploration and drilling have shown that these have 
similar properties to the Murray Basin strandline deposits. The 
Glenaladale deposit was discovered by Rio Tinto Exploration in 
2004, and in 2013, Kalbar Resources Ltd (Kalbar) acquired the 
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resource and has started developing the higher grade areas as its 
Fingerboards Mineral Sands Project. 

Developments for fine-grained mineralization
The five WIM-type deposits located in the south of the Murray 
Basin around Horsham are fine-grained, sheet-like heavy mineral 
deposits. The WIM 150 deposit was discovered by CRA Limited, 
now Rio Tinto Pty Ltd, with initial development carried out 
through its subsidiary company, Wimmera Industrial Minerals Pty 
Ltd (WIM). An intensive effort was made to develop processing 
options for the WIM 150 deposit, including pilot plant test work, 
but no commercial operation resulted and WIM relinquished its 
leases on the deposits. They were subsequently taken up by other 
companies (e.g., Australian Zircon and Murray Zircon – now 
a joint venture between OZC and Million Up Ltd) but despite a 
significant amount of further development work the deposits still 
have not come into production.   

Astron Ltd (Astron) is evaluating two WIM-type deposits; 
WIM 200 (the Jackson deposit) and WIM 250 (the Donald 
deposit). Astron is concentrating on production from the Donald 
deposit first, and proposes to produce a HMC for export to China 
for further processing.

While the extensive WIM-type deposits located in the south 
of the Murray Basin contain more heavy minerals than there are 
in the strandline deposits in the basin, they remain undeveloped. 
Although they are low grade, the fine particle size has been the 
major issue preventing them from being developed to date. A 
significant amount of research has been undertaken to design 
equipment and identify processing options to concentrate and 
separate these fine minerals.  

Continuing developments are being made with the design 
of spirals to increase the recovery of the finer mineralization 
from the WIM-type deposits (Richards et al., 2000). Higher 
mineral recoveries of fines down to around 6 μm, with better 
concentrate grades, and separation of minerals with small specific 
gravity differences are claimed with a Kelsey jig compared with 
other gravity separation techniques (Jones and Foster, 2010). 
Kelsey jigs, along with spirals and flotation, are proposed to be 
used in processing the WIM 150 deposit.  Capps and Waldram 
(1986) have reported the recovery of fine-grained (32–75 μm) 
heavy minerals from a mineral sand deposit using Kelsey jigs. 
Wet magnetic separators are usually considered to be efficient 
for minerals with particle sizes above 75 μm. Consequently, it 
is likely that magnetic separation efficiencies for fine-grained 
deposits may not be satisfactory.

Flotation has been used to concentrate and separate  
heavy minerals, and since it operates efficiently with fine  
(<100 μm) particle sizes, it can be expected to be applicable to 
the concentration and separation of heavy minerals in the fine-
grained deposits (Bruckard et al., 1999). A strategy of producing 
a bulk float of the valuable minerals, depression of the titanium 
minerals, and a float to separate the rutile and ilmenite using 
modern collectors (e.g., sulphosuccinamates, phosphonic acids, 
amines) is expected to be able to yield individual concentrates 
of the fine-grained minerals. Pownceby et al. (2015) have 
summarized some of the reported flotation work with WIM  
150 samples. 

Removal of chrome spinels from the ilmenite concentrate 
will also be an issue with the fine-grained deposits. Flotation 
and roasting conditions discussed above for the coarser-grain 
deposits should also be applicable to the finer mineralization. 
However, there are expected to be problems in treating the fine-

grained mineralization with a fluidized bed or kiln-based process 
as the particles may be blown out of the fluidized bed, or from a 
rotary kiln in the high exhaust gas flows from the kiln. Research 
is required to design a circulating fluidized bed reactor capable 
of treating fine-grained mineralization, or to determine whether 
agglomeration of fine-grained ilmenite can successfully be used 
in existing reactor designs. 

The final zircon concentrate, as well as requiring attritioning 
in water and acid or alkaline solutions to remove surface 
contaminants, is also likely to require further treatment to lower 
radionuclide (uranium, thorium, and their daughter products) 
levels in the grains. Heat and leach treatments that involve 
decomposition of zircon either through the addition of a flux, or 
through the application of temperatures above the temperature at 
which zircon breaks down to zirconia and quartz, and other flux-
based treatments that retain the integrity of the zircon crystalline 
lattice have been used to significantly lower the U+Th levels in 
the fine-grained zircon. Pownceby et al. (2015) have summarized 
this work. 

Summary
Australia has four major mineral sands provinces. Since 1934, 
when the commercial mining of mineral sands commenced 
in eastern Australia, there has been continuous mining and 
processing of heavy minerals from these deposits. This has 
been associated with significant advances in equipment design 
to recover the heavy minerals and in processing conditions to 
remove impurity elements from the heavy minerals to produce 
marketable products for further local processing or for export. 
New deposits currently being characterized and developed will 
ensure continuing production of heavy minerals in Australia. 
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Online spiral grade control
A.M. Russell1

Synopsis
Online control of gravity spiral concentrators has not been widely implemented, despite the scale of 
industrial spiral circuits and the associated labour requirements of manually adjusting the spiral splitter 
positions to counter disturbances. Previous industrial and academic attempts at automation initially 
showed some promising results, but have thus far not resulted in the implementation of large-scale 
control system at industrial sites. A new technique making use of jets of process water for the control 
of spiral product quality is proposed, and which is suitable for retrofitting to existing spiral circuits. A 
test programme carried out at a chromite plant processing UG2 flotation tailing at a site on the eastern 
limb of the Bushveld Complex in South Africa showed that online control of the spiral plant concentrate 
grade using this technique is feasible.

Keywords
spiral concentrator, optimization, online control, grade-recovery tradeoff.

Introduction
Gravity spiral separators are widely utilized for the physical separation of a number of ore types. In 
the South African context, gravity spirals are used extensively in the concentration of chromite, coal, 
and mineral sands. While the process flow sheets and operating conditions vary widely between these 
industries, the nature of the spirals used across different sectors is similar. 

The most common types of spirals consist of a trough that twists downward in a helix (typically 
clockwise) about a central axis. A slurry mixture is fed to the top of the spiral from a distributor. As 
the material travels down the length of the spiral, a combination of gravity and hydrodynamic forces 
(Mishra and Tripathy, 2010) results in the lighter material being lifted and carried to the outer portion of 
the spiral while the heavier material remains on the inner portion of the spiral (Matthews, Fletcher, and 
Partridge, 1999). The disproportionate movement of heavy and light minerals results in the formation 
of regions of increased concentrations of heavy and light minerals. 

In some designs, auxiliary splitters along the length of the trough allow heavy material at 
intermediate points down the spiral to be removed and sent directly to a product stream, thereby freeing 
processing capacity on the lower part of the spiral. An adjustable product splitter is installed at the base 
of the spiral, typically with two or three splitter blades. The relative positions of these splitter blades 
determine the proportions of the separated material that will report to the individual product streams. 

The relative positions of the product splitter blades at the base of the spiral, as well as the positions 
of the auxiliary splitters along the length of the spiral, are manually adjusted. Since spiral concentrator 
plants typically make use of vast numbers of spirals comprising different processing stages, the manual 
adjustment of these splitters to counter fluctuations in plant operating conditions is time-consuming and 
impractical (Vermaak et al., 2008). To ensure that product grades are maintained within specifications, 
the splitters are often positioned conservatively, thus resulting in mineral losses.

Background
There have been a number of attempts at implementing online measurement and control on spiral 
separators and related equipment such as shaking tables. A number of investigations have involved the 
use of the visual appearance of materials as a proxy for product quality or separation effectiveness, in 
many ways mimicking the measurements made by the operators on processing plants. 

A patent application by Welsh and Deurbrouck (1973), details the use of a photoelectric sensor 
coupled with a mechanical sorting device to optimize the recovery of valuable material on a shaking 
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table. An investigation by Gold (1991) sought to develop an 
algorithm to detect the interface position between mineral bands 
on a spiral. Recently, Nienaber, McCoy, and Auret (2017) used a 
statistical learning approach to improve the reliability of mineral 
band detection. High detection success rates were achieved in the 
case of ilmenite interfaces; however, much lower success rates 
were achieved on chromite samples. 

A model of the relationship between the mineral band 
position and spiral feed properties such as flow rate, grade, solids 
composition, and viscosity was developed by Vermaak et al. 
(2008) for material with a low slimes content. The model was 
also used to predict the mineral band position for a sample where 
the mineral band interface cannot be optically detected due to 
the presence of slimes. Such a model would be useful for process 
control purposes; however, the necessary measurements are not 
available on most spiral concentrator plants. 

The use of inflatable bladders to divert material on a spiral 
surface to the desired product port is described in a European 
patent by Cooke (2009). Similarly, the work by Thornton and 
Carnell (2018) details the use of pneumatically actuated splitters 
mounted above a spiral trough to influence the proportion of 
material flowing to the product and reject ports. In that work, 
plans to incorporate this actuation mechanism with online 
density measurements are mentioned, but no online control 
results are provided. 

The use of solids density gradients (based on electrical 
conductivity measurements) to inform the mechanical 
manipulation of the product splitters was detailed by Mohanty, 
Wang, and Zhang (2014). 

The limited investigations into spiral control have so far 
not resulted in feasible, long-term industrial implementations, 
despite promising results under laboratory conditions or pilot-
scale industrial conditions. It is believed that this is mainly due 
to the complexity and cost involved in scaling a control system 
from the laboratory scale to an industrial scale. Furthermore, 
the cost and challenges associated with the maintenance of a 
complicated control system conflict with the relatively low capital 
and maintenance costs associated with gravity spirals, further 
deterring operational management from applying such a control 
system to a spiral circuit.

Engineering design

Spiral actuation using spray nozzles
A number of previous attempts have sought to manipulate the 
mass flows of material to the different product ports on a spiral 
by moving the installed product and/or auxiliary splitters using 
mechanical devices. While moving the product splitter in this way 
emulates the manual process of moving the splitter, a number of 
practicalities have to be considered.

 ➤   Each mechanical actuator requires the supply of utilities, 
including instrument air and electrical power.

 ➤   Spiral plant conditions are quite harsh, with large amounts 
of fine material present. In some cases salt water is 
used as a process medium, exacerbating corrosion. The 
maintenance requirements for a large installation of 
mechanical actuators would be a significant burden for 
many plants.

 ➤   Mechanical actuators require robust mounting points about 
which to act, a rarity on spiral plants. 

 ➤   The cost of fitting mechanical actuators to a bank of spirals 
will be beyond the reach of many operating plants.

A novel actuation system that makes use of multiple spray 
nozzles creating jets of process water to manipulate the flow of 
material on a bank of spirals has been developed and patented. 
The mode of action of the spray nozzles is illustrated in Figures 1 
and Figure 2. 

The mode of action of the spray nozzles is as follows.

 ➤   Nozzles are statically mounted in an optimal position above 
each of the concentrate and gangue material regions on the 
spiral, upstream from either a product or auxiliary splitter.

 ➤   The impact of the water on the spiral surface creates a blast 
zone that is triangular in shape with a stationary apex. 
The location of this zone determines the point from which 
material will be shifted.

 ➤   The pressure of the water feeding the spray nozzles is 
manipulated to alter the width of the blast zone, and 
hence the degree to which material is pushed towards the 
alternative product port.

 ➤   The overall effect is such that the blast zone alters the 

Figure 1—Mode of action of the spray nozzle on the material on the spiral when there is gangue material entering the concentrate product port 
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trajectory of the material on the spiral to deflect it a certain 
distance from its original path. By varying the amount of 
deflection, the percentage of material entering a targeted 
port can be manipulated. 

The amount of deflection theoretically achievable in relation 
to the nozzle feed pressure is shown Figure 3. 

The maximum achievable deflection using the selected 
nozzles and the 2 bar water supply measured on industrial 
spirals is in the order of 60 mm (see Figure 3) and is similar 
to the magnitude of the splitter blade movements resulting 
from manual changes. Similarly, the resulting mass of material 
directed away from the concentrate or tails port is similar to that 
which would be achieved by a manual movement of the product 
splitter. Therefore, relatively large movements of the mineral 
band due to process disturbances such as density or feed flow 
rate fluctuations can be countered through the use of water spray 
nozzles.

The nozzles appear to be able to run for more than 2 months 
without requiring maintenance or replacement while using the 
test site’s process water supply.

Laboratory tests show each nozzle requires the equivalent of 
2 L/min or 2.5% of the total water on the spiral start for control 
within the typical variance of grade. This water also assists in 

keeping the high-grade material mobile. This water addition can 
be compensated for by adding less dilution water elsewhere in 
the spiral circuit.

Integration with an online grade analyser
The spray nozzle mechanism described here was incorporated 
into an online control mechanism in combination with an online 
spectroscopic grade analyser. The analyser provides grade 
measurements every 15 seconds, which is at a much higher 
frequency than the concentrate grade variations experienced 
in practice, thereby providing sufficient closed-loop control 
performance.

The control system consists of the online grade analyser, a 
processing unit, a globe control valve, and a water distribution 
manifold. The opening of the control valve is determined by 
the difference between the online grade measurements and the 
applicable set-point. This in turn determines the pressure of 
the water feeding the spray nozzles, and hence the magnitude 
of the control action exerted on the spirals. The same control 
action is applied to all of the spirals in a bank, as it is assumed 
that differences in the performance of individual spirals can 
be ignored since they are fed from the same distributor. The 
schematic layout of the control system is shown in Figure 4.

Figure 2—Mode of action of the spray nozzle on the material on the spiral when there is valuable mineral entering the tails port

Figure 3—Theoretically achievable deflection versus the nozzle feed water pressure
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Experimental

Industrial test site
Testing of the control system was carried out on the chrome 
recovery spiral plant of a UG-2 platinum group metal concentrator 
on the eastern limb of the Bushveld Complex in South Africa. The 
spiral plant processes the final flotation tailings for the recovery 
of chromite. The process flow diagram of the plant is shown 
in Figure 5. The concentrates from both the mid-recleaner and 
recleaner banks are combined to form the final concentrate. The 
grade analyser measures this combined stream. 

Under manual control conditions, the plant operators 
monitor the grade analyser reading and manually adjust the 
splitter positions of the mid-recleaner bank accordingly, albeit 
infrequently. This bank was therefore selected for the testing 
of the automated control system, as its manipulation would 
most closely resemble the manual control by the operators. 
Furthermore, this stream constitutes between 60% and 70% of 
the total concentrate mass flow, hence its manipulation will have 
a significant impact on the final concentrate grade. The mid-
recleaner bank consists of 12 double-start spiral poles; a total of 
24 spirals. Each of these spirals was fitted with a spray nozzle 
system for the test work.

Spray nozzle effectiveness
A sampling campaign was conducted to measure the maximum 
effectiveness of the spray nozzle system on the mid-recleaner 
bank of spirals. Here, the spray nozzles were activated at 
maximum control valve opening while crosscut samples of the 
feed, concentrate, and tails were taken from five separate spirals. 
These samples were analysed to determine the effects of the 
spray nozzles on the chromite grade and recovery of the specific 
spiral bank. This procedure was repeated for the scenario where 
the spray nozzles direct material towards the concentrate port, 
and for the scenario where they direct material towards the tails 
port.

Automated grade control
The online performance of the control system was evaluated by 
operating for 160 hours with the grade control system active, 
with comparisons drawn between the final concentrate grade 
stability observed under manual control conditions and under 
automated control conditions respectively. A 24-hour moving 
average of the concentrate grade was also calculated to represent 
the grade of the material on the product stockpile.  

Operating results and discussion

The effect of spray nozzles on mineral grade and  
recovery
The maximum effectiveness of the spray nozzles when pushing 
material towards the tails port of the spiral is shown in Figure 
6. Here it can be seen that while a 2.00% increase in the grade 
of the concentrate from the mid-recleaner bank was achieved, 
this was accompanied by a 15.05% decrease in the recovery of 
chromite for this bank. Simultaneously, the chromite feed grade 
to the mid-recleaner bank increased by 2.00% due to additional 
chromite-bearing material being pushed towards the tails port, 
and subsequently recycled back to the mid-recleaner bank via the 
re-scavenger concentrate. As a result, the upgrade ratio of the 
mid-recleaner bank remained largely unaffected.

The maximum effectiveness of the spray nozzles when 
pushing material towards the concentrate port is shown in  
Figure 7. Using the maximum control action, an 8.51% 
increase in chromite recovery to the concentrate was achieved, 
accompanied by a 2.33% decrease in the concentrate chromite 
grade. Here, the decrease in the concentrate grade was associated 
with a 1.30% decrease in the mid-recleaner feed chromite grade 
due to the reduced amount of chromite-bearing material being 
collected in the tails product, and thus recycled via the re-
scavenger concentrate. The net result of this was a decrease in 
the chromite upgrade ratio of the mid-recleaner bank from 1.11 
to 1.06. 

Figure 4—Schematic layout of the spiral grade control system
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While the inverse relationship between the concentrate 
chromite recovery and chromite grade was to be expected, it is 
evident that the relationship between these two key variables 

is nonlinear. The recovery decrease associated with an increase 
in concentrate grade is significantly greater (1.77 times) than 
the recovery increase associated with a decrease in concentrate 

Figure 5—Chromite spiral plant process flow diagram

Figure 6—Effect of maximum control action pushing material towards the tails port
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grade. This relationship is due to the nonlinear, sigmoidal profile 
of the chromite concentration across the spiral surface. Therefore, 
a balance between recovery optimization and grade protection 
should be sought. 

Automated concentrate grade control
Subsequently, an automated grade control test was carried out to 
determine the effectiveness of the spray nozzles in controlling the 
final concentrate grade to a set-point. The results of this test are 
summarized in Figure 8 and Table I. 

During the period under manual control, the moving average 
of the concentrate grade dropped below the minimum grade for 
the product specification. This indicates that the overall grade 
of the product on the stockpile was likely to be compromised in 
these instances. 

Conversely, while under automated control, the moving 
average of the product grade was maintained within 0.15% of 
the set-point grade at all times, and well within the product 
specification limits. The standard deviation of the instantaneous 
concentrate grade was reduced more than threefold under 
automated control, while the standard deviation of the 24-hour 
moving average of the concentrate grade was reduced by more 
than sixfold, indicating significantly improved concentrate grade 
stability.

Chromite product specifications normally have a stipulated 
level for silica content, and therefore the control of the silica 
grade in the concentrate is also of concern in chromite production. 
Although control of the silica grade was not a primary objective 
of this control system, stability in the silica grade was brought 
about as a consequence of automated chromite grade control. 

Figure 8—Comparison of the concentrate grade stability under manual and automated control

Figure 7—Effect of maximum control action pushing material towards the concentrate port



Online spiral grade control

119 ◀The Journal of the Southern African Institute of Mining and Metallurgy VOLUME 120 FEBRUARY 2020

Table II summarizes the silica content variability for the 
automated and manual control scenarios. The variability of the 
silica grade during automated control was less than half of that 
during manual control. By reducing the silica grade variability, 
the number of instances where the silica grade limits are violated 
will be reduced, lowering the risk of the product being out of 
specification. 

Production benefits
A reduction in the variability of the concentrate grade will not 
significantly impact the productivity of a concentrator in isolation. 
However, improved stability will allow the safety margin between 
the targeted concentrate grade and the lower limit for the product 
specification to be reduced. In doing so, more valuable material 
can be recovered in the concentrate, thus increasing production 
and revenue.

For the test site evaluated here it is estimated, based on the 
UG2 tailings spiral performance characteristics presented by 
Dawson (2010), that a reduction in the target chromite grade of 
0.5% would yield a  1.2% increase in chromite recovery to the 
concentrate. At a sale price of US$150 per ton, this would result 
in a potential increase in revenue of around US$52 000 per 
month.

Conclusions
A water-nozzle control system for gravity spiral concentrators 
has been developed and tested. Jets of water emanating from 
spray nozzles mounted above the spiral surface can be used to 
manipulate the mass flows of material between the ports of the 
spiral product splitter by displacing the material on the spiral 
surface about a blast zone. The dimensions of the blast zone can 
be altered based on the flow rate of the water leaving the spray 
nozzles, which is a function of the nozzle water pressure. By 
manipulating the water pressure, the degree of deflection of the 
material on the spiral surface can be controlled, to a maximum of 
60 mm at a water pressure of 2 bar.

When applied to a chromite recleaner bank of spirals, the 
water nozzle system was capable of increasing the concentrate 
chromite grade of that specific bank of spirals by a maximum 
of 2.00% with an associated decrease in chromite recovery of 
15.05% when grade protection was targeted. Conversely when 
chromite recovery protection was targeted, the concentrate 
chromite grade was decreased by a maximum of 2.33% with an 
associated increase in chromite recovery of 8.51%. 

The water nozzle system was tested on an industrial site, 
in conjunction with an online grade analyser, forming a closed-
loop control system. During the test period, the variability of the 
measured concentrate grade was decreased significantly, with 
the standard deviation of the instantaneous concentrate grade 
being reduced more than threefold compared with the manual 
control scenario. Furthermore, the standard deviation of the 24 
hour moving average concentrate grade was reduced more than 
sixfold, indicating vastly improved stability of the product quality 
on the stockpile. In addition, the stability of the silica content of 
the concentrate was improved, with a twofold reduction in the 
standard deviation during automated control.

The improved grade stability could allow a plant to reduce the 
safety margin between the targeted concentrate grade and the 
lower limit of the product specification, thereby allowing more 
valuable mineral to be recovered. For this test site, the benefit 
derived from reducing the concentrate target grade by 0.5% 
would result in a recovery improvement of 1.2%, which would 
yield approximately US$52 000 per month in additional revenue. 
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   Table I

   Summary of the concentrate chromite grade stability under automated and manual control
   Measure Automated control Manual control

   Average grade (grade %) 40.49 40.24
   Standard deviation (grade %) 0.20 0.70
   24 h average standard deviation (grade %) 0.04 0.26

   Table II

   Summary of the concentrate silica grade stability under automated and manual control
   Measure Automated control Manual control

   Average silica grade (grade %) 3.90 3.77
   Standard deviation (grade %) 0.32 0.58
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A literature review and 
interpretation of the properties of 
high-TiO2 slags
H. Kotzé1

Synopsis
The properties of high-TiO2 slags are markedly different from those of many other metallurgical slags. 
The objective of this paper is twofold: firstly, to assemble in one document the TiO2 slag properties, 
including Ti3+/Ti4+ ratio, liquidus temperatures, heat capacity, density, viscosity, thermal conductivity, 
and electrical conductivity: all expressed in terms of temperature and composition dependency. Secondly, 
this paper attempts to correlate published experimentally measured data with theoretically based 
parameters, which will enable the application of the measured properties to wider slag compositions 
within the pseudobrookite-TiO2 slag system.

Keywords
high-TiO2 slag, properties.

Introduction
Slag properties are an essential tool in problem solving, both in equipment design and metallurgical 
process control. Experimental work on high-TiO2 slags is particularly difficult because of their chemically 
corrosive nature and compositional sensitivity to oxygen partial pressure. While ample publications are 
available and are still being produced for silicate-based slags, comparatively few results are available 
for high-TiO2 slags. The objective of this work is firstly to summarize the essential properties for liquid 
TiO2 slags. Secondly, an attempt is made to derive correlations from the published experimental work 
which are based on a theoretical concept. In this way, it is believed that the experimental data can be 
cautiously extrapolated to other high-TiO2 slags. To this end, a set of typical high-TiO2 slags based on 
a data-set published in earlier work (Kotze and Pistorius, 2010) is used throughout this paper. The 
chemical composition of this set is given in Table I. Although 94%TiO2 is not considered ‘typical’, it was 
included in the example slags because many producers migrate to higher TiO2 slags. 

The experimental data cited in this work is by no means claimed to be all-inclusive. Glimmers 
of work done in Eastern European countries are present, though not easily interpreted by English-
speaking researchers. On occasion experimental data was not used because of a discrepancy in the data 
or experimental method.

Slag properties

Ti3+/Ti4+ ratio
Titania slag compositions are typically expressed as TiO2 because analytical methods measuring the total 
titanium are fast and less cumbersome than the wet chemistry titration method required to measure Ti3+ 
(Tranell, Ostrovski, and Jahanshahi, 2002). When appreciable amounts of Ti2O3 are included in the TiO2 
value, titania is expressed as the equivalent TiO2. In these instances, slag assays exceed 100 because 
the oxygen is overestimated. The assay total is therefore an indication of the level of reduction. Previous 
attempts by the author to correlate measured Ti3+ values with assay totals yielded unsatisfactory results. 

The balance between Ti4+ and Ti3+ follows Reaction [1] and like other transition elements, it is 
governed by a redox reaction such as the O-type behavior of Reaction [2] (Tranell, Ostrovski, and 
Jahanshahi, 2002). The Ti3+/Ti4+ ratio is therefore expected to be dependent on the oxygen partial 
pressure and the oxygen activity in the slag bath. Tranell and co-workers (Tranell, Ostrovski, and 
Jahanshahi, 1997, 2002) investigated these relationships in TiO2-Ti2O3-SiO2-CaO slags and found the  
Ti3+/Ti4+ ratio to depend on the oxygen partial pressure raised to the power of 0.21 (Tranell, Ostrovski, 
and Jahanshahi, 1997) and 0.23 (Tranel, Ostrovski, and Jahanshahi, 2002). Using optical basicity to 
represent oxygen activity, they derived a correlation using temperature, oxygen partial pressure, and 
optical basicity to calculate the Ti3+/Ti4+ ratio. This correlation yielded good results with all the slags they 
investigated, but not with those of other researchers.
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                                                   [1]

[2]

In this work, electronic polarizability was investigated as an 
alternative measure to predict the activity of oxygen. Electronic 
polarizability is described as the ‘ability of oxygen to transfer 
electron density to surrounding cations’ (Dimitrov and Komatsu, 
2010). It is a measure of the propensity of compounds to donate 
charge from oxygen ions to the surrounding electron cloud 
(Duffy and Ingram, 1976). In this context, Ca2+ with a cation 
polarizability of 1.57Å3 is ‘generous’ while Si4+ at 0.284 Å3 is 
comparatively ‘stingy.’ A few mutually exclusive data-sets exist  
to calculate electronic polarizability. The data used in this work  
is based on the large data-set of dynamic polarizabilities 
published by Shannon and Fischer (2016) which includes a value 
for the cation polarizability of Ti3+. The Ti3+/Ti4+ ratios of  
the CaO-SiO2-TiOx slags from Tranell were found to correlate  
well with the ratio of the polarizabilities of Ca2+ and Si2+, 

                             (polarizability Å3; mole fraction X).This 

result corroborates the polarizability ratio of Ca2+ and Si4+ as a 
measure of the oxygen activity in the bath. The  Ti3+/Ti4+ ratios 
of the slags Tranell studied were subsequently calculated using a 
correlation with two parameters: the experimental oxygen partial 
pressure and the polarizability ratio Ra. Figure 1 shows the 
results of this correlation to compare well with the experimental 
Ti3+/Ti4+ ratios. 

The validity of the correlation between oxygen partial 
pressure, electronic polarizability, and Ti valency was tested 
against industrial TiO2 slags using measurements reported by 
Geldenhuys and Pistorius (1999). These workers measured the 
oxygen partial pressure in pilot plant TiO2 slags and reported the 

TiO2 and Ti2O3 values of the slags at the time of measurement. 
Their measured oxygen partial pressures in the slags are plotted 
as the circles in Figure 2. Since the full assays of the slags 
used in the Geldenhuys study were not given, their results 
are compared with the calculated TiO2 and Ti2O3 values of the 
example slags in Table I using the correlation derived from the 
work by Tranell. This is not ideal, but a reasonable replacement, 
as the impurity levels of the ilmenites used in the Geldenhuys 
study and those used in the Kotze (Kotze and Pistorius, 2010) 
study – on which the example slags were based were similar. 
The calculated results shown with the solid and broken lines 
in Figure 2 compare well with the experimental data. It is 
worthwhile to note that several studies found the same Ti3+/
Ti4+ ratios in industrial slags as were found in the Geldenhuys 
pilot plant study. Few of these results are published such as the 
industrial slag data points given in Figures 4 to 6, but many are 
unpublished due to intellectual property rights.

The dependency of the Ti3+/Ti4+ ratio on the oxygen partial 
pressure and CaO/SiO2 ratio (based on the work by Tranell) is 
summarized in Figure 3. Lower oxygen partial pressures lead to 
greater reduction and hence higher  Ti3+/Ti4+ ratios. Higher CaO/
SiO2 ratios create higher oxygen activity, which in turn decreases 
the  Ti3+/Ti4+ ratio. In a given smelting process the oxygen partial 
pressure is largely governed by the Fe FeO equilibrium in the slag 
(Pistorius, 2007), while the CaO/SiO2 ratio is determined by the 
raw material quality.

In an earlier paper Tranell also reports MgO to affect the  
Ti3+/Ti4+ ratio (Tranell, Ostrovski, and Jahanshahi, 1997). A 
correlation including the polarizability of Mg2+ did not fit the 
industrial data. The industrial data was a small set, though, and 
it does not exclude the potential of MgO (as possibly Al2O3) to – 
similarly to CaO and SiO2 influence the Ti3+/Ti4+ ratio. Future work 
will investigate this possibility.

   Table I

  Compositions of example industrial TiO2 slags based on the data-set given by Kotze and Pistorius, 2010
  TiO2 eq FeO SiO2 Al2O3 CaO MgO MnO

   Slag 1 94.0 4.0 1.5 1.5 0.10 1.0 2.1
   Slag 2 91.0 7.0 1.4 1.4 0.10 1.0 2.0
   Slag 3 88.0 10.0 1.2 1.3 0.10 1.0 1.9
   Slag 4 85.0 13.0 1.1 1.2 0.10 0.9 1.8
   Slag 5 82.0 16.0 0.9 1.1 0.10 0.8 1.7

Figure 1—Comparison of the experimental Ti3+/Ti4+ ratios (Tranell, Ostrovski, 
and Jahanshahi, 2002) against the calculated Ti3+/Ti4+ ratio

Figure 2—Measured oxygen partial pressure in TiO2 slags against equivalent 
TiO2. Circles: pilot plant measurements (Geldenhuis and Pistorius, 1999), 
line: calculated in this work using the correlation derived from the work of 
Tranell, Ostrovski, and Jahanshahi (2002)
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Liquidus temperatures 
Pesl and Eriç (1999) conducted experimental work on slags of 
the TiO2-Ti2O3-FeO system, controlling the oxygen partial pressure 
with CO-H2 gas mixtures, and calibrating slag samples at 1500°C 
and 1600°C in platinum or molybdenum crucibles for 6 to 8 hours 
before rapidly quenching them to capture the high-temperature 
phases. Their predicted liquidus isotherms for 1500°C and 
1600°C are reproduced for axes in mass% and given in Figure 4 
and Figure 5 as dotted lines. No accuracy or error prediction was 
reported. 

Seim melted slags in an induction furnace with a slag 
freeze-lining to protect the crucible walls (Seim, 2011; Seim 
and Kolbensen, 2010). Experiments were conducted in an Ar 
atmosphere, using titanium metal and haematite additions 
to control the level of reduction. Liquidus temperatures were 
determined from cooling curves captured by a spectropyrometer 

looking down onto the upper surface of the slag. The tolerances 
for individual measurements on the iron-saturated samples 
are given as 4.9°C to 33.3°C. Seim modelled a liquidus surface 
for the FeTiO3-Ti2O3-TiO2 system using the measured liquidus 
temperatures of the iron-saturated slags and expanding the 
thermodynamic data-set with two optimized ternary parameters. 
The model is considered to accurately predict the measured 
liquidus temperatures of the iron-saturated slags. The liquidus 
temperature measurements on the iron-unsaturated samples 
were unexpectedly and unexplainably lower and not used in 
the modelling exercise. Despite this, the measured liquidus 
temperatures of the iron-unsaturated slags plot on average 108°C 
below the modelled liquidus and 59°C above the modelled solidus 
temperatures. The model isotherms for 1500°C, 1600°C, and 
1700°C were reproduced to have TiO2, Ti2O3, and FeO as corners 
of the ternary and are shown in Figure 4, Figure 5, and Figure 6 
as broken lines.

Figure 3—Ti3+/Ti4+ ratios calculated from the oxygen partial pressure (log Po2 [atm] given in the legend) and CaO/SiO2 molar ratio

Figure 4—Liquidus isotherms at 1500°C from Pesl - dotted lines (Pesl and Eric, 1999), and Seim – broken lines (Seim, 2011). The solid line represents the isotherm 
for 1550°C calculated from the thermodynamic data of Eriksson (Eriksson and Pelton, 1993; Eriksson and Pelton, 1996). Axes are in mass%
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Thermodynamic data for the binary systems TiO2-FeO and 
Ti2O3-TiO2 were published by Eriksson and Pelton (1993) and 
they illustrated the validity of using this data to calculate the 
solid phase relationships in the ternary system below 1400°C. 
They did not publish liquidus predictions (Eriksson and Pelton, 
1996). The maximum inaccuracy of the data was given as ±20°C. 
In the present work the thermodynamic data from Eriksson 
were used in the Modified Quasichemical Approach (Pelton 
and Blander, 1986) to calculate the liquidus temperatures in 
the TiO2-Ti2O3-FeO system. A temperature, dependent activity 
coefficient was calculated for the pseudobrookite M3O5 phase 

from the experimental data by Pesl (Pesl and Eric, 1999). The 
calculated liquidus isotherms for 1550°C, 1600°C, and 1700°C 
are shown Figure 4, Figure 5, and Figure 6 as solid lines. The 
low-temperature trough these isotherms along approximately 
55%TiO2 is in line with the experimentally measured low melting 
point measured in argon by Brauer and Littke (1960) for the  
TiO2 Ti2O3 binary: 1660°C between TiO1.70 and TiO1.75 (43% to  
53% TiO2).  

All three isotherm sets show a liquid slag field with (i) an 
upper phase boundary with the liquid slag + TiOx phase field, (ii) 
a lower phase boundary with the liquid slag + liquid iron phase 

Figure 6—Liquidus isotherms at 1700°C Seim – broken lines (Seim, 2011). The solid line represents the isotherm for 1700°C calculated from the thermodynamic 
data of Eriksson (Eriksson and Pelton, 1993; Eriksson and Pelton, 1996).  Axes are in mass%

Figure 5—Liquidus isotherms at 1600°C from Pesl - dotted lines (Pesl and Eric, 1999), and Seim – broken lines (Seim, 2011). The solid line represents the isotherm 
for 1600°C calculated from the thermodynamic data of Eriksson (Eriksson and Pelton, 1993; Eriksson and Pelton, 1996). Axes are in mass%
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field, and (iii) a boundary with the liquid slag + M3O5 + liquid 
metal phase field. The two upper phase boundaries at 1700°C 
(i.e. the calculated, and Seim prediction) are very similar, and so 
are the upper phase boundaries of these two sets for 1500°C and 
1600°C up to 20%Ti2O3 – refer to Figure 7. Beyond 20% Ti2O3 the 
calculated isotherms predict the liquid slag phase field to extend 
towards TiO2.Ti2O3, similar to the dotted 1600°C and 1500°C 
isotherms by Pesl. The lower boundary separating the liquid slag 
from the liquid slag + liquid iron phase field, is predicted to lie 
closer to the TiO2 apex by the Seim model.

To place the liquidus isotherms in Figures 4 to 6 in context 
with industrial slags, compositions of typical as-tapped TiO2 slags 
from three different smelters (Pistorius, 2002) are shown as 
dark squares on the ternaries. For the high-FeO slags the dotted 
1500°C and 1600°C upper boundary isotherms by Pesl imply a 
100°C drop in liquidus with a ±1% change in FeO (approximately 
19% to 18%). This seems an unlikely discontinuity in the known 
FeO-liquidus temperature relationship of the system. The more 
likely case is a more gradual temperature gradient as shown 
by the calculated 50°C spaced isotherms in Figure 7. These are 
also in agreement with the isotherms by Seim - at least up to 
20%Ti2O3. 

According to the calculated isotherms the industrial slag 
series have liquidus temperatures ranging from 1550°C for 
20%FeOeq up to 1700°C for ±9%FeOeq, while the broken line 
isotherms (Seim model) indicate a liquidus range starting 
somewhere above 1600°C to just over 1700°C. Given the stated 
tolerances and inaccuracies, the different sets of isotherms are 
regarded to give similar results, especially in the area of concern 
for typical industrial TiO2 slags. It will be worthwhile, though, to 
clarify the discrepancy in the size of the liquid slag phase fields 
as predicted by the different sets of isotherms.

Figure 7 shows how the liquidus increases with decreasing 
%FeO: higher reduction yields a higher slag liquidus. However, 
for a given FeO content, e.g. 10mass%, higher reduction will 
increase the Ti3+/Ti4+ ratio, which will decrease the liquidus, 
until the Ti3+/Ti4+ ratio crosses the low liquidus trough between 
TiO2 and Ti2O3. On the lower TiO2 and higher Ti2O3 side of this 
trough, the liquidus will increase again with increasing  Ti3+/Ti4+. 
In practice, where a process receives a stable ilmenite quality, 
higher reduction will lead to a simultaneous decrease in FeO 
and an increase in Ti2O3, and the net effect will be an increase in 
liquidus, though smaller in size than what would have resulted 
from a decrease in FeO only. 

To apply phase temperature behaviour from the ternary 
FeO-TiOx (Figure 7) system to industrial slags, the gangue 
oxides are grouped into the so-called equivalent FeO and 
equivalent Ti2O3 values, calculated with Equations [3] and [4] 
(percentages as mass%, molecular weight M [g/mol]) (Pistorius, 
2007). FeOeq and Ti2O3 eq were shown to correlate, following 
the stoichiometric relationship of the pseudobrookite solid 
solution TiO2.(Ti3+Al3+Cr3+)2O3 (Fe2+Mg2+Mn2+)O.2TiO2, in short 
referred to as M3O5. Researchers have shown MgO, MnO, and 
Al2O3 to partition to the dominant M3O5 (pseudobrookite) phase 
thereby stabilizing this phase (Borowiec, 2009; Pistorius, 2002). 
There are indications that MnO does not fully partition to the 
M3O5 phase but that a potentially significant portion thereof 
separates to the silicate phase (Seim, 2011; Pesl and Eric, 2002). 
Without quantitative data on the behaviour of MnO though, 
the correlation showed by Pistorius is followed. The liquidus 
isotherms in Figure 7 can therefore applied to industrial slags 
when the FeO and Ti2O3 are expressed in their equivalent forms. 
The FeOeq and Ti2O3 eq of the example slags (Table I), together 
with their calculated liquidus temperatures, are listed in Table II.

Figure 7—Calculated liquidus isotherms between 1550°C and 1750°C at 50°C intervals.  Axes are in mass%
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[3]

[4]

High-TiO2 slags have a narrow gap between liquidus and 
solidus temperatures. Seim measured the liquidus and solidus 
temperatures on synthetic slags using differential thermal 
analysis/thermal gravity analysis (Seim, 2011). For a TiO2-Ti2O3-
5.6%FeO slag the liquidus and solidus were 1696°C and 1682°C 
respectively, and for a TiO2-Ti2O3-16.9%FeO slag, 1664°C and 
1644°C respectively. These results imply a narrow temperature 
gap of 14°C to 20°C between liquidus and solidus. Borowiec 
(2009) measured solidus and liquidus temperatures on slags with 
11–12%, 6–7%, and 2% gangue impurities (the publication gives 
the impurities for the first and third slag, while impurities for 
the second slags were deduced from other publications using the 
same slag). The temperature differences were 136°C, 83°C, and 
66°C respectively (Borowiec, 2009). Provided the SiO2 content in 
the gangue impurities is low (i.e. <5% in >10% total gangue, and 
<3% in <7% total gangue), these differences are indications of 
the solidus temperatures of high-TiO2 slags. 

Heat capacity
The heat capacities of liquid TiO2 slags were reported by Kotze 
and Pistorius (2010) and are repeated here, Equation [5] (Cp in J/
kg.K). The heat capacity values for the example slags in Table I 
are listed in Table III.

   [5]

Density
With most liquid slag systems, a density calculation needs to 
incorporate the enthalpy of mixing. For slags with only a small 
deviation from ideality, such as high-TiO2 slags (Eriksson and 
Pelton, 1993; Gaskell, 2008, p. 247), a weighted average of the 
densities of the pure liquids suffices. The density of liquid TiO2 
was taken as 3.3 g/cm3 at 1600°C from the measurements by 
Dingwell (1991). The density of liquid Ti2O3 was measured by 
Ikemiya et al. under an Ar-H2 gas mixture (1993); extrapolated 
to 1600°C, Ti2O3 has a density of 4.0 g/cm3. Finally, the density 
of liquid FeO was taken as 4.4 g/cm3 at 1600°C based on the 
measurements done by Xin et al. (2019). The resultant calculated 
densities for the example slags (Table I) are given in Figure 8. 
It is concuded that typical high-TiO2 slags have a density range 

of 3.5 g/cm3 to 3.7 g/cm3. This is lower than the temperature-
independent value of 3.8 g/cm3 often cited in literature (Kotze 
and Pistorius, 2010; Zietsman and Pistorius, 2006). Figure 
8 shows that the slag densities decrease with increasing 
temperature, as well as with increasing total TiO2.

Electrical conductivity
The experimental measurements of the electrical conductivities of 
TiO2 slags by Desrosiers are reproduced in Figure 9 (Desrosiers, 
Ajersch, and Grau, August 1980). The electrical conductivity of 
TiO2 slags is exceptionally high compared to silicate slags, which 
have conductivities in the order of 0.1 up to less than 10 Ω-1.
cm-1. High-FeO slags (>70%FeO) have similar and even higher 
electrical conductivities compared to the titania slags (Jiao and 
Themelis, 1988; Frederikse and Hosler, 1973). The Desrosiers 
slags form two distinct groups: those with low gangue (oxides 
excluding Fe and Ti oxides: 5–6%, 66% to 79%TiO2 eq), and high 
gangue (15–17% gangue, 80% to 88%TiO2 eq). 

Since electrical conductivity is the movement of electron 
charges, the concept of electronic polarizability was tested 
against the experimental electrical conductivity measurements. 
By using the polarizability of the oxide components (Table IV), 
it was possible to reproduce the electrical conductivities of the 
high-gangue TiO2 slags using a correlation of the form given 
in Equation [6] (electrical conductivity s [Ω-1cm-1]; electronic 
polarizability of the slag aslag [Å3] calculated with Equation [7] 
and the oxide polarizabilities given in Table IV; a a constant; and 
n a temperature-dependent constant). The calculated electrical 
conductivities for the high-gangue group (lower TiO2 eq) are 
given by the broken lines in Figure 9: these calculated values 
correspond remarkably well with the measured data from 
Desrosiers.

[6]

Figure 8—Calculated densities of the example slags in Table I, liquid state.  
The legend indicates TiO2 eq.

   Table III

    Heat capacities (J/kg.K) of the example slags in Table I, 
liquid phase

   Slag 1 Slag 2 Slag 3 Slag 4 Slag 5

   1021 1015 1009 1004 1001

   Table II

   Calculated liquidus temperatures (°C) of the example 
industrial slags from Table I, using the FeOeq and  
Ti2O3 eq [mass%]

  TiO2 eq TiO2 FeOeq Ti2O3 eq Tliquidus

   Slag 1 94.0 50.1 7.9 40.9 1628
   Slag 2 91.0 49.9 10.8 38.3 1604
   Slag 3 88.0 51.0 13.7 34.6 1588
   Slag 4 85.0 52.8 16.4 30.2 1571
   Slag 5 82.0 54.5 19.1 25.8 1555
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[7]

[8]

Applying Equation [6] to the low-gangue group (high-TiO2 eq) 
yielded fair, but not, good results. The addition of a temperature-
dependent valency ratio Rvalency, Equation [8], improved the 
calculation significantly: the results are shown by the solid lines 
in Figure 9. 

The electrical conductivities calculated for the example slags 
(Table I) are shown in Figure 10. The results of the 82%, 85%, 
and 88%TiO2 eq slags correspond with the measured values 
of similar slags shown in Figure 9. The predicted electrical 
conductivities for the 91% and 95% TiO2 slags cannot be verified 
against experimental data, but since the calculation is based on 
parameters which supports the theory of electrical conductivity 
in slags, the prediction carries some level of confidence. Judging 
from the intervals between the lines of the five example slags, 
the increase in electrical conductivity accelerates with increasing 
TiO2 eq. A similar phenomenon is shown for high-FeO slags up to 
100% FeO (Jiao and Themelis, 1988).

Viscosity
The viscosity of slags is known to be structure-dependent 
and high-TiO2 slags are no different: above their liquidus 
temperatures TiO2 slags dissociate into Ti4+, Ti3+, and Fe2+; these 
have no structure such as SiO2 networks provide for silicate 
slags. Consequently, fully liquid TiO2 slags have very low 
viscosities. The measured data for ‘low-FeO’ Sorel slag (Handfield 
and Charette, 1971) and 95%QMM slag (Borowiec, 2009) are 
reproduced in Figure 11: above their liquidus temperatures these 
slags measured 0.3 dPa.s and 0.15 dPa.s. A recent study reports 
0.6 dPa.s for fully liquid slags (Hu et al., 2018). Though these 
numbers are different, they are all very low and not sensitive to 
composition or temperature. A second point of importance is that 
the critical temperature where viscosity increases sharply is only 
slightly below the slags’ liquidus temperatures (Borowiec, 2009; 
Hu et al., 2018). 

Considering these results, the viscosities of the example slags 
(Table I) are estimated as shown in Figure 12. The dominant 
feature in these viscosity curves is the sharp upwards turn, the 
estimated positioning of which, was based on the calculated 
liquidus temperatures of the example slags given in Table II.

In industrial smelting the slag bath is likely to contain some 
unreacted reagent. The Einstein-Roscoe equation was used to 
quantify the impact thereof on the viscosity of the liquid bath 
(Equation [9]: viscosity of the liquid with solids, η [Pa.s]; 
viscosity of fully liquid phase η0 [Pa.s]; f volume fraction of 
the solids; assumed density for reductant 0.9 g/cm3). This is an 
approximation because the Einstein-Roscoe equation was derived 
for solid spheres and reductants are often angular. The calculated 

Figure 9—Electrical conductivities of liquid TiO2 slags. Circles are  
experimental measurements (Desrosiers, et al., August 1980); lines are 
calculated values (this work). Broken lines are calculated using Equation [6]; 
solid lines used Equation [6] combined with [8]. The legend indicates  
%TiO2 eq.

Figure 10—Calculated electrical conductivities for the example slags  
(Table I), liquid state. The legend indicates %TiO2 eq.

Figure 11—Measured viscosities of TiO2 slags reproduced from Handfield 
(Handfield and Charette, 1971) and Borowiec (Borowiec, 2009)

   Table IV

   Electronic polarizabilities of oxides calculated from 
cation and oxygen anion polarizabilities (Shannon and 
Fischer, 2016)

   TiO2 Ti2O3 FeO Al2O3 CaO MgO MnO SiO2 Cr2O3

   ai (Å3) 8.590 12.570 3.830 6.306 3.360 2.441 3.864 3.864 11.410
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viscosities for 0%, 5%, and 10mass% reductant in the 88%TiO2 
fully liquid slag are shown in Figure 13. At 10mass% reductant 
the viscosity of the slag bath increases from around 0.4 dPa.s 
to 1.5 dPa.s. This is similar to a change from olive oil at 35°C to 
maple syrup at 25°C (Nierat, Musameh, and Abdel-Raziq, 2014; 
Ngadi and Yu, 2004): not unmanageable – as Handfield points 
out: blast furnace slags are still tappable at 5 dPa.s, but also not 
insignificant considering the foaming tendency of TiO2 slag baths.

[9]

Thermal conductivity
The thermal conductivity of solid TiO2 slags was reported as 
0.00175T + 0.3 W/m°C, which gives a thermal conductivity range 
of 1.0 to 2.9 W/m°C from 400°C to 1500°C (Kotze and Pistorius, 
2010). Thermal conductivity measurements on solid TiO2 slags 
from room temperature to 1050°C varied from just above  
1 W/mK to approximately 2.5 W/mK with mostly, but not always, 
a positive relationship with temperature (Heimo, 2018). A single 
measurement in the same study gave 5 W/m°C at 1400°C. In 
the absence of data for liquid slag, 1 W/m°C is sometimes used 
in modelling (Zietsman and Pistorius, 2006). In the following 
paragraphs an attempt is made to approximate the thermal 
conductivity of high-TiO2 slags based on the structure of these 
slags and their optical properties.

The thermal conductivity of slags is a combination of lattice 
klatt, radiation krad, and electronic conduction ke (Mills and Susa, 
1992). Lattice conduction is structure-dependent because it 
relies on the velocity of phonons v through the slag, and the 
mean free path of phonons L through the slag, (Equation [10]; 

heat capacity at constant pressure Cp). In solids the crystal lattice 
provides the structure along which phonons travel; in silicate 
slags, the SiO2 network provides the means. Thermal conductivity 
values measured with the transient hot wire method, a technique 
which isolates lattice conductivity, range from 0.03 to 1 W/mK for 
silicate slags (Glaser and Sichen, 2013; Kang et al., 2012). Lattice 
thermal conductivities decrease with increasing temperature, 
reflecting the diminishing slag structure with increasing 
temperature. In TiO2 slags – judging from the low viscosities 
above liquidus temperatures – no significant structure exists. 
Lattice thermal conductivities in high-TiO2 slags are therefore 
expected to be small. Nevertheless, the lattice conductivity where 
estimated from a correlation between reported transient hot wire 
thermal conductivities and calculated viscosities of silicate slags. 
The model used for viscosity calculations is based on the work by 
Zang (Zhang et al., 2012, Zhang and Chou, 2012), a little-known 
model for SiO2-Al2O3-CaO-MgO-FeO-MnO-K2O slags, but with 
good reproducibility of experimental data, and with potential to 
be expanded to more oxide components (Kotze, 2017).

[10]

The radiative component of thermal conductivity krad is 
calculated with Equation [11] (Mills and Susa, 1992) (Stefan 
Boltzmann constant s = 5.67x10-8 W/m2K4; refractive index 
of the slag n [dimensionless]; temperature T [K]; absorption 
coefficient β [cm-1] usually denoted as a in the literature but 
changed here to avoid confusion with the earlier mentioned 
electronic polarizability). The refractive indexes of the transition 
metal oxides are generally higher: 2 and more, compared to 
1.535 for SiO2, 1.805 for CaO, 1.715 for MgO, and 1.79 for Al2O3. 
Based on this the radiative component in the TiO2 slags could 
be expected to be higher than for silicate slags. However, the 
absorption coefficient for FeO is two orders of a magnitude higher 
(Susa, Nagata, and Mills, 1993), and that of Ti2O3 three orders of 
a magnitude higher (Li, 2016) than those of SiO2, CaO, MgO and 
Al2O3. Consequently, the radiative component of high-TiO2 slags 
is low compared to low FeO silicate slags.

[11]

The electronic thermal conductivity ke was calculated with 
the Wiedemann-Franz formula (Ok et al., 2018) (Equation 
[12], electrical conductivity s [Ω-1m-1]; Lorenz number L = 
2.44x10-8 WΩ/K2; temperature T [K]). Due to the high electrical 
conductivity of TiO2 slags, electronic conductivity, which is 
negligible in silicate slags, can be significant for TiO2 slags.

[12]

The etimated lattice, and calculated radiative and electronic 
conductivities of example slags 1, 3, and 5 (94%, 88%, and 82% 
TiO2 eq) are shown in Figure 14. Total thermal conductivities are 
shown with the thicker solid lines. The total thermal conductivity 
for liquid high-TiO2 slags is estimated to range from 0.4 W/mK to 
close to 1 W/mK over the liquid temperature range. The thermal 
conductivity is predicted to increase non-linearily with increasing 
TiO2 eq (Figure 15) which is attributed to the increase in electronic 
conduction with increasing TiO2 eq.

Summary
Experimentally measured properties of high-TiO2 slags were 

Figure 12—Estimated viscosities for the example slags in Table I. The legend 
indicates %TiO2

Figure 13—Calculated viscosities for fully liquid slag (88%TiO2) containing 
0%, 5% and 10 mass% reductant
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Figure 14—Estimated total, lattice, radiative, and electronic thermal conductivity. Top left; 82% TiO2 eq; top right 88% TiO2 eq; bottom: 94%TiO2 eq.

investigated and correlated with theoretically based parameters. 
Based on these correlations, the properties for five typical high-
TiO2 slags were calculated. 

 ➤     The  Ti3+/Ti4+ ratio of the liquid slags depends on the 
oxygen partial pressure and the oxygen activity in the 
bath. The polarizability ratio between Ca2+ and Si4+ cations 
was found to be a good parameter to quantify the oxygen 
activity. Future work will endeavor to investigate this 
concept against more TiO2 slag data and other slag systems.

 ➤   Liquidus temperatures increase with decreasing FeO, but 
can increase or decrease with increasing Ti2O3 depending 
on the ratio between  Ti3+ and Ti4+. Following on from 
the Ti3+/Ti4+ correlations, liquidus temperatures depend 
therefore on FeO, oxygen partial pressure, and the CaO 
and SiO2 impurities. Other impurities such as MgO, MnO, 
Al2O3, Cr2O3, and V2O5 also affect liquidus values when they 
stabilize the M3O5 pseudobrookite phase. The partitioning 
of MnO between the M3O5 and silicate phases needs to be 
reviewed.

 ➤   The heat capacity of liquid high-TiO2 slags cover a narrow 
range from 1000 to 1020 J/kgK.

 ➤   Liquid slag densities range from 3.5 to 3.7 g/cm3, with the 
lower range applying at higher temperatures and to higher 
TiO2 eq slags.

 ➤   The electrical conductivities of liquid high-TiO2 slags are 
one to two order of magnitudes higher than those of silicate 
slags and increase with increasing temperature. This is an 
important point for both AC and DC furnace design. The 
electrical conductivity of high-gangue TiO2 slags correlates 
with the slags’ electronic polarizability, while for low-
gangue TiO2 slags (high-TiO2 eq), the electrical conductivity 
was reproduced by using the slags’ electronic polarizability 
and the valency ratio between Fe and Ti cations. 

 ➤   The viscosities of high-TiO2 slags above liquidus 
temperatures are very low but increase sharply just below 
liquidus temperatures. Though the viscosities of fully liquid 
slags are low, the presence of unreacted reductant in the 
bath will increase its viscosity.

 ➤   The thermal conductivities of liquid high-TiO2 slags were 
derived from their viscosities and optical properties. For the 
example slags the thermal conductivities are estimated to 
range from 0.5 to 1 W/mK. Electronic thermal conduction 
is dominant and contributes to most to the total thermal 
conductivity.

Though the intention of this paper is to create a basis for 
extrapolation to TiO2 slags not covered in the specific set of 
experimental work, the correlations derived here are still only 
applicable to the typical TiO2, pseudobrookite M3O5 slags. 

Slag properties are evasive: the need to estimate the thermal 
conductivity of the TiO2 slags from theoretical considerations is a 
point in case. It is a complex field but our understanding of slag 
properties has expanded over the last approximate two decades. 
It is the author’s hope that many a publication on the properties 
of TiO2 slags is still to see the light.

Figure 15—Estimated total thermal conductivity for the example slags at 
1650°C, 1700°C and 1750°C
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A geometallurgical approach to enhance 
the gravity beneficiation of a strontium 
deposit
A. Perroton1, T. Wallmach1, S.B. Blancher1, and G. Rameau1

Synopsis
Mineralogical analyses and QEMSCAN® process simulation were used to characterize a heavy mineral 
concentrate of celestine originating from the Beni Mansour deposit in Algeria, and to model a gravity 
separation process to remove Sr-, Ba-, and Ca-bearing impurity phases. By analysing the partitioning 
of Ba, it was shown that the very small amounts of barite present in the sample could not account for 
the chemically derived Ba concentration in the total sample. It was therefore decided to investigate 
the presence of Ba that could replace the Sr in celestine in the form of solid solution substitution. It 
was found that some celestine particles displayed zonation textures with respect to Ba, resulting in 
difficulties in meaningfully reducing the Ba content without a significant loss of Sr. It was shown that 
the removal of all barite would lead to a minimum of 0.65 wt% Ba in the final celestine concentrate. 
Density separation modelling by QEMSCAN® software showed that the 3.5–4.0 g/cm3 density fraction 
had higher Sr and celestine concentrations, as high as 46.33 wt% Sr. In this particular fraction, the Ba 
and Ca contents could be reduced to 0.72 wt% and 0.49 wt% respectively.

Keywords
process mineralogy, geometallurgy, modelling, density separation, QEMSCAN®.

Introduction
Chemical surveys performed on Beni Mansour deposit in the past for resource estimation did not include 
detailed mineralogical information and interpretation. By including this information, it is possible to 
predict the process behaviour of minerals in a way that can make the difference between a mineral 
resource of potential economic interest and a mineral reserve of definite economic value. Mine planning 
is increasingly performed based on mineralogical and process-related factors that can be simulated with 
the QEMSCAN® software. The literature provides numerous examples of applications and case studies to 
indicate how automated mineralogy can add value to process improvement. Within the past few years 
a large number of papers and communications have been published on the interactions of automated 
mineralogy, ore processing, and geometallurgy (Lotter et al., 2011; Schouwstra and Smit, 2011; Baum, 
2014; Gu, Schouwstra, and Rule, 2014; Zhou and Gu, 2016; Becker, Wightman, and Evans, 2016; 
Delaporte et al., 2018, 2019).

Study aims
The sample was provided by an Eramet Ideas external customer in order to demonstrate the QEMSCAN® 
application for mineral characterization and to provide process-related information. 

The celestine concentrate was analysed with respect to its chemical and mineralogical composition. 
The objectives of these analyses were to:

 ➤   Identify the minerals present in the sample
 ➤   Identify mineral impurities, particularly those containing Ca and Ba
 ➤   Propose physical methods to improve the quality of the Sr concentrate. 

The provided sample had a high Sr concentration of 46 wt%. This corresponds with the very high 
content of celestine, amounting to 97 wt%. The barium content amounted to 0.78 wt%, and calcium to 
0.90 wt%. These impurities should be reduced as much as possible to meet the tight specifications of the 
chemical industry. As the client is currently in a qualification process for its product, the authors were 
asked to determine the minimum concentrations of Ba and Ca that could be reached in the concentrate 
by using physical beneficiation techniques. 
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This paper aims to show how mineralogical information 
can aid in making mineral processing decisions, and how SEM/
QEMSCAN® analyses can be used to identify and quantify trace 
elements that affect the ore quality. 

Geological context and identification of the sample
The sample originated from the Beni Mansour deposit in 
Wilaya de Béjaia, 170 km southeast of Algiers (Algeria). This 
Triassic complex hosts an important occurrence of celestine 
mineralization. The mineralization occurs within an elongated 
Triassic structure trending N80°E, deep-seated in Albian and 
Cenomanian formations. This Trias consists of monogenic and 
polygenic breccias cemented by celestine and characterized by 
various authigenic minerals and several generations of calcite 
(Moulla and Thibieroz, 1995).

The mine is owned and operated by TBRHO, part of the 
Zergoun Brothers Group. A 500 g sample of a heavy mineral 
concentrate, generated by reference shaking table tests, was 
submitted and studied. Prior to the shaking table tests, the 
sample was subjected to a three-stage crushing process to reduce 
the particle size to below 5 mm (TBRHO internal report, 2014). 
The heavy mineral concentrate was split in two twin samples, one 
for chemical analyses and one for the mineralogical study

For microscopic observations, in order to obtain a 
homogeneous and representative polished section, the sample 
was embedded in liquid epoxy resin. After polymerizing, the 
resin-mineral mixture was cut perpendicular to its surface, then 
re-embedded, polished, and carbon coated. This method allows 
representative analyses of the sample even if particle segregation 
occurred after placing the sample material into the epoxy resin.

Experimental and analytical methods
The mineralogical characterization was performed using 
QEMSCAN®, scanning electron microscopy, and electron 
microprobe analyses. QEMSCAN® is an automated technique 
for the detailed and statistically significant characterization of 
mineral and noncrystalline phases, using polished sections, by 
means of scanning electron microscopy (SEM) coupled with 
chemical microanalyses by energy-dispersive spectrometry 

(EDS). Characteristic EDS spectra generated by the electron beam 
impinging on the sample are used for the characterization of 
minerals and phases. The characterization addresses physical, 
chemical, and textural properties of minerals and phases in 
order to statistically evaluate this information, individually or 
in combinations of individual grains or particles (Gottlieb et al., 
2000). QEMSCAN® analyses for this project were carried out at 
the Eramet Ideas Geometallurgy Department using a FEI Quanta 
650F SEM platform fitted with two Bruker Xflash 30 mm silicon 
drift energy-dispersive detectors. 

For QEMSCAN® analyses, the sample was divided into 
six twin fractions, each of which was analysed separately to 
confirm the representativeness of analyses. Analyses were 
performed using 2 μm steps to obtain 21 million EDX analyses 
for classification and grouping, with respect to corresponding 
minerals or mineral groups that constituted the building blocks of 
a mineralogical database that served as the basis for QEMSCAN® 
data treatment and interpretation. The creation of a reliable 
species identification protocol (SIP) for an ore deposit, which is a 
mineralogical database, is one of the most critical requirements 
for precise analyses of any sample. Chemical and physical 
properties of minerals, such as densities, can be treated with high 
statistical significance, as discussed in the following sections. 
A total of 5500 particles were analysed during 46 hours with a 
working distance of 13 mm and a spot size of 1.2 nm. The results 
presented in the paper represent the aggregate of these 5500 
particles.

The development of a quantitative database needs to be 
addressed briefly as a rarely applied methodology for QEMSCAN® 
analyses was used in this investigation. Each SIP entry is based 
on EDX images generated from photon counts in the SEM 
detectors. These analyses can be grouped into compositional 
classes. An example is presented in Figure 1. The counts for Sr, 
Ba, S, and oxygen for a celestine analysis are presented in this 
figure (red spectrum). These counts do not directly refer to weight 
percentages as oxygen is very frequently underrepresented in 
EDX analyses. Additionally, matrix effects of minerals involving 
light and heavy elements play a role in the liberation of photons 
during analysis. The black EDX spectrum in Figure 1 represents 

Figure 1—Comparison of QEMSCAN®-generated EDX spectrum (red) with a modelled ideal EDX spectrum of celestine containing 13 wt% Ba
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ideal celestine with precise quantities of elements in weight 
percentages. The amount of Ba in celestine can be quantified 
by adding Ba replacing Sr into the simulation software in 
order to attain an EDX pattern that corresponds to the actual 
QEMSCAN® analysis. In the case presented in Figure 1, 13 wt% 
of Sr has been replaced by Ba, resulting in a close match of the 
QEMSCAN®-generated EDX pattern for this analytical point. 
It can also be shown that 11.7 photon counts represent 13 
wt% Ba in this analysis. In this way, photon counts of Ba in a 
celestine matrix were converted into weight percentages in the 
range of 0–10 wt% Ba in celestine. The Ba photon counts are 
therefore underrepresented in QEMSCAN® analyses, whereas Sr is 
overrepresented. This is due to the fact the heavier Ba (elemental 
mass 137.33) is less susceptible for the liberation of photons 
during QEMSCAN® analyses than lighter Sr (elemental mass 
87.62). As mentioned above, the deficiency in oxygen in SEM 
analyses must also be considered. For precise Sr concentrations 
in this analysis, a conversion from photon counts into weight 
percentages is also required. Obtained weight percentages of 
refined elemental compositions of Ba-bearing celestine were used 
in the textural interpretations presented in this paper.  

Chemistries and densities of the individual phases are entered 
into the so-called primary list in order to convert area percentages 

from the image information into weight percentages. The 
quality of the database can be shown by the very low amount of 
unidentified minerals (<0.05 wt% ‘others’) and by comparing the 
bulk chemical analyses of the sample (XRF) with the recalculated 
chemistry based on the mineralogical composition. A good 
correlation (R² > 0.95) is presented in Figure 2. 

Identification of impurities
Barium and calcium deportment
One of the original aims was to trace Ca- and Ba-bearing minerals 
in the sample. The very small amounts of calcite, dolomite, and 
barite in the sample (Figure 2) cannot account for the chemically 
derived concentrations in the analysed sample. It was therefore 
decided to investigate the possibility of Ba and Ca replacing the Sr 
in celestine in the form of solid solutions. 

The partitioning of Ba and Ca is shown in Figure 3. The 
X-axes represent QEMSCAN® inferred concentrations of barium 
(0.8 wt%) and calcium (0.9 wt%). These elements are hosted by 
various minerals that are represented in different colours. Barium 
is 85% hosted by celestine (green), replacing Sr in its mineral 
lattice (Figure 3A). Calcite (cream) and dolomite (blue) host only 
half the Ca present in the sample (Figure 3B). The remainder of 
Ca is hosted by celestine, where it replaces some of the Sr. The 

Figure 2—Chemical assay reconciliation with QEMSCAN® recalculated element concentrations. A good correlation (R² > 0.95) is necessary to confirm a good min-
eral identification. The mineralogical composition of the investigated sample (in wt%) is presented on the right hand side of the figure

Figure 3—Partitioning of Ba and Ca. The majority of Ba is replacing Sr in celestine (A). Calcium is partitioned equally in CaMg carbonates (calcite and dolomite) and 
celestine (B)
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celestine mineral phase is therefore a solid solution between three 
end-members: SrSO4 (celestine ss), BaSO4 (barite), and CaSO4 
(anhydrite). These two figures show that without any loss of 
celestine, barite, calcite, and dolomite can be further removed to 
attain concentrations of 0.65 wt% Ba and 0.37 wt% Ca.

Ba-celestine and Ca-celestine analyses 
Celestine particles display Ba-rich zonation textures. Calcium 
occurs more randomly in small amounts within celestine, but is 
concentrated in Ba-free parts. Some celestine particles display 
quasi-rhythmic zonation and the Ba contents can reach several 
wt% (up to 4 wt%) in distinct zones (Figures 4 and 5).

Association and liberation considerations
Barite, dolomite, and calcite were identified and are present either 
as liberated minerals or as inclusions in celestine. Some selected 
QEMSCAN® particle views showing the textural relationships of 
these minerals with celestine are presented in Figure 6.

The textural relationships presented in Figure 6 can be 
quantified. Figure 7 presents an association diagram that shows 
the ‘coexistence’ (inclusions or attachment to adjacent phases) 
and the purity of the individual particles. The X-axis presents the 
analysed minerals; the Y-axis shows the percentage association 

of each mineral with the same mineral, indicating its purity in 
particles where it is present, and with other minerals. Celestine 
is almost completely free of inclusions of other phases. Pure 
celestine is associated with up to 10% Ba-bearing celestine and 
up to 2% with Ca-bearing celestine. Barite is associated with up 
to 30% celestine. Calcite is 70% pure and associated with only 
small amounts of celestine and strontianite, together totalling 
20%.

The association diagram presented in Figure 8 represents 
interfaces of minerals and the interface of the mineral with 
the background (free surface). In this approach the purity 
of a mineral is not displayed. Instead, the diagram presents 
a quantification of mineral interfaces between texturally 
associated minerals. The association with the background 
(free surface, represented by the black portion of each column) 
carries important information for mineral processing. Should, 
for instance, calcite or dolomite be removed by flotation or acid 
leaching, it would be necessary for these minerals to be well 
liberated with a high percentage of free surface area. In the case 
of the analysed sample, dolomite and calcite are not very well 
liberated and show free surfaces of only 8% for calcite and 15% 
for dolomite. Even if the two minerals are grouped together 

Figure 4—The QEMSCAN® image on the right shows those microanalyses that contain minor amounts of barium (red). Barium is zoned in some  
particles (bottom right and top left corners)

Figure 5—Ba and Ca distribution in celestine particles. Left: celestine particles with highlighted Ba zonation patterns. Right: Ca distribution in celestine particles
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Figure 6—Selected QEMSCAN® views of celestine particles (green) that host strontianite (purple, at the top), dolomite (blue, in the middle), calcite (cream, in the 
middle), and barite (pink, at the bottom). These minerals are either well liberated or occur as inclusions in celestine

Figure 7—Mineral association diagram normalized to 100% for each mineral. The X-axis represents the identified minerals, each of which is normalized to 100%. 
The Y-axis shows the association percentage of each mineral with other minerals that occur as inclusions or adjacent (touching) mineral grains

the free surface will not exceed 20%. The majority of these two 
minerals are locked as inclusions in other minerals, and therefore 
they are not good candidates for physical separation methods.

Barite appears to be largely texturally associated with 
celestine, which again indicates that it will be difficult to 
significantly reduce the Ba levels in the concentrate. Dolomite and 
calcite are less frequently associated with celestine and thereby 
have a greater potential for being removed from the concentrate. 

Celestine displays 80% free surface and is by far the best 
liberated mineral in the sample, indicating a good potential for 
physical separation methods to be employed in the beneficiation 
process.

Process modelling as a first indicator to increase the  
economic quality of samples 
The QEMSCAN® software offers a number of process modelling 
options. The modelling of density separation of particles is 
of particular interest for this geometallurgical application. 
Each particle can contain several phases or grains of different 
densities, chemical compositions, and sizes. The sum of all these 
variables is taken into consideration in the modelling software. 

Density modelling indicates that there is still potential to 
improve the quality of celestine concentrates. As the analysed 
concentrate already has a very high content of Sr (45.57 wt%) 
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and celestine (95.69 wt%), the potential for improvement is 
limited. Nevertheless, the density separation modelling data 
(Figure 9) confirms that is theoretically possible to concentrate 
the minerals of economic interest. The amount of Sr and celestine 
is highest in the 3.5–4.0 g/cm3 density fraction and is, at  
46.33 wt% Sr, slightly higher than in the original bulk sample, 
which contained 45.57 wt% Sr. This improvement is also reflected 
by the increase from 95.69 wt% celestine in the bulk sample 

to 97.81 wt% in the 3.5–4.0 g/cm3 density fraction. The mass 
percentage of each fraction is indicated above each density 
fraction on Figure 9. The 3.5–4.0 g/cm3 fraction represents 98.84 
mass% of the bulk sample, indicating that there will be good 
recovery of the economic minerals and little waste to process.

The QEMSCAN® software, in combination with a well-
developed database and element concentration calibrations, 
allow granulo-density and granulo-chemistry modelling to be 

Figure 9—Density separation modelling using density steps of 0.5 g/cm3, from < 3.0 g/cm3 to > 4.5 g/cm3. Each fraction can be represented in terms of chemistry 
and mineralogy. The mass percentage of each fraction is also indicated on the top of each density fraction

Figure 8—Mineral association diagram displaying the mineral interface percentages (normalized to 100%). Celestine, with 80% association (black portion of the 
celestine column), is the best liberated mineral in the analysed sample. Calcite and dolomite are not well liberated in terms of free surface, and occur mainly 
locked in other minerals
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Figure 10—Ca partitioning in density and particle size fractions. The left hand diagram shows Ca concentrations with respect to the overall sample. The right hand 
diagram shows the Ca percentage in each fraction irrespective of the mass% of this fraction in the overall sample

performed. The results are important for simulation prior to 
actual ore processing tests. The concentrate is simulated from 
the feed materials by physical parameter processing before 
using more expensive processing techniques (e.g. hydro- and 
pyrometallurgy). 

The software also allows a particle size distribution to be 
calculated, in which each particle size fraction of choice can be 
used for showing chemical and mineralogical compositions, as 
well as fractioned densities. This can save weeks of physical test 
work and provides process engineers with valuable information 
when performing and evaluating physical tests. Some selected 
results that could be important for celestine and Sr enrichment 
are presented in Figure 10 and Figure 11. Mass and mass 
percentages of Ca and Sr as function of density and particle sizes 
are shown. Mass of an element refers to the concentration of an 
element with respect to the overall sample. Mass percentage of an 
element refers to the concentration of an element in the respective 
size and density fraction. An element may, for instance, be highly 
enriched in a certain size or density fraction, the mass of which 
is small with respect to the overall sample. A low concentration 
in a fraction that represents a significant mass of the sample 
may dominate the overall mass balance of this element. Mass 
and mass percentage of Ca in the analysed sample are shown 
in Figure 10. The mass of Ca represents the concentration of an 
element with respect to the overall sample chemistry. The mass 
percentage of an element represents the concentration of an 
element with respect to the fraction chemistry without taking 
the relationship with the overall sample chemistry into account. 
The Ca mass in the sample is concentrated in the < 400 μm and 
< 4.0 g/cm3 fraction. In terms of mass percentage, the highest 
concentration of Ca occurs in the lower density fractions. As 
they are of minor significance with respect to the overall mass 
of the sample, these fractions contrast with the mass of Ca in 
the sample. The lower density fractions represent Ca partitioned 
in calcite and dolomite, whereas the higher density fractions 

represent Ca in celestine. In the case of less concentrated samples, 
this information would help to decrease the amount of Ca by 
reducing the small size and low density fractions.

The same concept applies to the partitioning of Ba. It can be 
seen that the small size and low density fractions are enriched 
in impurities, unwanted elements, or minerals from celestine 
concentrates.

Summary and conclusion
Acid leaching processes are commonly applied to reduce 
elevated concentrations of Ca and Mg through carbonate 
dissolution. It can be shown that alternative methods, based on 
physical concentration of the ore, can be applied to reduce the 
concentrations of barium, magnesium, and calcium.

The presented example demonstrates the importance of 
automated mineralogy for the extraction of critical information 
for mineral processing of a celestine-rich strontium ore sample. 
Based on detailed mineralogical and microtextural analyses, it 
was possible to simulate how physical mineral separation can 
increase the quality of the concentrate. The QEMSCAN® model 
confirms that density separation can increase the concentrations 
of economic elements. The amount of Sr is highest in the 3.5– 
4.0 g/cm3 density fraction and is, at 46.33 wt% Sr, slightly higher 
than in the original bulk sample, which contained 45.57 wt% Sr. 
Barium occurs only in small amounts and cannot be decreased 
significantly. Using a simulated 3.5 g/cm3 cut-off density, the 
calcium content can be decreased in the heavy fraction from 
0.87 wt% to 0.49 wt%. This is because the calcium-bearing 
minerals calcite and dolomite report to the light fraction. Granulo-
chemistry modelling has shown that at a cut-off at 400 μm the 
calcium content can be reduced, but this will come at the cost of a 
significant loss of strontium. 

Similar process modelling can be performed on any ore 
type for improving grades and recoveries of economically 
valuable elements by using chemical and physical differences 
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of particles and minerals in particles. It must be kept in mind 
that the proposed process options are theoretical, and even 
sometimes hypothetical. Any proposed process option suggested 
by process modelling needs to be verified by physical tests, 
which are performed under real conditions that differ from ideal 
and computed modelling tests. The interactions of particles 
with different chemical and physical properties during mineral 
processing are important, difficult to simulate, and may lead 
to results that do not correspond to the modelling results. 
Nevertheless, the modelling provides a good starting point and 
roadmap guiding process engineers in performing their tasks. 
In the past, and even still nowadays, mineral processing tests 
were performed on an almost trial-and-error basis. Long testing 
cycles, accompanied by chemical analyses, which are not always 
immediately available, are time- and energy-consuming. This 
situation can be vastly improved by using automated mineralogy 
and geometallurgy concepts.

This study addressed the mine operator’s major concerns:

 ➤   Minerals in the sample have been identified and their 
proportions calculated. 

 ➤   Impurities have been precisely located. Barium is hosted 
mainly in celestine, replacing Sr. Calcite and dolomite host 
half the Ca present in the sample. The remainder of the Ca 
is hosted by celestine, replacing some of the Sr.

 ➤   A density separation has been proposed to enhance the 
valorization of the deposit by increasing the strontium 
content and decreasing the calcium concentration.
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Assessment of errors in the 
transmission of the orientation and 
cartographic system from the surface to 
an underground mine
L. Sanmiquel1, M. Bascompta1, and J.M. Rossell1

Synopsis
An accurate transmission of the orientation between surface and underground workings, by means of 
vertical shafts, is a major challenge in the mining industry, especially for deep mines. We assessed the 
accuracy of this operation in a case study using the two-shaft plumbing and gyroscopic methods in order 
to compare and analyse the planimetric displacement of the baseline due to different sources of error in 
each method. The advantages and disadvantages of both methods are discussed. Some disadvantages in 
each method have been reduced thanks to technological progress, especially in the two-shaft plumbing 
method. The different sources of error that affect the measurements are analysed in detail with the aim 
of compensating them and achieving the required precision for an underground infrastructure. Mine 
ventilation has been identified as one of the most important sources of error in the plumbing method due 
to intake and return air flow producing a significant displacement of the verticality of the plumbs in the 
shafts. In this regard, we describe some measures to reduce the influence of ventilation and give details 
of a compensation method.

Keywords
shaft plumbing, ventilation, plumb oscillation, gravity, Earth rotation.

Introduction
An adequate development of an underground mine or the construction of a tunnel requires the 
transmission of the cartographic system and orientation from the surface to underground with high 
accuracy (Stiros, 2009). Maintaining the correct alignment over time is crucial to avoid cost overruns 
and delays (Yao et al., 2019). Currently, optimization of the measurements is also an important topic in 
a wide variety of sectors, such as surveying (Štroner, Michal, and Urban, 2017) or civil engineering and 
construction (Zhang et al., 2018). In the case of deep mining, this task is particularly complex when 
there is not an existing tunnel connected to the surface, necessitating the use of special techniques 
(Chrzanowski and Robinson, 1967; Benecke and Kalz, 2006). 

However, each mine presents different characteristics: depth, ventilation layout, cross-sections and 
number of shafts, environmental conditions, presence of water etc. These conditions, together with 
the required level of accuracy, will affect the method used to transmit the orientation and cartographic 
system to underground. Hence, there is no standard procedure but different possibilities arise, 
depending on each case. 

Verticality and its control is also important in many sectors and applications, such as buildings 
and infrastructure. The most widespread system used is based on satellite geo-localization (GPS, 
GLONASS, Galileo, etc.), which is capable of highly accurate measurements. This system allows 
different combinations of sensors and surveying equipment to deliver precise and reliable coordinates 
(van Cranenbroeck, 2010). Unfortunately, it is not possible to use it in mine shafts because the signals 
do not propagate underground. 

This paper presents a detailed case study with an extensive analysis of the advantages and 
disadvantages of two commonly used methods – the two-shaft plumbing and gyroscopic methods. The 
mine assessed is located in Suria, northwest of Barcelona, Spain. It has a depth from 600 to 1000 m 
below the surface and access is by means of two vertical shafts, each 5 m in diameter and 680 m deep. 
The first shaft, called Shaft 2, is used for staff access and ventilation intake, while the second, Shaft 3, 
is used to extract the ore and for ventilation return. The two shafts are around 100 m apart (Figure 1). 

The company is planning to connect the underground workings to the surface by a ramp. Several 
surveys have been done with the idea of transmitting the orientation and the cartographic system from 
the surface to the beginning of the ramp underground, which is 3500 m away from the shafts. For this 
reason, it is necessary to ensure that the error in the axis of the tunnel is acceptable, both horizontally 
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and vertically. However, high-accuracy coordinates and 
orientation is usually one the main problems in tunnel surveying 
and underground constructions (Urban and Jiřikovský, 2015). 
There are two different options for transmitting topographical 
information from surface to underground.

 ➤  The two plumbs method is the best option when two shafts 
are accessible and a gyroscope is not available (Staley, 
1964; Estruch and Tapia, 2003). Each plumb is connected 
to a wire, in the conventional system, running from the 
top of the shaft to the bottom. This allows reliable results 
to be obtained in deep shafts. The other option, a laser/
optical system, is not as precise owing to the pressure and 
temperature differences between the top and the bottom 
of the shaft, which can create a deviation in the verticality 
of the laser. However, it is perfectly feasible in the case of 
shallow shafts, such as at the underground coal mine in 
Digwadih (Bahuguna, 2003). All activity in the shaft has to 
be stopped before the operation can be carried out.

 ➤  The gyroscopic survey method is widely used for the 
transmission of orientations with high accuracy, being able 
to define absolute directions at any measurement point and 
eliminate systematic errors (Benecke and Kalz, 2006).

As there are two shafts at the study site and it was important 
to ensure the accuracy of the measurements, it was decided to 
use both methods to analyse and validate the results. 

Material and methods
Set-up
In the case of the plumb method, one of the main problems is the 
projection of a point from the top to the bottom of the shaft. It is 
important to ensure the plumb verticality, with either an optical 
or a conventional plumb using a cable. The conventional system 
was used in this study due to some intrinsic characteristics of 
the mine that are detailed further on. The following preparations 
were necessary before the measurements:

 ➤  Cover the tops of both shafts with a canvas to reduce 
the ventilation effect. The remaining ventilation effect is 
compensated

 ➤  Secure an anti-rotating steel cable 3 mm in diameter at the 
top of the shaft

 ➤  Connect a 64.4 kg plumb bob with several blades attached 
to the bottom of the steel cable. The plumb bob is placed 
inside a 1 m3 tank filed with oil to reduce oscillation

 ➤  Place a 10 × 10 cm bullseye on the cable to increase the 
accuracy of the measurements. This is because of the 
adverse environmental conditions (dust, pollutants, high 
temperature) in the drift.

This arrangement allows the coordinates to be projected 
in each of the two shafts. The bullseye enables easier and 
more accurate measurement with total stations when it is not 
possible to use a prism to measure distances, having a maximum 
measurement range of 25 m. Finally, the projected points of both 
shafts were connected by a polygon. The results obtained can be 
compared to those obtained by the gyroscope method and used to 
verify them. 

The combination of both methods allowed any alignment of 
the polygon to be chosen for use with the gyroscope method. In 
this case, the best alignment was INT3-INT2 (Figure 4) due to 
logistical constraints. The equipment used is detailed below. 

Total station Leica TCRP1201:
Angular accuracy: 1” (3s) 
Linear accuracy: 1 mm ±1.5 ppm 
Maximum distance measurement without prism: 250 m
Transit level accuracy: 30”

Gyroscope GYROMAX-AK-2M-TM:
Accuracy: 20” (60s)

The technical characteristics of the total station used specify 
a maximum error of 1 mm ±1.5 ppm, with prism and without 
prism if a bullseye is used. Before starting with the study, 
several measurements were taken to verify the precision of the 
equipment. Two sets of 10 measurements were obtained in two 
different alignments on two consecutive days, one alignment 
close to Shaft 2 and the other close to Shaft 3. Moreover, every 
measurement was taken with a time interval of 30 seconds  
(Table I).

The standard deviation (SD) from the sets of measurements 
is lower than 1 mm. Therefore, the technical specifications of the 
equipment have been verified. Zamecnikova et al. (2014) stress 
the importance of the type of surface from which the laser signal 
is reflected to avoid errors, being crucial to either the distance or 
the reflectivity. The use of a bullseye reduces this potential source 
of error, as can be concluded from the results in Table I.

Two-shaft plumbing method
A plumb was suspended in each shaft and the two were 
connected by means of an underground traverse. These will be 
referred to as plumb P1 for Shaft 3 and plumb P2 for Shaft 2.

Two sets of measurements were taken after eight hours 
without artificial ventilation in Shaft 2 – one set with the entrance 
of the shaft uncovered and another with the entrance almost 
completely covered with canvas to minimize the effect of natural 
air flow on the plumb and quantify its influence to the plumb 
verticality. The difference in the vertically of the plumbs between 
the shaft covered and uncovered was 1 cm. Hence, the set of 
measurements with the shaft covered was taken as correct. 

Shaft 3 (the ventilation return shaft) could not be covered 
since the cover generated turbulence which affected the plumb 
stability. Hence, the ventilation effect was compensated by 
several sets of measurements at the bottom of the shaft.

The necessary weight for the plumb bob was calculated from 
the equation derived by Taton (1966): 

Figure 1—Mine layout in the area where measurements were taken 
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W = 10 + 0.08L, where L is the length of the shaft.

After evaluating the mine, the conventional plumb method 
was chosen instead of the optical method, based on two main 
reasons:
 ➤  Characteristics of the shafts. Water is falling down the shaft, 

and there are considerable levels of pollutants and dust. In 
addition, the temperature and pressure change during the 
day and there is an air flow despite the fans having been 
turned off. Furthermore, the cage and equipment inside 
the shafts make it very difficult to install the optical plumb   
with the necessary precision. All these factors could have 
an influence on the verticality of the optical plumb and, 
therefore, on the precision of the measurements.

 ➤  Safety issues. Falling rocks and other objects in the shaft 
have previously been reported and observed in situ. The 
installation of the optical plumbs requires precise tasks at 
the bottom of the shaft to ensure the accuracy. On the other 
hand, the conventional plumb can be installed using a more 
mechanized and easier process.

Gyroscopic method
The system is able to calculate true north with an accuracy of 20’’ 
(60s) in a single measurement according to the supplier. However, 

after 10 tests with a series of five measurements, the standard 
deviation was found to be around 13.3’’ (40s). Therefore, the 
maximum precision of the gyroscope used has been taken as 40s 
in this case. In fact, the gyroscopic method is commonly used 
to correct the error accumulation of the traverses, and this is 
an effective method for improving the precision of the traverse 
control network and ensuring breakthrough of long tunnels (Shi, 
Ma, and Yang, 2016). Two sets of five measurements were taken 
at the surface base, called C4-C3, for the calibration and the 
underground base, called INT3-INT2, used for the underground 
traverse between the plumbs.

Propagation of measurement errors in the traverses
Consider a traverse based on a framework of coordinates as 
shown in Figure 2. Taking into account the propagation of 
errors in the measurement of angles (βk) and distances (dk) 
along the traverse, the coordinates (xk, yk) of the last station k 
can be obtained. The initial station 0 = (x0,y0) is treated as an 
error-free point, but the coordinates for any other point (xk, yk) 
are probabilistic and estimated as (xk ± ασxk

, yk ± ασyk
), with a 

probability of 68.3% for a = 1, 95.5% for a = 2, and 99.7% for 
a = 3, where σxk

 and σyk
 are the standard deviations of xk and yk, 

respectively.

Figure 2—Measurement of angles and distances in a traverse

Table I

Distance measurements in two alignments without prism
 
Measurement Alignment 1

 
Alignment  2

 
Measurement Alignment 1

 
Alignment 2 

M1 16.595 22.558 M1 16.594 22.560

M2 16.594 22.559 M2 16.595 22.561

M3 16.595 22.559 M3 16.594 22.559

M4 16.595 22.559 M4 16.594 22.559

M5 16.595 22.558 M5 16.595 22.558

M6 16.595 22.558 M6 16.596 22.560

M7 16.595 22.559 M7 16.595 22.560

M8 16.596 22.559 M8 16.595 22.559

M9 16.595 22.559 M9 16.595 22.559

M10 16.595 22.559 M10 16.596 22.560

Average 16.595 22.559 Average 16.595 22.559

SD 0.0005 0.0003 SD 0.0007 0.0006

First day Second day
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By applying the theory of error propagation (Davis et al., 
1981; Stiros, 2009), the coordinates (xk, yk) for a point k have 
the following form:

 [1]

 [2]

where β0 is measured clockwise from north. The angles βi, for 
i = 1,..., –1, are the horizontal angles between consecutive 
legs. Assuming that standard errors of angle and distance 
measurements satisfy σβ1

 = ... = σβk-1 
σβ and σd1

 = ... = σdk-1
 = 

σd, respectively, the following variances and covariance of the 
coordinates (xk, yk) result: 

 [3]

 [4]

 [5]

Error ellipse
The variances and covariance allow any point k = (xk, yk) to be 
confined to an error ellipse with a certain probability. To do this, 
Equation [6] is applied:

 [6]

with sx
2
k
, sy

2
k
 and sxy

2
k
 computed in Equations [3] to [5]. Denote  

l1, l2 the roots of Equation [6]. Then, the semi-axes of the error 
ellipse are given by tl1, tl2, with a probability depending on t. 
Thus, for t = 1 the probability is 39%; for t = 2.15 it is 90%, 
and for t = 2.45 it is 99%. Moreover, the orientation of the error 
ellipse can be obtained as:

 [7]

where q is the angle between the major semi-axis and the X-axis 
(Mikhail, 1976).

Results
Errors in the measurements taken in the two shaft 
plumbing method
This method requires some operations to perform the connection 
survey that generate errors (Chrzanowski, Derenyi, and Wilson, 
1967; Estruch and Tapia, 2003) as well as the overall error given 
by Equation [8]:

 [8]

where ma is the global error, ms is the error produced in the 
surface works to determine the orientation and coordinates of 
the plumb at the surface, mb is the error from the underground 
topographic survey to connect both plumbs or between the 
plumbs, and mp is the vertical error of the plumb.

The surface traverse (Figure 3) between base C1-C2 
and plumbs P1 and P2 was a closed traverse, which allowed 
calculation the total error due to the angular and linear errors in 
the polygonal axis. The polygon had the following characteristics:

Length: 436.374 m
Number of legs: 5
Error in X: –0.0015 m
Error in Y: –0.0007 m.

The accumulation of angular and linear error in the axis, 
when the traverse was completed, produced a displacement of the 
final station (C1):

 [9]

Coordinates of the plumbs (P1 and P2) were calculated 
through two different branches. Table II shows the error between 
measurements in each plumb.

The real squared error of the base P1-P2 was:

    [10]

    [11]

   [12]

The small differences in the plumbs’ coordinates, as well as 
the angular and linear errors in the exterior closed traverse, 
indicate the accuracy of these measurements because the real 
error in the exterior base P1-P2 was lower than the theoretical 
error. This theoretical error in bases P1 and P2 regarding the 
external survey was calculated taking into account the 

Table II 

Error in the coordinates of plumbs P1 and P2 at the 
shaft top
Plumb Error X (m) Error Y (m)
P1 0.000 0.003

P2 0.000 0.000

Figure 3—Surface traverse
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topographic instruments and the leg characteristics. Its value will 
be the quadratic sum of the error ellipses in the semi-axis per leg. 
These error ellipses were calculated according the methods used 
by Anderson and Mikhail (1998), Stiros (2009); and Mikhail 
(1976).

Error calculation

(a) Error ms

Table III displays the error ellipse characteristics, at the end of the 
external survey, for plumbs P1 and P2, which were obtained by 
means of the topographical software TCP-MDT version 7.

Hence, the maximum theoretical error in P1 and P2 
coordinates due to the exterior measurements was:

P1 = 0.0003 m (average error between two legs)
P2 = 0.0035 m (average error between two legs).
Consequently, the total theoretical error of the base P1-P2:

 [13]

As can be seen from the previous sections, the theoretical 
error is higher than the real error. The most unfavourable, the 
theoretical one, will be taken into account in the underground 
survey.

(b) Error mb

Figure 4 details the closed traverse (INT1-INT2-INT3-INT4-INT1) 
in the underground survey, used to transmit the coordinates 
of P1 and P2, which has the following characteristics and total 
errors:

Length: 187.270 m
No. of legs = 4
Total error in X = 0.0030 m
Total error in Y = -0.0015 m.

The angular and linear error accumulations in the different 
axes produced the next final station displacement:

 [14]

Table IV reveals the adequacy of the angular and linear errors 
in the closed underground traverse. The error determination 
was done following the same procedure as for the surface 
measurements.

In this case, the maximum theoretical error in the base 
P1-P2 was, directly, the average error in the two legs of the 
underground traverse between P2 and P1, mb = 0.0057 m, which 
is larger than the real error obtained in the measurements of the 
closed traverse (INT1-INT2-INT3-INT4-INT1). Once again, it is 
considered the most adverse case.

(c) Error mp

The sources of error, mp, that could affect the verticality of 
the plumbs are quite complex and have to be thoroughly 
studied. These errors are especially important in the orientation 
transmission (a) because it is an angular measurement and 
the final linear error increases with the length of the traverse. 
Therefore, the plumbs have to be separated as far as possible in 
order to reduce the potential error. It is very difficult to do this 
with only one shaft, but in the case study the two shafts are 
separated by 100.618 m. This enables the angular error to be 
reduced significantly. The following paragraphs detail the factors 
that cause this error and the ways to calculate it and compensate 
for it, based on previous studies (Chrzanowski and Robinson, 
1953; Chrzanowski, Derenyi, and Wilson, 1967). It was also 
demonstrated that the verticality of a plumbline in a shaft is 
affected by: ventilation, oscillation and vibration of the plumb, 
cross-sectional shape of the cable, and the effect of gravity.

Table III

Error ellipse characteristics at the final point of the exterior traverse
Exterior traverse Point Sx 

(m)
Sy 
(m)

Major axis 
(m)

Minor axis (m) Max. error

C1-EXT1-AUX1-P1 P1 0.0001 0.0001 0.00028 0.00018 0.0003

C1-EXT1-AUX2-P1 P1 0.0001 0.0001 0.00029 0.00017 0.0003

C1-EXT1-EXT2-EXT3-
AUX3-P2 P2 0.000 

2
0.000 

2 0.00064 0.00053 0.0008

C1-EXT1-EXT2-EXT3-
EXT4-EXT5-
AUX4-P2

P2
0.001 

7
0.001 

5 0.00465 0.00410 0.0062

Figure 4—Underground traverse connecting plumb P2 and plumb P1

Table IV

Error ellipse characteristics at the final point of the 
underground traverse
Underground 
traverse

Point Sx 
(m)

Sy 
(m)

Major 
axis  
(m)

Minor 
axis 
(m)

Max 
error 

P2-INT1-INT2-
INT3-P1

P1 0.0012 0.0016 0.00456 0.00346 0.0057
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Influence of ventilation 
The air flow in an underground mine can produce a significant 
displacement in the verticality of the plumblines. Hence, it is 
essential to switch off the artificial ventilation system so as to 
minimize that the verticality error. The air speed dropped to 1.90 
m/s at the bottom of Shaft 2 eight hours after the fans were 
switched off. Then, about 95% of the shaft entrance was covered, 
and consequently the air speed at the bottom was reduced from 
1.90 m/s to 0.79 m/s. Two sets of 20 measurements were carried 
out, the first set with the shaft uncovered and the second with 
the shaft covered, two hours later. The air speed in Shaft 3 was 
reduced to 1.2 m/s at the bottom of the shaft 31 hours after the 
fans were stopped. Hence, the four sets of 20 measurements 
were done under similar conditions of air speed. Figure 5 details 
the relative position of both shafts and the flow direction in the 
ventilation circuit.

Mine ventilation is one of the main sources of error when 
using the plumbing method, and different procedures are used 
to compensate for this potential error. According to Chrzanowski 

(1967), the calculation of plumb displacement caused by 
ventilation has to take into account the air speed during the 
measurements in each shaft, depth of the shafts, plumb bob 
weight, and section of the shaft and tunnel, among other factors. 
Figure 6 shows how the ventilation varies the position of the 
plumb.

The equation for calculating Fp1 is based on physical 
principles and it allows calculation of the plumb displacement 
owing to the ventilation (Figure 6). The calculation gave a 
horizontal displacement in plumb P1 of 5.4 mm (Table V).

    
[15]

 

The covering of the shaft and its geometry affected the 

Figure 5—Direction and sense of the ventilation

Figure 6—Diagram showing the ventilation effect on plumb P1 (shaft 3, left) 
and plumb P2 (shaft 2, right)

Table V

Variables description from Equation [15]) and the 
case study 
Parameter Definition Value
ρA (kg/m3) Air density 1.16

v int (m/s) Air velocity at the bottom of the shaft 1.2

Cf Friction coefficient 1.3

D (m) Wire diameter 0.003

H (m) Length of wire exposed in the gallery 4

a (º) Air angle of incidence 45

H (m) Length of the plumb wire 680

G (m/s2) Gravitational acceleration  9.8

mc (kg) Weight of the wire 37.7

mp (kg) Weight of the plumb bob 64.4

FP1 (m) Horizontal displacement of the plumb in Shaft 3 0.0054

Table VI

Variables description from Equation (16) and the case 
study
Parameter Definition Value
ρA (kg/m3) Air density 1.16

v int (m/s) Air velocity at the bottom of the shaft 0.79

v ext (m/s) Air velocity at the head of the shaft 8

S (m) Square opening at shaft entrance 0.5

Cf Friction coefficient 1.3

D (m) Rope diameter 0.003

H (m) Length of rope exposed in the gallery 4

a (º) Air angle of  incidence at the bottom of the shaft 45

Θ (º) Air angle of incidence at the head of the shaft 45

H (m) Length of the plumb rope 680

G (m/s2) Gravitational acceleration 9.8

mc (kg) Weight of the rope 37.7

mp (kg) Weight of the plumb 64.4

FP2 (m) Horizontal displacement of the plumb in the Shaft2 0.0024
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ventilation and, as a consequence, the plumb was also affected. 
The equation for calculating Fp2 (Figure 6) has been used in this 
case. The angles q and a created by the air and the horizontal can 
be determined graphically depending on the way the ventilation 
system introduces the air to the shaft and the intersection 
between the bottom of the shaft and the underground tunnel. 
However, a standard value of 45º can be adopted in the majority 
of the cases, as has been done in this survey. The deviation of 
plumb P2 was 2.4 mm (Table VI).

    [16] 

Fp1 and Fp2 values indicate the distance to compensate due to 
ventilation. However, it is necessary to know the direction and 
sense for the compensation. Previous studies indicated several 
methods that allowed the calculation of this direction, but they 
are laborious, complicated, and dangerous because employees 
have to work around the bottom of the shaft. Fortunately, the 
current surveying stations allow distances to be measured 
without the prism, after which the compensation is applied. The 
movement direction of the plumb in Shaft 2 was deduced from 
two points, 1º and 2º, obtained by the mean value of each set 
of measurements. There was an important air speed reduction 
between the first set of measurements (1.90 m/s) and the second 
(0.79 m/s once the shaft was covered). This reduction produced 

a displacement of 1 cm between both points. Tables VII and VIII 
display the standard deviation in each set according to several 
studies (Box and Hunter, 2005; Ebdon, 1985).  

Once the displacement of P2 is calculated, its coordinates 
without the ventilation effect can be obtained. This point is called 
P2N and it was determined by means of the second set mean 
value, orientation, and horizontal displacement, FP2 from Table 
VI. Finally, it was possible to calculate the new horizontal angle 
and distance towards P2 from the traverse station INT1. 

Plumb P1 was determined by the procedure previously 
detailed, obtaining the average point P1N. Based on the 
coordinates from point P1N, the new horizontal angle and 
distance towards P1 from station INT3 of the underground 
traverse were calculated. 

Table IX shows the linear error of the underground traverse 
with and without the ventilation compensation. It reflects a 
reduction of over 20% in the linear error, from 14.8 to 11.8 cm.

Hence, it is very important to take into account the 
compensation due to the ventilation effect in this kind of survey, 
particularly when it is not possible to cover the shaft or the 
natural ventilation is considerable. Besides, the angular and 
distance measurements have to be taken at the same time from 
the total station to the plumbs, and many times (two set of 
20 measurements to plumb P2 in Shaft 2, and four sets of 20 
measurements to plumb P1 in Shaft 3). For that purpose, it was 
necessary to use a laser capable of measuring the distance when 
aimed at a cable with a diameter of 3 mm from at least 10 m 
away.  

Apart from the method described here, there are other options 
available such as applying a vertical load to the plumbs in order 
to reduce the ventilation effect (Schätti and Ryf,  2004). 

Influence of plumb oscillation 
The plumb was equipped with special wings to increase its 
stability. P2 measurements began five hours after the plumb bob 
was immersed in a tank full of oil. P1 measurements, on the 
other hand, started one hour after immersion. The centre point of 
the pendulum movement was found in both cases because of the 
number of measurements carried out.

Influence of vibrations and shape of the cable
Errors due to vibration and the shape (cross-section) of the cable 
were considered negligible because of several measures taken to 
reduce these: the wings, the tank of oil, and an anti-rotation cable.

Effect due to gravity and Earth’s rotation
The distance between two plumbs varies slightly with depth 

Figure 7—Plumb convergence due to gravity and centrifugal force

Table VII

Standard deviation in each set of measurements from 
Shaft 2

Plumb P2 in 
Shaft 2

First set of measurements (1º) 
(n = 20)

Second set of 
measurements (2º)

X (m) Y (m) Total (m) X (m) Y (m) Total (m)

P2 standard 
deviation

0,0016 0,0008 0,0018 0,0006 0,0006 0,0008

Table VIII

Standard deviation in each set of 
measurements from Shaft 3

Plumb P1 in Shaft 3
 All series of measurements n = (80)

X(m) Y(m) Total(m)
Standard deviation in P1 0,0008 0,0019 0,0021

Table IX

Linear error of the connecting underground 
traverse between plumbs P2 and P1

Real 
measurements

Compensated 
measurements

Error X -8.3 mm -6.6 mm

Error Y 12.3 mm 9.7 mm

Linear error 14.8 mm 11.8 mm
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because they are not exactly parallel, and if they were extended to 
the centre of the Earth they would converge under the influence 
of gravity. However, the existence of a centrifugal force changes 
the direction of the plumbs and they do not converge towards 
the centre of the Earth but towards another intermediate point as 
indicated in Figure 7 (Estruch, 2001; Martin, 1983). 

The distance in an alignment projection at a certain depth is 
deduced from the following equation 

  [17]

where D is the distance of the alignment in the surface (m), D’ 
is the distance of the alignment in a certain depth (m), H is the 
depth of the projection of the surface alignment (m), and Ro is the 
average radius of the Earth (6 375 000 m in this study). 

Using the data from the case study, where D is 100.618 m 
and H is 680.591 m, D’ will be 100.607 m with an error of 0.011 
m. This error has been compensated by increasing each distance 
of the underground traverse between P1 and P2 by a value 
calculated applying the indicated equation according to previous 
studies by Chrzanowski and other authors. In this case, this error 
has been the most important. However, its compensation is very 
simple.

Other errors affecting the plumb verticality
Some authors consider the possibility that the plumbs could be 
affected in their displacement by their masses, but King and 
Habberjam (1951) stated that the attraction between the masses 
and the plumb is insignificant when the shaft is less than 1000 m 
deep. It is also said that the attraction of two plumbs is different 
if they are separated by more than 1500 m (King and Habberjam, 
1951). As the plumbs in the case study were separated by 100 m 
at a depth of 680 m, the deviation due to the attraction between 
the plumbs and the ground does not influence the verticality, nor 
transmission of the orientation and cartographic system.

(d) Quality control
The closing error of the underground traverse between P2 and 
P1 has been used as a quality control in the survey. This linear 
traverse closing error in the traverse P2-INT1-INT2-INT3-P1 
is an indicator of the global precision, because it accumulates 
the errors occurring on the surface and in the plumb verticality. 
Table X summarized the linear error of the underground traverse 
between the plumbs before and after applying the compensations.

Error Ma

All the errors that compose the plumb vertical deviation mp could 
be compensated with the equations of Fp1 and Fp2, achieving 
an error mp practically nullified. Therefore, the total error ma 
affecting the orientation from the base P1-P2 to the underground 
tunnel would be detailed as follows:

      [18] 

It was possible to find the angular error with the length of the 
base from the lineal error ma: 

     [19]

Errors in the measurements taken by the gyroscopic 
method
Errors in the orientation generated by the gyroscope depend on 
its precision. In this case, it has an accuracy of 60s in a single 
measurement according to the specifications of the supplier. 
However, a set of measurements can have a standard deviation 
about 40s as indicated in the section ‘Two shaft plumbing 
method’.

Measurements done with the gyroscope consisted of two 
sets of measurements of the underground base INT3-INT2 on 
different days. Each set consisted of five measurements: three 
with the gyroscope located at the point INT3 measuring INT3-
INT2 and two with the gyroscope located at INT2 measuring 
INT2-INT3.

Table XI shows the results and accuracy of the measurements. 
The standard deviation has been calculated according to the 
method of Box and Hunter (2005) and Ebdon (1985). 

The mean value of base INT3-INT2 using the gyroscope 
was 129.0003g. The final meridian convergence is calculated 
from the theoretical meridian corrected by the data obtained 
from the calibration baseline (C4-C3). The theoretical meridian 
convergence in point of known coordinates is obtained by 
a software application from the Cartographic and Geological 
Institute of Catalonia website and equations by Estruch (2001). 
The convergence has been taken into account in determining the 
final orientation   .

If only the gyroscopic method was applied, the coordinates 
of a known point would have to be projected to the underground 
tunnel from the surface using a conventional method, one plumb 
in a shaft for transmitting the cartographic system. Hence, there 

Table XI

Gyroscope measurements
Underground axis 

INT3-INT2
Underground axis 

INT3-INT2
Number of measurements 5 5

Average true north orientation 128.0780g 128.0844g

Standard deviation 37s 45s

Final meridian convergence 0.9217g west 0.9171g west

Projected north orientation 
system UTM

128.9997g 129.0015g

Table X

Error analysis of the underground traverse
Without 

compensation
Ventilation 

compensation
Ventilation and 
Earth’s  gravity 
compensation

Error X –8.3 mm –6.6 mm –0.5 mm

Error Y 12.3 mm 9.7 mm 0.7 mm

Linear error 14.8 mm 11.8 mm 0.9 mm

Table XII

Error ellipses on the final leg of the underground 
traverse between P1 and INT2
Underground 
traverse

Point Sx (m) Sy (m) Major  
axis (m)

Minor 
axis (m)

Max. 
error

P1-INT3-INT2 INT2 0.0007 0.0008 0.00228 0.00191 0.0030



Assessment of errors in the transmission of the orientation and cartographic system

147 ◀The Journal of the Southern African Institute of Mining and Metallurgy VOLUME 120 FEBRUARY 2020

will be two sources of errors: the true north orientation to the 
underground base and the transmission of the cartographic 
system from the surface.

The error generated by the gyroscope affects the orientation 
of the base measured, while the errors of the cartographic system 
transmission have been described in the section ‘Errors in the 
measurements taken in the two shaft plumbing method’, but 
regarding only one plumb. The global error ma is also determined 
by Equation [8].

Considering that the cartographic system is transmitted 
by plumb P1, the error in the surveying works on the surface 
according to the section ‘Error ms’ is 0.0003 m (Table XII). 
Therefore, ms is 0.0003 m. 

For calculating the error in the underground leg INT3-INT2 it 
is necessary to indicate that the underground traverse to find the 
coordinates of points INT3 and INT2 was the traverse P1-INT3-
INT2. In short, only two legs. In this way the error ellipse in INT2 
was as shown in Table XII.

Therefore, the maximum theoretical error of base INT2 in the 
underground topographic survey was, directly, the error in the leg 
of the underground traverse between P1 and INT2: 

Overall, Equation [20] includes the error generated to 
transmit the cartographic system through plumb P1 to the base 
INT3-INT2:

  [20]

It must be pointed out that this error does not affect the 
orientation of the baseline INT3-INT2; it only produces a 
displacement of the coordinates. The error in the orientation is 
the standard deviation, 41s, of the measurements done by the 
gyroscope.

Discussion
The underground orientation of the base INT3-INT2 varies 
because of the ventilation compensation, but it is not affected 
by the gravity force compensation (Table XIII). It can also be 
observed that the difference between both methods is only 44s 
after the compensations.

Both methods have advantages and disadvantages, but they 
have similar accuracies.

 ➤  The two shaft plumbing method is operationally more 
laborious than the gyroscopic alternative. It needs to 
transmit the orientation and cartographic system from 
two shafts, whereas the gyroscope needs only one. This 
fact necessitates several hours of work around the shafts, 
increasing the risk to the staff.  

 ➤  The plumbing method also needs more surface and 
underground surveying. However, the closed traverse in 
this method allows the accuracy of the values to be checked, 
whereas with the gyroscope the results can be verified only 
by doing an extra set of measurements. 

 ➤  The most dangerous measurements are those around the 
shaft, especially those at the shaft bottom to calculate 
the central position of the plumb during its pendulum 
movement, due to falling rocks and other objects. However, 
the use of a total station without prism avoids this situation. 

 ➤  Despite the plumbing method takes a few hours longer than 
the gyroscopic option, in the case study the plumbing took 
20 hours and the gyroscopic measurements 31 hours. This 
discrepancy is due to the verification measurements done 
in the second case, while the two shaft plumbing method 
does not need verification. This time is subdivided into the 
following operations:

• Plumbing method: 20 hours
 a) 11 hours in Shaft 2
 b) 9 hours in Shaft 3

•  Gyroscope: 31 hours with verification measurements and 19 
hours without them

 a)  7 hours in Shaft 3 (work for transmitting 
the cartographic system from the exterior to 
underground in the case that the two shaft method 
was not applied)

 b) 2 × 5 hours calibration base C4-C3 and verification
 c)  2 × 7 hours underground measurement INT3-INT2 

and verification.

Conclusions
The study has described some adaptations of existing procedures, 
applied in studies some time ago, by means of new technologies, 
improving the accuracy of the measurements and safety levels 
during the survey because of the shorter time spent working 
around the shafts. In addition, the two shaft plumbing and 
the gyroscopic method have been analysed, emphasising the 
characteristics of both options. The comparison revealed similar 
accuracy levels, with a difference of only 44s between the two 
methods. This confirms the reliability of the measurements made 
in the study and the suitability of both options.

The study suggests that the most important source of error 
in the two shaft plumbing method is the ventilation factor. 
Therefore, it is important to stop the artificial ventilation at least 
24 hours before taking the measurements to reduce the air flow 
as much as possible. Unfortunately, it is very difficult to stop 
the operating fans for such a long time, and covering the intake 
shaft is an alternative. It is still necessary to compensate for the 
deviation of the plumb due to the ventilation effect caused by the 
remaining air flow. 

It has also been found necessary to compensate the projected 
distances for a certain depth because of gravity and rotational 
forces, achieving a reduction in the linear error of the traverse 
between plumbs in both shafts in large part. Although this is 
very important in terms of error, compensation is much easier 
than in the ventilation effect.

The conventional plumbline method has proven to be a good 
choice when there are two shafts with depths greater than 500 
m, and with some of the problems within the shaft as detailed 

Table XIII

Variation of the orientation in the underground base 
INT3-INT2

Orientation 
without 

compensation

Ventilation 
compensation

Ventilation 
and gravity 

compensation
Plumb method 

with 2 shafts
128.9932g 128.9959g 128.9959g

Gyroscope 129.0003g 129.0003g 129.0003g

Difference 71s 44s 44s
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in the paper: pollutants, dust, remaining air flow, the possibility 
of rocks and other objects falling, water, limited physical space, 
and temperature and pressure changes during the measurement 
period. All these elements are potential sources of error in the 
verticality of an optical plumb as well as an avoidable occupation 
hazard. In the other cases the optical plumb is an adequate 
alternative due to its speed of installation. 

It can be concluded that the conventional plumb method 
combines higher precision measurements and safer working 
conditions than the optical plumb method in the case study 
conditions. In addition,   the combination of both methods, 
gyroscopic and plumbing, has been verified as an appropriate 
approach when high-precision measurements are needed.
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Identifying barriers to growth in 
mineral value chains
H.J. Van Zyl1, W.G. Bam1, and J.D. Steenkamp2,3

Synopsis
Despite the importance that barrier identification has for policy-making and industry stakeholders alike; 
little guidance exists on consistent processes to systematically identify barriers that are hindering the 
different sectors of a value chain’s expansion and growth. This article describes the development of a 
framework that supports the identification of barriers to growth in mineral value chains. The resultant 
process was applied to the case of the manganese value chain in South Africa, and revealed 31 barriers 
within this industry. The results were validated by a panel of experts and the feedback was used to 
rework and improve the framework.

Keywords
beneficiation, policy-making, barriers, manganese, case study, South Africa.

Introduction
Many of the world’s mineral-rich countries are developing nations. In these countries, the mineral 
industry tends to make a large contribution to the annual gross domestic product and state income 
(UNCTAD, 2013). For these countries, it is imperative that proper mineral management strategies are 
put in place to ensure that the best developmental value is obtained from these industries (Bam and 
de Bruyne, 2017; Kahn, 2013). The various sectors comprising the mineral industry can generate a 
multitude of jobs, both directly and indirectly, contribute to the transfer of technologies and knowledge 
while also providing a substantial income (Coe, Dicken, and Hess, 2008; Gereffi and Fernandez-Stark, 
2011). These developmental and economic benefits can also provide governments with the financial 
foundation for infrastructure development, which can lead to improved delivery of social services such 
as education and health care to improve the living conditions of the national citizenry (Gereffi and 
Fernandez-Stark, 2011; OECD, WTO, and World Bank Group, 2014).

The mineral industry, however, also has certain precarious characteristics, such as volatility, 
uncertainty, and exhaustibility, which pose many challenges to businesses, and policy-makers alike. 
A commonly stated anomaly that has been put forward is that countries with abundant natural 
resources often register lower economic growth than those without these natural resources (Alba, 2009; 
Callaghan, 2014; Department of Mineral Resources, 2011). This observation, its causes, and its validity 
has also given rise to a debate surrounding the possible existence of a so-called ’resource curse’ and 
how to avoid it (Gilberthorpe and Papyrakis, 2015; Sachs and Warner, 1995; Stijns, 2005).

Within this context, beneficiation (broadly defined) is often viewed as being of strategic importance 
to mineral-producing countries. Specifically, beneficiation is often considered to be a key driver of 
industrial diversification (Bam and de Bruyne, 2017). Nonetheless, the beneficiation industries are 
exposed to various cyclical and systemic constraints that can hinder the ability of mineral-producing 
countries to establish and sustain these industries, with the capabilities that support effective mining 
differing from those that support effective beneficiation (Bam and de Bruyne, 2019; Hausmann, Klinger, 
and Lawrence, 2008). This is complicated by the constant emergence of new barriers to growth and the 
divergence of barriers faced by the different tiers of the mineral value chain. This makes it particularly 
difficult for policy-makers to firstly identify and, secondly, react to challenges that the different sectors 
of the mineral industry might face. In developing countries, these challenges are exacerbated by limited 
state resources and capacity. In many instances, and especially in developing countries, mistrust may 
also exist between government and industry, further complicating effective policy-making (Humphreys, 
2013; Kahn, 2013). 
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Despite the importance that being able to identify barriers has 
for policy-making; little guidance exists on consistent systems 
or frameworks which enable researchers, policy-makers, and 
analysts to systematically identify the barriers (in a broad sense) 
that are hindering expansion and growth in various sectors of 
a value chain and to support proactive action by policy-makers 
to address these barriers (Bam and de Bruyne, 2017). The 
development of a systematic and comprehensive framework 
that could enable the proactive identification of the custom sets 
of barriers faced in mineral value chains (MVCs) could assist 
policy-makers to more efficiently determine which barriers are 
hindering growth on a periodic basis. The aim of this research 
is thus to develop such a framework which supports specialized 
barrier analysis for each subsector in an MVC. The goal is to 
improve the efficiency with which researchers, policy-makers, 
and other stakeholders can evaluate the binding constraints on 
an MVC in order to formulate effective responses to address these 
constraints.

Given the above, this paper provides a literature review of 
value chain analysis approaches and the shortcomings they 
have concerning the identification of specific barriers to growth 
(Theoretical background). To address these shortcomings, a novel 
framework for guiding the identification of barriers in MVCs was 
developed and applied to a case study of manganese in South 
Africa. An outline of the methodology used for developing this 
framework is presented in the Framework development section. 
This is followed by an exposition of the developed framework 
(Framework design). The application of the framework is 
presented in the Case study section and the methods used 
to validate the framework are discussed in the Framework 
validation section. The paper is concluded by discussing the 
outcomes and implications of the research.

Theoretical background
Various methods have been employed to analyse MVCs and how 
governments can support them. One of the dominant frameworks 
used for mineral development analysis has been linkage theory, 
based on the work by Hirschman (1981). This has been extended 
to a value chain perspective by authors such as Kaplinsky, 
Morris, and Kaplan (2011) using the global value chain (GVC) 
approach based on the work by Gereffi, Humphrey, and Sturgeon 
(2005), among others. Other works focusing on MVCs extend 
linkage theory with value chain analysis and a growth pole 
perspective (e.g. Callaghan, 2013).

The GVC analysis framework has become an increasingly 
important policy analysis tool (Gereffi, 2019). It effectively 
links producers and consumers from around the world into 
an integrated analysis framework. This provides a powerful 
departure point for understanding increasingly global links 
between firms. The GVC framework specifically provides insight 
as to how global firms are coordinated by investigating the 
structure and dynamics of the role-players involved in a specific 
chain. This methodology is often used as a tool to trace global 
production, link geographically dispersed activities and role-
players, and determine the roles they play within the industry 
(Gereffi and Fernandez-Stark, 2011). The basic framework 
consists of four basic artefacts, namely: the input-output 
structure (a map showing the process of transforming raw 
materials into final products); the geographic scope of processing 
activities and supply and demand of products; governance 
structure (which explains how value chains are controlled); and 
institutional context (which investigates the characteristics and 

attributes of the environment the value chain is embedded in) 
(Gereffi and Fernandez-Stark, 2011).

The VC perspective, and GVC perspective in particular, is very 
useful for facilitating the conceptualization of industry value 
chains and these frameworks have been seeing increasing use in 
the realm of policy analysis. The strengths of these frameworks 
include the fact that they:
 ➤   Provide a comprehensive description of the entire scope of 

the value chain (Gereffi and Fernandez-Stark, 2011; Porter, 
1985)

 ➤   Identify the key role-players involved within the chain 
as well as the relationship they have with one another 
(Schmitz, 2005)

 ➤   Identify the value-adding processes within the chain 
(Kaplinsky and Morris, 2001); investigate the value 
added in different stages of the value chain (Gereffi and 
Fernandez-Stark, 2011; Porter, 1985)

 ➤   Describe the value chain in a global context (Gereffi and 
Lee, 2012)

 ➤   Include a value chain mapping structure (Gereffi and 
Fernandez-Stark, 2011; Kaplinsky and Morris, 2001)

 ➤   Consider chain governance structures (Humphrey and 
Schmitz, 2001); and consider the institutional attributes 
of the chain (Gereffi and Fernandez-Stark, 2011; Schmitz, 
2005). 

However, these approaches have certain shortcomings that 
need to be considered. They lack a clear purpose and structure 
(which allows flexibility, but requires additional analyst expertise, 
time, and resources); they are not consistently repeatable 
(particularly because they mostly rely on qualitative data and 
few quantitative measures have been proposed); and they 
specifically focus on governance and value capture issues (this 
implies that they potentially exclude the consideration of other 
factors that may also be hindering growth in the value chain). 
GVC (and related GPN) analysis is a suitable tool for retrospective 
investigation of a value chain and to identify the current extent of 
downstream processing (as well as the power relations between 
actors), but lacks a form of foresight analysis or explanations for 
the barriers to growth within the chain (Neilson et al., 2018).

Literature on both local and foreign mineral industries 
suggest that many barriers exist that prohibit economic growth 
in the sector (e.g. Elliot, 2015; Edinger, 2014; Ford, Hobbs, 
and Urquart, 2007). Despite this acknowledgement, there is no 
comprehensive framework that can be used systematically to 
identify these barriers in value chains. A simple, proven, and 
reliable framework would allow policy-makers to identify such 
barriers more efficiently. Some significant issues in this field have 
not been addressed: 
 ➤   Often only a single sector of the value chain is investigated, 

without consideration of the other sectors also comprising 
the chain (EY, 2019; von Below, 1992)

 ➤   The GVC analysis methods used in several mineral 
investigations do not specifically focus on the identification 
and prioritization of barriers

 ➤   GVC analysis and other qualitative methods are usually not 
systematically structured and require considerable analyst 
interpretation

 ➤   The data for quantitative approaches is often not available 
or limited, especially with regard to different sectors and 
developing countries (Gajigo, Mutambatsere, and Adjei, 
2011; International Manganese Institute and RPA, 2015; 
Pooe and Mhelembe, 2014)
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 ➤   The scope of investigation is often too broad, restraining a 
full analysis of the chain and making it possible to provide 
only an overview of certain barriers (D’Harambure, 2015; 
EY, 2013)

 ➤   An analysis of the complete impact of the identified barriers 
is often lacking (D’Harambure, 2015; EY, 2019).

Methodology overview
Given the aim of developing a framework that supports the 
identification of barriers to growth in MVCs, a systematic 
approach was adopted in order to determine the requirements 
for the proposed framework (see Figure 1). Using GVC analysis 
literature as a basis for identifying requirements, a number of 
design requirements were identified, and corresponding analysis 
tools incorporated into the framework to address them. This 
framework (consisting of numerous VC analysis tools) was then 
applied to a comprehensive illustrative case study in order to 
attain insights regarding the practical application of the developed 
framework. 

The research methodology can thus be divided into three 
stages: 

 ➤   Framework requirement and tool identification, which 
includes the process of identifying the design requirements 
and tools required to identify barriers in the MVC (the 
development of the framework design requirements and 
potential analysis tools were based on parameters which 
were identified from the GVC and related literature)

 ➤   Framework design and application in order to determine 
the practical use of the framework in a real scenario and 
capture results for validation (through this exploratory 
case study, specific MVC characteristics were captured in a 
consistent and coherent manner)

 ➤   Validation of the framework performance through expert 
analysis of the case study and the framework itself (which 
enabled a review of the framework’s capabilities and led 
to the refinement of the integrated MVC analysis process 
framework).

For the first step of the first phase of the methodology, the 
framework design requirements were identified. This was done 
by investigating the strengths and shortcomings of existing 
value chain analysis approaches through a literature review. The 
results of this phase are presented in the section Framework 
development. Supplementary tools were also identified to address 
the key shortcomings of the existing value chain approaches 
in relation to identifying barriers in MVCs. These tools were 
integrated within a systematic process to form an overarching 

framework to identify barriers for different sections comprising 
mineral value chains (further described in Framework design).

During the second stage, the framework was applied to the 
case study (the results of which are presented in the Case study 
section). Each framework tool, as identified in the previous 
stage, was applied to the South African manganese MVC. The 
results from each phase were gathered and analysed in order to 
ultimately identify the barriers to growth throughout the value 
chain. These barriers were then categorized according to their 
severity and prevalence, which revealed the top ten barriers faced 
in each sector of the value chain.

The final stage of the methodology consisted of validating the 
results and the proposed framework. The framework structure 
and case study results were validated through expert analysis 
(described in the Framework validation section). Validation 
questionnaires were employed, and interviews conducted with 
experts from diverse fields of mineral value chain analysis. Their 
feedback with regard to the framework’s usefulness, strengths, 
and shortcomings was reviewed and the necessary changes were 
incorporated within the framework.

Figure 2 is a visual representation of the framework design 
process followed to determine the tools to be incorporated into 
the proposed framework.  

Figure 1—Overview of the implemented research methodology

Figure 2—The framework design process
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Framework development
The results from each of the steps included in the framework 
design process are described in this section, namely 
identifying the framework design requirements, identifying 
the supplementary tools, and integrating these tools in an 
overarching framework.

It is evident from investigating the various value chain 
analysis methods that each approach has characteristics that 
need to be investigated to ascertain its suitability for supporting 
the identification of barriers in MVCs. Supplementary analysis 
tools were also deemed necessary to address the limitations 
of the existing value chain analysis methods. The framework 
component requirements for describing an MVC were identified 
from the GVC and value chain literature, with new requirements 
proposed to address the limitations of the prevailing frameworks. 
These framework requirements are summarized in Table I.

Framework design
The framework consists of five phases which group specific tools 
together to make it more user-friendly and simpler to implement, 
with each phase focusing on a specific element of analysis. Table 
X in Appendix A provides an overview of the aim, detail, and 
outcome of each of the five phases. Once all of these phases 
are integrated, an overview of the proposed framework can be 
presented, as seen in Figure 3.

Primary data to identify barriers within the MVC can be 
collected by conducting interviews and surveys. This can be 
reliably done by following the Delphi technique. The technique 
aims to achieve a convergence of opinion on a specific real-world 
issue through a group communication process. The data collected 
from the interviews can then be used to compile a comprehensive 
list of sector-specific barriers across the industry. Each round of 

the Delphi process as implemented in the exploratory case study 
is summarized in Table XI in Appendix B.

Once the barriers have been identified from the Delphi 
process, these barriers can be analysed by assessing their 
severity and prevalence, classifying them according to priority, 
reviewing the high-priority barriers, and determining the causal 
factors of the high-priority barriers. The implementation of these 
steps is further clarified in the case study section that follows.

Case study
This section reviews the case selection rationale and presents 
the results of the case study according to the five phases of the 
framework. The South African manganese industry was selected 
as a case study for the following reasons:
 ➤   Manganese has significant commercial importance, 

especially for the production of steel. Thus the results 
gathered from the case study will be of significant value

 ➤   Manganese is mainly used as an alloying element, 
hence this industry is analogous to many other mineral 
industries, such as chrome and iron, which are also 
primarily used in the manufacturing of alloys for steel

 ➤   South Africa is major player in the manganese industry, 
making information for the study more accessible and 
readily available

 ➤   Manganese is predominantly used only in steel 
manufacturing, which limits the product scope and 
simplifies the analysis required for the study.

An international perspective was also incorporated into 
the study to determine South Africa’s global market presence. 
Since the entire value chain is very extensive and becomes 
increasingly intricate further down the chain, the scope of the 
value chain analysis was limited to activities involving the 
primary processing of the ore for product manufacturing. Each 

   Table I

  Framework requirements 
   Strategic framework  Requirement Rationale and source 
   requirement no.

   SFR1 Background knowledge on the specific mineral industry Proposed to provide a knowledge base of the MVC that is to be investigated
   SFR2 Identification of activities in the value chain Key to describing value chain. Builds on Porter’s value chain approach (Porter, 1985)
   SFR3 Identification of the value chain role-player structure Key to describing value chain. Builds on Porter’s value chain (Porter, 1985) and GVC 

  analysis (Gereffi and Fernandez-Stark, 2011; Gereffi, Humphrey, and Sturgeon, 2005)
   SFR4 Identification of the different sectors comprising the industry Proposed to enable the identification of sector-specific barriers
   SFR5 Identification of the process-level flow of inputs, outputs, and  Proposed to elaborate upon Porter’s value chain (Porter, 1985) in order to reveal the 

 intermediate products in the value chain relationships among the role-players involved in the MVC through modelling the  
  industry’s high-level interaction between the various stakeholder involved

   SFR6 Evaluation of domestic industry’s global market position Key to understanding context of barriers. Builds on GVC analysis (Gereffi, 2011;  
  Gereffi and Fernandez-Stark, 2011; Sturgeon and Gereffi, 2009)

   SFR7 Evaluation of the geographic scope of operations in Key to understanding context of barriers. Builds on GVC analysis (Gereffi, 2011;  
 the mineral value chain  Gereffi and Fernandez-Stark, 2011)

   SFR8 Evaluation of the power relationship between role-players Key to understanding context of barriers. Builds on GVC analysis (Gereffi, 1994;  
  Gereffi and Fernandez-Stark, 2011; Gereffi, Humphrey, and Sturgeon, 2005)

   SFR9 Evaluation of the industry’s current state of affairs Proposed in order to gain an initial qualitative understanding of the impact that the  
  barriers have on the industry, as well as to determine their possible causes

   SFR10 Identification of the latest barriers across the different    
 sectors in the value chain  

   SFR11 Evaluation of the severity of the barriers Additional framework requirements to address the research objective of identifying
   SFR12 Evaluation of the prevalence of the barriers barriers to growth in mineral value chains
   SFR13 Analysis of cross-sector results
   SFR14 Categorization of barriers
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of the value chain activities up to this point formed part of the 
analysis and description of the MVC environment. This scope was 
deemed to be broad enough to illustrate and test the framework’s 
capabilities, without the study becoming unduly complex. The 
rest of this section presents the results from the case study 
according to the five phases of the framework. 

Phase 1: Data gathering and interpretation
A literature review was conducted on the manganese industry, 
specifically within the context of the South African market, which 
provided an overview of the relevant background information, 
disciplines, and theories relating to the specific industry. This 
information was used firstly to provide a solid platform to 
understanding the various aspects of the industry. An overview 
of the methodology followed in this phase is presented in  
Figure 4. 

Since the literature review on the South African manganese 
value chain included a great deal of information, only the major 
findings are summarized here. South Africa is the dominant 
producer of manganese, possessing between 75 and 80% of 
the world’s identified resources and approximately 24% of 

the world’s reserves. Over 90% of the reserves are located in 
the Kalahari Manganese Field (KMF) located in the Northern 
Cape Province, which has an estimated 4 Gt of manganese 
reserves (Ratshomo, 2013). The primary use of manganese 
is in manufacturing alloys that are used in steel production 
(International Manganese Institute and RPA, 2015). High-carbon 
ferromanganese, refined ferromanganese, and silicomanganese, 
are the major manganese alloys produced in South Africa 
(International Manganese Institute, 2014a; Olsen, Tangstad, and 
Lindstad, 2007). Manganese is also used to a lesser extent in 
the production of batteries, and very small quantities are used in 
numerous chemical products (Gajigo, Mutambatsere, and Adjei, 
2011; International Manganese Institute and RPA, 2015).

Phase 2: Defining the MVC
During this phase, the various activities comprising the value 
chain were identified, as well as the role-player structures 
for each segment of the chain. A process flow diagram was 
developed, which provides an overview of the entire chain and 
the products that are produced throughout. The steps in this 
phase are illustrated in Figure 5.  

Figure 3—Proposed framework to guide the process of identifying barriers in MVCs

Figure 4—Overview of Phase 1 of the proposed framework
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Porter’s value chain and Gereffi’s input-output structure 
approaches served as the foundation for developing the 
manganese MVC. Figure 6 outlines the various segments of the 
South African manganese value chain and the types of role-
players involved in each step. It also provides a representation 
of the local structure of the industry, the required inputs for the 
processes, and the activities involved in each segment.

A process-level flow diagram was also developed in this 
phase to illustrate how materials are transformed throughout the 
value chain in terms of inputs and outputs. This diagram reveals 
the relationships among and between the various sectors and 
role-players in the manganese mineral industry. The small white 
blocks represent a specific output or product, which in turn, in 
most cases, is the input to the next process. These products are 
grouped by colours that represent different product types. The 
products are connected through arrows which indicate the process 
flow. It is useful to add the size (volume) of each output to the 
diagram, if this information is available, in order to place the 
proportion of these outputs into perspective. The final process-
level diagram is shown in Figure 7.

The various sectors of the manganese industry are easily 
identifiable in the diagram. The industry consists of:

 ➤   Ore / mineral production
 ➤   Non-ferrous, electrolytic manganese dioxide, (EMD) and 

electrolytic manganese metal (EMM) production 
 ➤   Ferrous / alloy manufacturing
 ➤   Slag-related product manufacturing
 ➤   Steel manufacturing
 ➤   Other chemical product manufacturing.

Due to the fact that the majority of manganese is used 
for metallurgical purposes (with 90 to 95% used in alloy 
manufacturing and approximately 5% in EMD and EMM 
production), the sectors that were investigated in this industry 
were: mineral production (mining sector), alloy manufacturing, 
EMD production, and EMM production. 

Phase 3: Determining the context of the global value 
chain
This phase focused on integrating the manganese MVC within 
a global context by analysing the essential characteristics that 
define the chain environment. The activities in the phase are 
summarized in Figure 8.

To understand South Africa’s position in the global 
manganese industry, the context of the country’s role, and where 

Figure 5—Overview of Phase 2 of the proposed framework

Figure 6—The South African manganese value chain
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the barriers to economic growth lie, the global value chain of 
manganese and manganese-related products was examined. The 
findings are shown in Table II. 

Table III lists the major global producers of manganese-
related products and the total of number of countries producing 
each product.

Since manganese alloy producers do not have a 
differentiation advantage over competitors, as the alloys are 
commonly used in steel and widely produced around the world, 
they must focus primarily on gaining a cost advantage in order 

to improve their competitive advantage. This primarily results 
in the top of the chain taking on a ‘market’ structure (as defined 
in Table IV). Producers are thus under pressure to constantly 
adjust their business strategy to cut costs, and one way of doing 
this is by ensuring they have the best trade agreement with ore 
providers, which places mining companies in a stronger trade 
position. This is highlighted by the fact that alloy producers also 
have to contend with rising electricity tariffs, labour issues, and 
other operational costs which are currently a number of South 
Africa’s largest barriers to growth. 

Figure 7—Manganese industry process-level flow diagram (van Zyl, Bam, and Steenkamp, 2016)

Figure 8—Overview of Phase 3 of the proposed framework
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Further down the chain, however, a modular structure 
becomes apparent (as defined in Table IV) since complex 
transactions occur that are relatively easy to codify. This 
translates to downstream products such as ferroalloys, EMD, 
and EMM, which are made to the customer’s specifications 
and the suppliers spread investments across a wide customer 
base. Switching costs are still low even though buyer-supplier 
interactions can be very complex. Unlike in simple markets, the 
linkages or relationships between partners are more substantial 
due to the higher volume of information flowing between them.

The final step of Phase 3 deals with the key attributes specific 
to the manganese value chain. Such factors include technology 
usage, capital requirements, workforce characteristics, and 
operational technology. The investigation of these attributes 
often leads to the discovery of where the bottlenecks, process 
inefficiencies, and general opportunities for improvement lie in 
the value chain. The tools for this analysis entail a summary of 
the key aspects in the value chain, which are elaborated upon 
through a PESTLE factor analysis and SWOT analysis of the 

manganese industry. A summary of the key aspects of the South 
African manganese constraints are provided in Table V.

Phase 4: Identifying and defining barriers in the MVC
Figure 9 presents an overview of the activities of Phase 4. 
Interviews were conducted with experts representing individuals 
from different sectors of the chain within the manganese mineral 
industry to identify its barriers. The barriers were then defined, 
and a survey conducted to determine the impact that each barrier 
has on each sector. 

Semi-structured interviews were conducted with the aim 
of gaining comparable views of the most pressing issues 
in the industry faced by various role-players in different 
sectors of the manganese value chain. Representatives of the 
mining, alloy, EMD, and EMM sectors were approached. These 
included representatives from two of the largest manganese 
mining companies in the world, two of the four South African 
manganese alloy producers, representing both ferromanganese 
and silicomanganese operations, and the world’s only non-China 

   Table II

  South Africa’s production and consumption of manganese products 
   Product  Production    Consumption 
 Global rank Volume (Mt Mn units) % of global total Global rank Volume (Mt Mn units) % of global total

   Mn ore 1 4.64 24.9 9 0.325 1.8
   HC FeMn 3 0.457 10.1 28 0.27 0.56
   Ref. FeMn 5 0.102 5.9 31 0.10 0.59
   SiMn 14 0.134 1.0 30 0.30 0.22
   Steel 21 7.22 0.45 221 5.40 0.36

Sources: International Manganese Institute, 2014b; World Steel Association, 2014

   Table III

  Countries producing manganese-related products
   Country  Ore   Alloys  Slag products Steel EMD EMM 
 Low Med High HCFeMn Ref. FeMn SiMn

   South Africa X 3 3 3 3 3 X 3 X1 3

   China 3 X X 3 3 3 3 3 3 3

   USA X X X 3 3 3 3 3 3 X
   Australia X 3 3 3 X 3 3 3 3 X
   Brazil 3 3 3 3 3 3 3 3 X X
   Ukraine X 3 X 3 3 3 3 3 X X
   Gabon X 3 3 X X X 3 X X X
   Japan X X X 3 3 3 3 3 3 X
   India 3 3 3 3 3 3 X 3 X X
   South Korea X X X 3 3 3 3 3 X X
   Total producing countries 9 16 6 21 11 21 - 2 91 8 2

Sources: Ore and alloys (International Manganese Institute, 2014a), slag (FICCI, 2014; Global Slag, 2015), Steel (World Steel Association, 2014), EMD (US International Trade 
Commission, 2003), EMM (MMC, 2016), Interviews.
1South Africa stopped EMD production in 2015.
2No data available on countries that manufacture products from ferro-slag.

   Table IV

  Key characteristics of global value chain governance (source: (Gereffi, Humphrey, and Sturgeon, 2005)
   Value chain governance Complexity of Ability to codify Capabilities in the Degree of explicit coordination 
   type transactions transactions supply base and power asymmetry

   Market Low High High Low
   Modular High High High Medium-low
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based producer of EMM and Africa’s only producer of premium-
quality EMD. Table VI summarizes the sampling of data.

The barriers identified from the literature were added to those 
identified directly by the respondents to form a list of 31 barriers 
and 9 barrier clusters, as indicated in Table VII. Questionnaires 

were completed by the participants (from the mining, alloy 
production, EMD, and EMM sectors) in which they gave a score 
out of 10 for each of the 31 identified barriers (where zero 
represented no impact and 10 a very high impact). Table VII 
outlines the identified barriers.

   Table V

  Summary of key aspects in the manganese value chain
 Mineral production Alloy production EMD production EMM production

   Primary input required Capital, labour, equipment Electricity, labour, ore,  Electricity, labour, ore,  Electricity, labour, ore, process 
  reductants, fluxes process chemicals chemicals

   Type of product outputs Low (< 30% Mn), medium  HCFeMn, Ref. FeMn,  EMD EMM 
 (≥ 30% and < 44%) and high  SiMn 
 grade ore (≥44%) 

   Capital requirements High since these are large Medium to high. Capital High High 
 mining operations requirements are similar to other  
  mineral processing facilities

   Return to scale effects Must be big mining operation  Since it is directly linked with the mining  Scaling effects are important Scaling effects are important 
 to be profitable sector, the scaling effects are similar  since high volumes of Mn ore is since  high volumes of Mn ore is 
   required for production required  for production

   Nature of technologic  Widely available Widely available Sophisticated, production is restricted  Very sophisticated (only 
   requirements     to a few countries. The only Africa- producer outside of China and 
   based producer's processes were  only producer globally which 
   discontinued in 2015 produces it selenium-free, which  
    is a superior product)
   Labour requirements High labour intensity consisting  Workforce consisting of a large Small to medium sized workforce,  Small to medium sized workforce, 

 of low-skilled workers and a few  group semi-skilled workers and few typically consisting of larger group typically consisting of larger group 
 highly skilled employees in  very skilled workers semi-skilled workers and smaller semi-skilled workers and smaller 
 planning and managerial positions  group of very skilled workers group of very skilled workers

   Transport cost of inputs Very little Very high Very high Very high 
   Transport cost of outputs Very high (seen as highest  Very high High High 

 operational cost)
   Role of local transport  Very high, it is controlled by state- Very high, it is controlled by state-- High High 
   infrastructure owned Transnet. Rail capacity is owned Transnet. Rail capacity is  
 allocated between different  allocated between different companies 
 companies that want to make  that want to make use of the railways.  
 use of the railways. Transnet  Transnet controls the allocation that each 
 controls the allocation that each  company receives. 
 company receives.
   Size of local supply SA is the largest global producer SA is one of the largest global producers Local production discontinued SA only producer outside 

 of manganese (China is a  of HCFeMn and ref. FeMn alloys, but is in 2015 of China 
 close second)  much smaller than to China. SA is  
  however in the top 2 largest exporters  
  of these alloys

   Primary competitors Primarily China, Australia,  China, India, Japan, South Korea,  China, USA, Australia, Greece,  China 
 Gabon, Brazil, India Ukraine (SiMn) Ireland, Japan, Belgium

   Destinations of exports Primarily China and India, but also  Primarily the USA, but also includes India,  Europe, USA, Africa,  Primarily the USA, Japan and 
 includes Russia and other  countries in Europe, South America,  Japan, Asia countries in Europe, but also 
 countries in Asia and Asia  includes Taiwan, South America,  
    Canada and Africa

   Largest operational  Logistics, equipment, labour Ore / raw materials, electricity, labour Ore, labour, electricity Electricity, labour 
   expenditures

Figure 9—Overview of Phase 4 of the proposed framework
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Phase 5: Ranking and classification of the identified 
barriers
During this phase, all of the data gathered from the industry 
experts was analysed to determine the impact that each 
barrier has on specific sectors within the value chain and how 
widespread the impact of the barrier is throughout the industry. 
The phase is outlined in Figure 10.

The severity of the barriers was based on the scale of the 
impact on the value chain and suppression of growth. The top ten 
most severe barriers in each sector of the value chain were then 
identified based on the expert rankings as shown in Table VIII. 

The prevalence of the barriers was determined by evaluating 
how widespread the various barriers were as identified by the 
experts in the different segments of the value chain. This was 

calculated by determining the number of respondents that 
identified the barrier in their list of top ten barriers. To ensure 
that all of the sectors were represented fairly, these numbers 
were normalized by using the sector’s average prevalence, so that 
each sector was weighted equally. This prevented the number of 
respondents per sector from influencing the prevalence. In other 
words, sectors with few representatives, such as EMD and EMM, 
are represented equally with respect to the other sectors. The 
weighted prevalence and average severity scores for each of the 
identified barriers (out of a score of five) are shown in Table IX.

After the severity and prevalence of the identified barriers in 
the manganese industry had been investigated, the barriers could 
be classified in one of four groups. By grouping these barriers 
together, it was possible to assign a level of priority to each one, 

   Table VII

  List of identified barriers in the South African manganese industry
   Sustained Insufficient physical Labour Regulations / Market Resource Electricity Social Management- 
  development infrastructure  policies conditions management concerns issues related

   Restricted access  Underdeveloped Rising cost Resource Market  Access to Unreliable Social license Lack of policy 
   to capital infrastucture of labour nationalism volatility water supply to operate implementation  
 and facilities
   Technology Lack of railway  Unrest / volatility Mining Charter Fluctuations in Competing Rising  Poor corporate 
 capacity in workforce concerns exchange rate demands tariffs  project execution  
     for land use   and mismanagement
   Lack of research  Lack of Low productivity Obtaining mining Competition /  Scarcity of     Low efficiency 
   and development  port  of workforce license global oversupply resources 
   and innovation facilities       
  Increasing transport Skills shortage Disposal Sizeable domestic Environmental 
 costs  of slag market / proximity concerns 
    to market
     Anti-dumping duty
     Geopolitical uncertainty 

   Table VI

  Sampling and sourcing of data
   Role-player type Interview Questionnaire Public records Survey Could not reach Identified producers in sector

   Mining 2 2 6 3 9 16
   Alloy production 2 2 4 3 0 4
   EMD production 1 1 1 1 0 1
   EMM production 1 1 1 1 0 1
   Total sources 6 6 12 8 10 

Figure 10—Overview of Phase 5 of the proposed framework
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which in turn could provide policy-makers, government, or other 
industry stakeholders a guide as to which barriers to approach 
first when considering interventions. The barriers are categorized 
according to their respective severity (y-axis) and prevalence 
(x-axis) scores into four quadrants as indicated in Figure 11.

Framework validation
The framework was validated through application to a case study 
and expert analysis to determine the usefulness and value of 
such a framework. The validation was done in two parts:

1.   Using the South African manganese industry as a case 
study—The full capacity of the barrier identification 
framework was used to analyse the industry and identify 
the barriers to growth faced by role-players from the 

different sectors comprising the manganese value chain. 
Each tool of the framework phases was applied during 
the case study to illustrate the implementation of the 
framework and its capabilities. 

2.   Framework validation through expert analysis—The 
validation analysis was performed through questionnaires 
and interviews, with five experts from diverse fields. 
These experts comprised an individual in academia, an 
individual involved in research related to beneficiation 
at a research council, a senior expert that has worked 
throughout the mineral beneficiation industry in various 
research capacities and advised various policy-making 
processes related to the minerals industry, one senior 
analyst with a strategy background working in a company 

   Table VIII

  Top ten barriers in each of the investigated sectors of the SA manganese value chain 
                                                       Mining sector                      Alloy manufacturing sector 
   Rank                                 Barrier Severity score Rank                             Barrier Severity score

   1 High transport costs 9.33 1 Unrest / volatility in workforce 9.00
   2 Competition / global oversupply 9.00 1 Rising electricity tariffs 9.00
   3 Underdeveloped infrastructure and facilities 7.67 3 Rising cost of labour 8.67
   3 Poor governmental execution 7.67 3 Low productivity of workforce 8.67
   5 Low productivity of workforce 7.00 3 Environmental concerns 8.67
   5 Market volatility 7.00 6 Skills shortage 8.33
   7 Lack of railway capacity 6.67 6 Disposal of slag 8.33
   8 Skills shortage 6.33 6 Competition / global oversupply 8.33
   9 Restricted access to capital 6.00 9 High transport costs 8.00
   9 Resource nationalism 6.00 9 Obtaining mining license 8.00

                                                   EMD production sector                       EMM production sector 
   Rank                                 Barrier Severity score Rank                             Barrier Severity score
   1 Fluctuations in exchange rate 10 1 Rising electricity tariffs 10
   2 High transport costs 9 1 Competition / global oversupply 10
   2 Rising cost of labour 9 3 Rising cost of labour 9
   2 Unreliable electricity supply 9 3 Market volatility 9
   2 Rising electricity tariffs 9 5 Restricted access to capital 8
   2 Competition / global oversupply 9 5 Underdeveloped technology 8
   2 Sizeable domestic market / Proximity to market 9 5 Lack of research & development and innovation 8
   2 Anti-dumping duty 9 5 Skills shortage 8
   9 Restricted access to capital 8 5 Environmental concerns 8
   9 Lack of research and development and innovation 8 5 Disposal of slag 8
    5 Unreliable electricity supply 8
    5 Fluctuations in exchange rate 8

   Table IX

  Prevalence and severity scores of the identified barriers
   Barrier Prevalence Severity Barrier Prevalence Severity

   Competition / global oversupply 4.58 4.54 Underdeveloped infrastructure 1.67 2.88
   Rising electricity tariffs 3.75 4.17 Poor governmental execution 1.67 2.79
   Rising cost of labour 3.75 4.00 Size of domestic market / proximity to market 2.50 2.79
   High transport costs 3.33 3.92 Social license to operate 0.83 2.60
   Market volatility 2.50 3.75 Lack of port facilities 0.83 2.58
   Fluctuations in exchange rate 3.33 3.71 Geopolitical uncertainty 0.42 2.58
   Environmental concerns 2.92 3.63 Disposal of slag 2.08 2.38
   Low productivity of workforce 2.08 3.58 Poor project execution 0.42 2.29
   Restricted access to capital 3.75 3.54 Low efficiency 0.00 2.17
   Unrest / volatility in workforce 1.25 3.46 Competing demands for land use 0.83 2.13
   Skills shortage 2.92 3.46 Access to water 0.42 2.08
   Lack of railway capacity 0.83 3.421 Anti-dumping duty 1.67 2.04
   Unreliable electricity supply 3.33 3.416667 Scarcity of resources 0.42 2.04
   Lack of research and development 2.92 3.33 Obtaining mining license 0.83 1.71
   Resource nationalism 1.25 3.25 Mining Charter concerns 0.42 1.52
   Underdeveloped technology 1.25 3.04
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active in the mineral value chain, and one senior manager 
from the mining industry. Each of these experts added 
input from a different perspective and made distinctive 
contributions from their respective areas of knowledge and 
expertise. This allowed the validity of the different aspects 
of the framework to be evaluated and refined.

The validation strategy that was followed for this study is 
shown in Figure 12.

Each of the five experts was given a 23-page validation 
document that summarized the outline of the framework 
structure, as well as the theories and methodologies used to 
develop the framework. The document provided a description of 
each phase with an explanation of how it should be applied and 
some of the key outputs of each phase to illustrate its usefulness. 
The document consisted of a short introduction providing 
information on the background to the study, followed by an 
outline of each of the five research phases and concluding with 
the validation questions. Six validation questions were included 
in the validation questionnaire. These focused on: the need 
for the framework, its usefulness, competing frameworks, the 
strengths of the framework, the shortcomings of the framework, 
and an open question for any other comments.

All the respondents that took part in the validation process 
agreed in their answers to the questionnaire that there is a 
need to identify barriers to economic growth for specific MVCs 

and to determine their severity and prevalence. Due to the 
socio-economic imperative that exists to develop South Africa’s 
economy and since the country’s mineral resources play a key 
role in the economy, it can be concluded that any contributions 
that can add to the growth of specific value chains are relevant. 
It was also stated that proper understanding of the barriers 
to growth in order to support action to address them would 
be of significant value and is required by policy-makers and 
stakeholders within the industry.

Figure 11—Barriers classified according to their severity and prevalence in the manganese industry

Figure 12—Research validation strategy
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Many of the respondents emphasised the complex challenges 
that relate to specific aspects in the mineral industries, as well as 
common challenges that affect industry in general. Investigating 
the industry from a value chain perspective provides an 
advantage of understanding holistically where the constraining 
factors lie. The respondents concurred that the approach 
would support a more effective analysis and provide a useful 
methodology and practical approach with tools that the relevant 
stakeholders could use individually and collectively.

The framework was noted for its differentiation approach 
between the various sectors by analysing barriers for each 
of the sectors along the value chain, as well as the effort to 
incorporate the value chain in a holistic manner, which included 
considerations of issues that are not apparent from typical market 
studies. Another unique contribution is the fact that the barriers 
are derived directly from the industry and from individuals who 
work in and understand the mining and commodity industry. The 
framework was overall described as a very logical and systematic 
approach to a multi-faceted and complex subject. The framework 
results were deemed to capture the essence of the challenges 
involved. Furthermore, the ranking of the barriers in the different 
sectors was deemed credible and a good basis to build on if this 
type of effort can be continued further with support from all the 
relevant stakeholders.

Despite the generally positive feedback, experts from different 
fields within the mineral industry identified various aspects of 
the framework that could be improved in future research. Firstly, 
it was noted that by quantifying the impact of specific barriers, 
more informed policy decisions could be made. Secondly, a sense 
of the main cost drivers in the different sectors of the value chain 
could provide a more nuanced understanding of the sensitivity of 
different sectors to changes in the prices of key inputs. Thirdly, 
some of the tools included in the analysis duplicate results. Tools 
can be better integrated to ensure that the same insights can be 
attained in less time. Finally, the effects of proprietary technology 
in different processing steps were not considered.   

Conclusions
A framework was designed to identify and describe the mineral 
value chain (MVC) environment, identify barriers in the MVC, and 
rank the barriers in severity. The goal is to improve the efficiency 
by which, researchers, policy-makers, and other stakeholders can 
evaluate the binding constraints on an MVC in order to formulate 
effective responses to address these constraints. Different 
approaches for describing and investigating value chains were 
reviewed in order to identify the current research gap and 
limitations of similar frameworks for the identification of barriers. 
These limitations were addressed through the inclusion of tools 
to fulfil each of the framework requirements. The tools were 
partitioned into five framework phases, with each phase focusing 
on a specific element of analysis.

In order to convey the utility of the framework, it was applied 
to a case study of the South African manganese industry. Four 
different production sectors were identified in the chain within 
the scope of the study, namely the mining, alloy manufacturing, 
EMD, and EMM production sectors. Through an iterative process 
of interviews and surveys, 31 barriers to growth were identified 
across these four sectors, with global oversupply being the most 
significant impediment at the time (due to the end of the resource 
boom causing a general reduction of demand and the subsequent 
reduction of prices for most of the mineral-related industries), 

followed closely by the rising costs of electricity, labour, and 
transport.

Through expert analysis based on the results from the case 
study, it was concluded that the framework successfully facilitates 
the identification of barriers within an MVC. The validators 
concurred that the proposed framework addresses a specific need 
within the industry and is a useful tool for its stakeholders. The 
holistic and systematic approach to a multi-faceted and complex 
subject was identified as the primary strength of the framework. 

During the execution of the study, various aspects were 
identified that require further investigation. Firstly, the research 
relied on a narrow definition of the value chain, now  taking 
into account side-stream linkages. This could be explored in 
further investigations. Secondly, the study sought to triangulate 
information in order to reduce bias. This included making use 
of interviews, questionnaires, and secondary data. However, the 
choice of secondary data, interviewees, and perceptions scales 
necessarily influenced the results of the study. In particular, 
the inputs from industry stakeholders allow for a detailed and 
prospective view of the industry and its challenges; however, 
this does provide an opportunity for manipulation. Triangulation 
was also hampered by the fact that certain sectors of the value 
chain had only a single company operating in South Africa, thus 
severely limiting the potential sample size. Further studies that 
investigate the potential bias that these choices could introduce 
in a study such as the one presented here, and how it might be 
further reduced, could be warranted. Thirdly, certain barriers 
were somewhat broad in definition, e.g. social license to operate. 
These might then be difficult to address as the definitions are 
imprecise. It is recommended that this should be explicitly 
avoided in future work. 
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Appendix A: Framework phases
Table X provides an overview of the various framework phases. This includes the aim description and outcome of each phase. 

   Table X

  Description of the framework phases
   Phase Aim Description Outcome

   1 Review literature The first step entails gathering and investigating various sources of literature regarding significant Comprehensive literature review 
 regarding the specific aspects of the mineral value chain in question. The literature review will provide a better on key aspects relevant to the 
 mineral value chain. understanding of the specific industry and explore key aspects in the value chain and thecurrent  specific value mineral chain. 
  problems it faces. It should contain updated information from previous publications and conclude 
  with a comprehensive analysis of the literature.
   2 Identify the main  Once an overview of the mineral industry has been established, different sectors of the chain can be A general representation of the 
 activities/sectors distinguished by the value they add to each output in the process. A general representation of the various sectors/segments 
 in the value chain. various sectors/segments comprising the value chain is provided in this framework phase.  comprising the value chain. 
  This provides an understanding of the structure of the chain, the inputs and outputs in each activity,  
  and lastly, the different role-players involved in each process.
   3 Expanding the mineral  This phase focuses on integrating the complexities of a mineral value chain to analyse Complete representation of the 
 value chain to include  the characteristics which are unique to the chain in question. During this phase the chain’s geographic mineral value chain with the 
 a global context.  scope of activities, role-player relationships and positions within the chain, as well  analysis of its geographic 
  as its institutional context are investigated. This would provide insight on the key attributes  scope, governance structure,  
  that have a significant impact on the specific mineral value chain. and institutional context.
   4 Identifying barriers  After sufficient knowledge of the industry has been collected and investigated, the barriers in A list of all identified barriers to 
 faced by role-players the value chain are identified. During this phase interviews are conducted with industry experts who economic growth faced by role- 
 in different sectors of  represent specific sectors of the value chain. A survey questionnaire will be provided afterwards that players per sector in the value chain. 
 the value chain. allows the experts to rank the major barriers they face in terms of severity. After the feedback  
  from the industry experts has been reviewed, all the identified barriers will be listed and defined.
   5 Determining the major  After the barriers are identified, they are ranked according to their severity and prevalence Top barriers per sector in the 
 barriers in each sector  in the industry. The barriers are categorized in groups that have a specific priority assigned value chain which are ranked and 
 of the value chain and  to each which relates to the size of its impact on the industry. The extent of the barrier categorized according to severity 
 prioritizing them per  impact on specific role-players, and the industry as a whole, are determined. and prevalence in the industry. 
 severity and prevalence.

   Table XI

  Summary of the Delphi process used
   Round Step Description

   Round 1: Generation of  Step 1 Determine questions for interview guide.
   initial barriers Step 2: Interview Conduct interviews with respondents
  Step 3: Interview (continued) Respondents discuss different aspect of the company's operations that might encounter constraining factors
  Step 4 Researcher distils all the responses and creates initial list of barriers
   Round 2: Review and  Step 5: List of barriers #1 Researcher mails first list of barriers to respondents. Questionnaire items are obtained from the generative round
   finalize barriers Step 6: Feedback #1 Respondents review initial list of the barriers
  Step 7 Respondents are encouraged to add to the list of barriers as well
  Step 8 Respondents rank the barriers according to severity
  Step 9 Finalize barrier list from respondents’ input
  Step 10 Complete list by adding barriers identified prior to interviews to the list
  Step 11 Define each barrier to avoid definition overlap.
  Step 12: List of barriers #2 Group similar barriers in clusters
   Round 3: Barrier  Step 13 Set up the survey with all of the barriers and a corresponding scale to score the severity for each
   severity survey Step 14: Survey Respondents score each barrier with a score between 1 and 10 (or n/a) regarding severity 
  Step 15 Researcher accumulates all the scores per sector
  Step 16: Ranking of barriers Researcher ranks the top 10 barriers per sector from the respondents’ input
   Round 4: Finalize survey  Step 17: List of barriers #3 The rankings of the barriers are sent to the respondents
   results Step 18 The respondents review the final results
  Step 19 Analyse feedback
  Step 20 Determine if consensus is reached
  Step 21 Finalize rankings

Process complete

Appendix B: Delphi process
Table XI provides a summary of the Delphi process used to identify and rank the barriers in the research. 
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Kinetics of advanced oxidative leaching 
of pyrite in a potassium peroxy- 
disulphate solution

J. Ma1, Y. Tang1, D.Q. Yang1, and P. Pei1

Synopsis
This study investigates the leaching kinetics of gold-bearing pyrite in the potassium peroxydisulphate 
system and the potassium peroxydisulphate-ferrous sulphate combined system, using potassium 
peroxydisulphate as an oxidizing agent. Experimental results indicate that the pyrite leaching rate is 
roughly proportional to the potassium sulphate concentration. The pyrite leaching rate also increases 
with temperature, and is 48.19% faster at 70°C than at 30°C. Additionally, the pyrite leaching rate is 
inversely proportional to the particle size; the leaching rate of < 0.038 mm particles is 44.31% greater 
than that of 0.180–0.120 mm particles. At 70°C, the concentration of ferrous sulphate has no effect. 
However, at the more typical leaching temperature of 30°C, the addition of ferrous sulphate and hydrogen 
peroxide can increase the rate of leaching. Therefore, the kinetics of pyrite leaching in the potassium 
peroxydisulphate system at 70°C and in the potassium peroxydisulphate-ferrous sulphate combined 
system at normal temperatures were investigated in detail. Pyrite leaching kinetics follows the formula 
kt = 1 – 2/3x – (1 – x)2/3 where solid film diffusion is the limiting process. The effective activation energy 
of pyrite leaching in the temperature range 30–70°C was 65.30 kJ/mol. Pyrite had a regular crystal habit 
prior to leaching, but exhibited faviform holes after leaching. These results provide a basis for effective 
leaching of gold from gold-bearing pyrite ores using the advanced oxidative leaching system.

Keywords
gold-bearing pyrite, high-grade oxidation, leaching dynamics, activation energy.

Introduction
Pyrite is one of the most common sulphide ores, and is an important carrier of gold, silver, and platinum 
(Gu et al., 2010). In concert with China’s rapid economic progress, the demand for gold continues to 
increase every year, such that difficult-to-process micro-disseminated gold deposits constitute a major 
category of gold resources. Gold contained in micro-disseminated gold deposits is typically encased in 
pyrite, such that the gold is physically shielded and thereby difficult to react with the leaching agent. 
This condition leads to relatively low leaching rates, typically less than 80%. Therefore, pretreatment is 
necessary prior to leaching of a micro-disseminated gold ore. Common pretreatment methods include 
oxidizing roast, microbial oxidation, and chemical hydrometallurgical oxidation (Hu et al., 2017). 
The method of chemical hydrometallurgical oxidation has recently gained attention because of its 
advantages, including less pollution and a shorter treatment period (Gozmen et al., 2009). 

Chemical hydrometallurgical oxidation utilizes strong oxidants in solution to destroy the pyrite 
structure and expose the contained gold to subsequent chemical processes. The mostly frequently 
reported chemical hydrometallurgical oxidation systems for pyrite include Fe2(SO4)3, HNO3, H2SO4, 
and HClO4 (Zhao et al., 2016). The high-grade oxidation method, which has been used in wastewater 
treatment, has yet to be widely used in mineral processing (Hillesa et al., 2016). However, experimental 
pretreatments performed on micro-disseminated gold ores have yielded promising results, with leaching 
rates of up to 86.09% (Tang et al., 2015). Peroxysulphate oxidizes pyrite by generating sulphate radical 
anions. To better understand the leaching characteristics and kinetics of high-grade oxidation of pyrite 
based on sulphate radical anion oxidation, controlled experiments were performed in the K2S2O8-FeSO4 
system. The leaching kinetics were investigated based on the experimental results, and SEM analyses 
were performed on the oxidation products. This study provides theoretical support and practical 
guidance for the high-grade chemical hydrometallurgical oxidation of micro-disseminated  
gold ores.
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Experimental

Sample preparation 
Pyrite samples collected from an active mine contained few 
impurities and exhibited a high degree of crystallization. High-
grade ore was selected by hand and coarsely crushed to < 2 
mm. The sample was then sorted on shaking tables and the 
concentrate was dried at low temperatures. The sample was 
further pulverized and split into five size fractions: < 0.038 
mm, 0.045–0.038 mm, 0.075–0.045 mm, 0.120–0.075 mm, 
and 0.180–0.120 mm, and sealed in jars. The theoretical mass 
fractions of sulphur and iron in stoichiometric pyrite (FeS2) are 
46.55% and 53.45%, respectively. For the pyrite sample used 
in this study, the sulphur and iron contents are 42.18% and 
50.26%, respectively, and sample purity was determined to be 
92.44% (Figure 1).

Experimental methods
The leaching experiments were performed on a magnetic stirrer. 
Leaching agent at a predetermined concentration was added to 
the beaker and stirring was initiated. A predetermined amount 
of pyrite was added when the temperature of the leaching agent 
reached target. Following addition of the pyrite, a 3 mL sample 
of the solution was taken every 30 minutes for the first 2 hours, 
and every hour for each subsequent hour of the experiment. 
To stop further reaction within the sample, samples were 
immediately filtered and diluted following collection. To keep the 
total volume of the solution unchanged, 3 mL of fresh leaching 
agent of the same concentration as the initial reagent was added 
to the beaker after each sample was taken. The leaching progress 
is indicated by the leaching rate of iron from the pyrite. The 
concentration of iron ions in the solution was analysed using 
a UV-visible spectrophotometer. Following completion of the 
leaching experiment, the leach residue was filtered, dried at 
low temperature, and then saved for examination by scanning 
electron microscopy (SEM). 

Results and discussion

Effects of K2S2O8 concentrations on pyrite leaching 
Figure 2 displays the effect of K2S2O8 concentration on pyrite 

leaching at a pyrite concentration of 10 g/L, temperature of 70°C, 
stirring rate of 500 r/min, and a pyrite particle size of 0.075–
0.045 mm. 

From the data presented in Figure 2, it can be concluded that 
at K2S2O8 concentrations between 0.111 mol/L and 0.555 mol/L, 
the leaching rate of iron from pyrite first increase with increasing 
K2S2O8 concentration, then decrease, and then increases again. 
At K2S2O8 concentrations less than 0.407 mol/L, the leaching rate 
and speed of the reaction both increase with increasing K2S2O8 
concentration. This is because there is less sulphate radical anion 
(SO4

-) in the low-concentration reagent, and the probability of 
reaction between pyrite and peroxydisulphate can be improved 
by increasing the concentration of the solution. At K2S2O8 
concentrations between 0.407 and 0.418 mol/L, the leaching rate 
of iron from pyrite decreases with increasing K2S2O8 concentration 
according to Equation [1].

 [1]

Based on this equation, it is expected that excess 
peroxydisulphate would function as a quenching agent to the 
SO4

-, and the S2O8
2- generated in Equation [1] is less utilized than 

SO4
-, which has the effect of decreasing the pyrite leaching rate 

(Xu and Li, 2010). When the concentration of K2S2O8 is more 
than 0.481 mol/L, the leaching rate of pyrite increases again with 
increasing K2S2O8 concentration, presumably because the total 
concentration of SO4

- and S2O8
2- increases and the total oxidative 

capacity of the solution is greater. Based on the relationship 
between K2S2O8 concentration and leaching rate and the 
desire to maximize the leaching rate while minimizing reagent 
consumption, the K2S2O8 concentration was set at 0.407 mol/L for 
the following experiments. 

Effects of temperature on pyrite leaching
Figure 3 displays the effect of leaching temperature on pyrite 
leaching at a pyrite concentration of 10 g/L, K2S2O8 concentration 
of 0.407 mol/L, a stirring rate of 500 r/min, and a pyrite particle 
size of 0.075–0.045 mm. 

It can be seen that the temperature has a significant effect 
on the pyrite leaching rate. The leaching rate and speed of the 
reaction both increase as a function of temperature. At 7 hours, 

Figure 1—XRD spectrum of the pyrite sample Figure 2—Effect of K2S2O8 concentration on pyrite leaching
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the leaching rate is 17.42%; at 30°C and 65.61%. at 70°C. The 
relationship between leaching rate and temperature over the 
course of 7 hours can be expressed using the regression equation 
Y = 15.38 (e0.024T – 1), R2 = 0.9980. Thus, the leaching rate 
improves exponentially with temperature. This is because as the 
temperature increases, effective collisions between molecules 
during the oxidation reaction increase, and the dissolution rate 
of pyrite likewise increases. Based on the relationship between 
leaching rate and temperature and the desire to maximize 
reaction rates and the speed of the reaction, the temperature of 
the following experiments was set to 70°C. 

Effects of particle size on pyrite leaching
Figure 4 displays the effect of particle size on pyrite leaching at 
a pyrite concentration of 10 g/L, K2S2O8 concentration of 0.407 
mol/L, stirring rate of 500 r/min, and a leaching temperature of 
70°C. 

It can be seen that, for a given period of time, the leaching 
rate and reaction speed increase with decreasing pyrite particle 
size. After leaching for 7 hours, the leaching rate was 33.46% for 
a particle size of 0.180–0.120 mm, and 80.02% for a particle size 
of < 0.038 mm, a relative difference of 46.56%. The reason is 
that the specific surface area of a particle is inversely proportional 
to its size (Cho et al., 2017). With smaller particle sizes and 
a larger specific area, more FeS2 is exposed to the –SO4

- in the 
solution, which improves the pyrite leaching rate. Based on the 
relationship between leaching rate and particle size and the desire 
to maximize reaction rates, the particle size was set to 0.075–
0.045 mm for the following experiments. 

Effects of ferrous sulphate concentration on pyrite 
leaching at 70°C 
Figure 5 shows the effects of the ferrous sulphate concentration 
on pyrite leaching at 70°C, with a pyrite concentration of 10 g/L, 
K2S2O8 concentration of 0.407 mol/L, stirring rate of 500 r/min, 
and a pyrite particle size of 0.075–0.045 mm. 

From the data in Figure 5, it can be concluded that in the 
high-grade K2S2O8 oxidation solution at 70°C, the ferrous 
sulphate concentration has a relatively minor effect on the pyrite 
leaching rate. There are two activation mechanisms to convert 
K2S2O8 to –SO4

- – thermal activation and chemical activation (Li 
et al., 2014). Thermal activation is the predominant mechanism 
at 70°C, hence the concentration of ferrous ion has little effect on 

the generation of –SO4
-. Therefore, at 70°C, the ferrous sulphate 

concentration has little effect on the leaching of pyrite.

Effects of ferrous sulphate concentration on pyrite 
leaching at normal temperature (30°C)
Figure 6 displays the effect of the ferrous sulphate concentration 
on pyrite leaching at the normal leaching temperature of 30°C, 
a pyrite concentration of 10 g/L, K2S2O8 concentration of 0.407 
mol/L, a stirring rate of 500 r/min, and a pyrite particle size of 
0.075–0.045 mm. 

From the data in Figure 6, it can be concluded that when 
the ferrous sulphate concentration is zero, the leaching ratio of 
iron from pyrite increases slowly over time, achieving a rate of 
16.59% over 12 hours. The leaching rate and reaction speed 
can be effectively improved by increasing the concentration of 
ferrous sulphate. This is because the Fe2+ in ferrous sulphate 
can catalyse the generation of –SO4

- from peroxysulphate. As the 
concentration of ferrous sulphate is increased from 1.67 g/L to 
5.00 g/L, the leaching rate of pyrite is improved. However, further 
increases in ferrous sulphate concentration have little effect on 
the leaching rate. This suggests that a low concentration of Fe2+ is 
sufficient to catalyse the generation of –SO4

- from K2S2O8.

Figure 3—Effect of temperature on pyrite leaching

Figure 4—Effect of particle size on pyrite leaching

Figure 5—Effect of the ferrous sulphate concentration on pyrite leaching
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Effects of volumetric H2O2 concentration on pyrite  
leaching at normal leaching temperatures
Figure 7 displays the effect of volumetric concentration of 
H2O2 on pyrite leaching at 30°C at a pyrite concentration of 10 
g/L, a K2S2O8 concentration of 0.407 mol/L, a ferrous sulphate 
concentration of 5.00 g/L, a stirring rate of 500 r/min, and a 
pyrite particle size of 0.075–0.045 mm.

Increasing the H2O2 concentration can increase the leaching 
rate of iron from pyrite, and both the pyrite leaching rate and the 
speed of iron release are proportional to the H2O2 concentration. 
At 7 hours, the leaching rate at an H2O2 concentration of 2% 
was 36.60%, which is 11.85% higher than the leaching rate 
of 24.75% with no H2O2 added. During the initial stage of the 
experiment, bubbles generated in the solution were observed, 
and the formation of bubbles increased with increasing H2O2 
concentration. The reason is that hydrogen peroxide can quickly 
generate hydroxyl radicals (OH-) through the catalysis of Fe2+, 
and the combined effect of –OH- and –SO4

- can increase the speed 
of the leaching reaction. Additionally, the total oxidation capacity 
is enhanced by the input of H2O2 (Fischbacher, von Sonntag, and 

Schmidt, 2017), thus improving the leaching rate of iron from 
pyrite. 

Kinetics of oxidative pyrite leaching
Pyrite leaching is a fluid-solid two-phase reaction, and the 
leaching rate might be controlled by liquid film diffusion, solid 
film diffusion (the slowest process in surface oxidation), or 
a combination of these mechanisms (Zhong et al., 2013). 
Assuming that the pyrite particles in the fluid-solid two-phase 
reaction may be approximated as spheres of the same size, that 
the concentration of the leaching agent is maintained constant, 
and that the leaching process is controlled by chemical reaction, 
the kinetic equation of a shrinking core model can be expressed 
as:

 [2]

Liu (2012) and Zhong et al. (2013) used  Equation [2] to 
investigate the oxidation kinetics of pyrite in sulphuric acid 
media, and concluded that the apparent activation energy of 
pyrite leaching is 37 kJ/mol with a Fe3+ concentration of 30 
g/L and at temperatures between 45°C and 90°C. When the 
concentration of the leaching agent is altered during the course of 
the reaction, leaching is controlled by solid film diffusion in the 
remaining solid, and the kinetic equation for the shrinking core 
model can be expressed as:

 [3]

Bingöl, Canbazoğlu, and Aydoğan (2005) proposed a kinetic 
model based on the interface mass transfer and solid film 
diffusion, which can be expressed as:

 [4]

Ekmekyapar (2003) proposed a kinetic equation controlled by 
combined dynamics:

 [5]

According to Equation [2], if the leaching process is 
controlled by chemical reaction, the linear relationship 1 – (1 – 
x)1/3 vs. t can be plotted as in Figure 8a. Similarly, Equations [3], 
[4], and [5] can be used to approximate the leaching process 
of pyrite, as displayed in Figure 8b, 8c, and 8d. Table I lists the 
correlation coefficients (R2) of the four models, which can be used 
to indicate the applicability of these models.

From the results presented in Table I, it can be determined 
that the R2 of the dynamics model controlled by single solid 
film diffusion is closest to unity, suggesting that the oxidative 
leaching of pyrite is primarily controlled by solid film diffusion in 
the remaining solid. 

To determine effects of additional variables, including K2S2O8 
concentration and particle size at 70°C and FeSO4 and H2O2 
concentrations at 30°C on the pyrite leaching rate, a semi-
empirical model (Equation [6]) is applied to model the effects 
of K2S2O8 concentration and particle size at 70°C. An additional 
semi-empirical model (Equation [7]) is applied to calculate the 
effects of FeSO4 and H2O2 concentrations at 30°C.

 [6]

Figure 7—Effect of volumetric H2O2 concentration on pyrite leaching at 30°C

Figure 6—Effect of ferrous sulphate concentrations on pyrite leaching at 
30°C
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 [7]

where x is the leaching rate; k0, k1 are the constants representing 
the reaction rate, CK2S2O8

 is the concentration of K2S2O8 in 
mol/L; CFeSO4 is the concentration of FeSO4 in mol/L; CH2O2 is the 
concentration of H2O2 in mol/L; dp is the particle size in mm; t is 
the reaction time in minutes; and T is the temperature in kelvin.

If the concentration of K2S2O8 is modified while other 
conditions are kept the same, Equation [6] can be expressed as: 

 [8]

 [9]

Figure 9 displays curves representing the relationships 
between K2S2O8 concentration and time according to Equation 
[9]. The slopes represent the values of d[1 – 2x/3 – (1 – x)2/3]/
dt corresponding to different K2S2O8 concentrations. Similarly, 
Figures 9b and 9c display curves representing the relationships 

Figure 8—Kinetic model curves at four different temperatures (a) 1 – (1-x)1/3~t; (b) 1-2x/3 – (1-x)2/3~t; (c) 1/3ln(1 – x) – 1 + (1 – 4-x)-1/3~t; (d) 1 – 2(1 – x)1/3 + (1 – x)2/3~t

   Table I

  Correlation coefficients (R2) of the four dynamics models at different temperatures
   

T(°C)
                                                        (R2) 

 1–(1 – x)1/3 1–2x/3–(1-x)2/3 ln(1 – x)1/3-1 + (1 – x)-1/3 1–2(1–x)1/3 + (1–x)2/3

   30 0.9558 0.9960 0.9880 0.9901

   40 0.9607 0.9855 0.9797 0.9838

   50 0.9284 0.9931 0.9911 0.9930

   60 0.9368 0.9973 0.9849 0.9949

   70 0.9105 0.9965 0.9872 0.9976
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between K2S2O8 concentrations and time at different particle 
sizes, FeSO4 concentrations, and H2O2 concentrations. The slope 
of ln[d[1 – 2x/3 – (1 – x)2/3]/dt] vs Inc.K2S2O8 is 0.431 as shown in 
Figure 9a; that of ln[d[1 – 2x/3 – (1 – x)2/3]/dt] vs lndp is –0.920; 
that of ln[d[1 – 2x/3 – (1 – x)2/3]/dt] vs Inc. FeSO4 is –0.295; and 
that of ln[d[1 – 2x/3 – (1 – x)2/3]/dt] vs Inc. H

2
O

P
 is 0.378, as 

shown in Figure 10. 
If the temperature is changed but other conditions remain 

constant, the slopes of the lines in Figure 8 represent the reaction 
rate constants at different temperatures, which can be expressed 
as Equation [10]. 

 [10]

where k is the reaction rate constant; A is the frequency 
factor, a constant; Ea is the apparent activation energy; R is the 
ideal gas constant; and T is the temperature in kelvin. 

Taking the logarithm on both sides of Equation [10] yields 
Equation [11]:

 [11]

Figure 11 shows the Arrhenius curve for oxidative pyrite 
leaching, where 1/T is plotted on the x-axis and lnk on the 
y-axis. From the approximate slope of the curve, the apparent 
activation energy of pyrite leaching over the temperature range 

30–70°C is 65.30 kJ/mol, within the previously reported range of 
46–98 kJ/mol (Zhong, 2015).

By inputting the values for a, b, c, d, and Ea into Equations 
[6] and [7], the statistical average values of k0 and k1 are shown 
to be k0 = 2.3 × 105 min-1, k 1 = 5.2 × 105 min-1. The resulting 
kinetic equation for oxidative pyrite leaching at 70°C is:

 
[12]

When ferrous sulphate and hydrogen peroxide are added 
to the potassium peroxydisulphate single system at the normal 
leaching temperature of 30°C, the kinetic equation for the 
leaching reaction that expresses the effects of their concentrations 
is:

  [13]

Scanning electron microscopy
SEM images of pyrite before and after oxidative leaching are 
shown in Figure 12.

Prior to leaching, pyrite samples exhibited a compact 
structure and regular morphology with no fracture or pores. 
Pyrite samples examined after 3 hours of leaching exhibited some 

Figure 9—Plots of 1 – 2x/3 – (1– x)2/3 vs. t as a function of: (a) K2S2O8 concentration; (b) particle size ; (c) FeSO4 concentration; (d) H2O2 concentration
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Figure 10—Plots of

Figure 11—Arrhenius curve for oxidative pyrite leaching

cracks and hollows. After leaching for 7 hours, pyrite exhibited 
severely eroded surfaces and many faviform holes.

Conclusion 
This study investigated the impacts of potassium persulphate 
concentration, leaching temperature, pyrite particle size, and the 
presence of ferrous sulphate and hydrogen peroxide on pyrite 

leaching using potassium persulphate as the oxidizing agent in a 
single system of potassium persulphate and a combined system 
of potassium persulphate plus ferrous sulphate. The following 
conclusions are derived.

 ➤   At a K2S2O8 concentration of 0.111–0.555 mol/L, the 
leaching rate of iron from pyrite first increases with 
increasing K2S2O8 concentration, and then falls. The 
leaching rate reaches a peak value of 73.69% at a K2S2O8 
concentration of 0.407 mol/L. The leaching rate is also 
positively correlated with temperature, as it increases by 
48.19% when the temperature is raised from 30°C to 70°C. 
An exponential relationship can be derived between the 
leaching rate and temperature, which can be approximated 
by the formula: Y = 15.38(e0.024T – 1), R2 = 0.9980. 

 ➤   The leaching rate and speed are both inversely proportional 
to the pyrite particle size. After leaching for 7 hours, the 
leaching rate of the sample with particle size 0.180–0.120 
mm reaches to 33.46%, and that of the sample with particle 
size < 0.038 mm is 80.02%. The difference between 
these two values is 46.56%. Adding ferrous sulphate and 
hydrogen peroxide at the normal leaching temperature of 
30°C can also enhance the leaching of pyrite. However, the 
ferrous sulphate concentration has no impact on the pyrite 
leaching reaction. 

 ➤   Pyrite leaching follows the kinetic equation 1 – 2/3x – (1 
– x)2/3 = kt, which is controlled by solid film diffusion in 
the remaining solid. A kinetic equation for oxidative pyrite 
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Figure 12—SEM images of pyrite (a) before leaching, (b) after leaching 3 
hours, and (c) after leaching for 7 hours

leaching at 70×C is derived by approximating the leaching 
processes as two different systems:

The kinetic equation for leaching that considers 
concentrations of ferrous sulphate and hydrogen peroxide at 
normal temperatures of 30°C is:

Pyrite samples exhibit a regular morphology before leaching, 
but faviform holes on the surface after leaching.
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E-mail: camielah@saimm.co.za
Tel: +27 11 834-1273/7

 

 

 



Resilient futures 
for mineral processing
We would like to invite you to attend the  
XXX International Mineral Processing Congress in Cape 
Town, South Africa from 18 to 22 October 2020. 

IMPC 2020 will be hosted by the Southern African 
Institute of Mining and Metallurgy (SAIMM).

CAPE TOWN INTERNATIONAL CONVENTION CENTRE 
IMPC 2020 will be hosted at Cape Town International Convention Centre (CTICC). Since the inception of the CTICC 
in 2003, Cape Town has been proudly the number one destination for conferences in Africa, according to the latest 
International Congress and Convention Association (ICCA) statistics. 

Cape Town, the “Mother City”, is the oldest city in South Africa and has a cultural heritage spanning more than 300 
years. Cape Town is a modern, cosmopolitan city and is often rated as one of the premier world holiday destinations. The 
city has a large range of hotels & guest houses and modern transport infrastructure. The city has numerous activities & 
attractions, including Table Mountain, Robben Island, Cape Point, the Castle, V&A Waterfront, world class beaches, wine 
farms, nature reserves, scenic drives, hiking, whale watching, shark cage diving and fine dining.

CAPE TOWN INTERNATIONAL CONVENTION SQUARE
1 LOWER LONG STREET, CAPE TOWN 8001

THE SAIMM 
IMPC 2020 will be hosted by the
Southern African Institute of Mining
and Metallurgy (SAIMM). The SAIMM 
has been in existence for 125 years, 
having been established in 1894 as a 
‘learned society’ to support mining 
and metallurgical professionals during 
the emergence and growth of the 
early South African minerals industry.

Mining is of great importance to 
Africa in general, and particularly to 
Southern Africa. Africa accounts for a 
major portion of the world’s mineral 
reserves and more than half of gold, 
platinum group metals, cobalt and 
diamonds. Southern Africa produces 
over two-thirds of Africa’s mineral 
exports by value.

MEDIA SPONSOR

EVENT SPONSORS
Photo courtesy CTICC




