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The giant Kamoa–Kakula project in the Democratic Republic of Congo
by S. Amos, V. Nkuna, and B. Matsetela...........................................................................................
The Kamoa-Kakula copper project—a joint venture between Ivanhoe Mines, Zijin Mining Group,
and the government of the Democratic Republic of Congo—has been independently ranked as
the world's largest undeveloped high-grade copper discovery. A phased approach is envisaged
which involves the initial development of a 6 Mt/a underground mine and surface processing
complex at the Kakula deposit followed by an integrated 12 Mt/a two-stage development and a
subsequent, separate underground mining operation at the nearby Kansoko mine.
Sonic injection in sulphide bath smelting: an update
by J.P.T. Kapusta...............................................................................................................................
Sonic injection can be applied to any submerged tuyere bath process, including smelting,
converting, fire refining, slag cleaning, and slag fuming. This update reviews the application
and design of sonic tuyeres as a retrofit option to existing vessels to reduce energy usage and
to address SO2 abatement issues to comply with environmental regulations.
Copper electrowinning circuit design: optimized costing as a function of cell arrangement,
productivity, rectiformer size, and throughput
by E.L. Forner, J. Scheepers, A.J. du Toit, and G.M. Miller.................................................................
A model was compiled which contained a range of cellhouse layouts in terms of number of
cathodes per cell, crane productivity, stripping machine productivity, and rectifier–transformer
(rectiformer) sizing using data tables for sensitivity analysis. The model provides an optimum
band of operation for cellhouse productivity and project capital cost for a typical range of
production throughputs. The data was validated and compared with existing copper
electrowinning cellhouses around the world.
Methodology for assessing the benefits of grind control using particle size tracking
technology for true on-line particle size measurement
by R. Maron, C. O’Keefe, and J. Sepulveda ........................................................................................
An innovative technology for real-time particle size measurement on individual hydrocyclones
has been developed and proven in commercial installations, demonstrating near 100%
availability with minimal maintenance, thus overcoming the limitations of previous technologies.
As an extension of previous work, this paper presents the key operating criteria to optimize the
production of valuable metal and increase mill throughput by identifying the optimal grind size.
Relationship between ore mineralogy and copper recovery across different processing
circuits at Kansanshi mine
by L. Little, Q. Mclennan, A. Prinsloo, K. Muchima, B. Kaputula, and C. Siame ................................
The Kansanshi concentrator has three different flotation circuits for sulphide, oxide, and mixed
ores. Quantifying the variability of copper mineralization is essential to be able to monitor and
optimize the performance of the concentrator. This paper describes the relationship between
mineralogy and plant performance at Kansanshi, and discusses some of the advantages and
challenges of on-site process mineralogy.
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by D. Alexander, C. van der Merwe, R. Lumbule, and J. Kgomo ...........................................................................................................
The physical characteristics of the oxide ores provide the process design engineer with an opportunity to critically examine the
principles on which equipment selection is based and to design processes better suited to these ores. A number of innovative
changes to the conventional process design were included in the modified Luita hydrometallurgical flow sheet, the most novel of
which is an alternative approach to mitigate the impact of colloidal silica on the operation of the solvent extraction plant.
The Mutoshi Project – Part I: Metallurgical test work, process design, and project delivery
by P. Ilunga, D. Samal, M. Nicolle, M. Lampi, K. Valkama, J. Edwards, and N. Tatalias........................................................................
This paper outlines the metallurgical and process development of the Mutoshi copper–cobalt project in the Democratic Republic
of Congo. The metallurgical test work, process design, and project delivery approach are presented, along with the decisions that
were taken to minimize risk and maximize upside to the project.
Empirical model of recovery response of copper sulphide circuit at Kansanshi Mine
by M. Lusambo and F.K. Mulenga ........................................................................................................................................................
The development of a predictive model for the flotation recovery at the Kansanshi concentrator in Zambia as a function of key
operational parameters is presented. Data was recorded and collected over a period of one year of production from diverse sensors
measuring semi-autogenous milling and flotation parameters. Statistical analysis was used to identify the parameters that
contribute the most to the predictive power of the proposed empirical model.
Techno-economic evaluation of BASF’s new high-temperature solvent extraction reagent
by J.J. Taute and S.J. Archer..................................................................................................................................................................
The techno-economic benefits of using the new high-temperature extractant as an alternative to the standard extractant in a
high-temperature application were investigated. The results showed a reduction in the extractant addition requirements as well
as lower acid and limestone consumptions, leading to a reduction in valuable metal losses and a significant cost saving compared
with the standard extractant.
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Structural characteristics of strata overlying of a fully mechanized longwall face: a case study
by J. Wang, J. Ning, L. Jiang, J-Q. Jiang, and T. Bu ...............................................................................................................................
An increase in the cutting height of the shearer in longwall faces in coal mining in China has presented new challenges such as
determination of a suitable working resistance for the shield and control of the roof. Through field observation and theoretical
analysis, a three- stage structural model was developed and a suitable method identified for calculating the working resistance of
the shield support for single-cut mining height s of 6 m and greater.
Silicomanganese production at Mogale Alloys
by N.A. Sithole, N. Rambuda, J.D. Steenkamp, D.A. Hayman, and C. Hockaday...................................................................................
This paper describes the silicomanganese process that is specific to Mogale Alloys, which operates two 20 MVA submerged arc
furnaces that produce 55 000 t of SiMn per annum.
Technical and economic assessment of subsurface rock mass deformation and pore
pressure monitoring using a network of wireless devices
by C. Holck, O. Fredes, E. Widzyk-Capehart, J. Yarmuch, J. Read, and R. Castro ..................................................................................
The design and evaluation of monitoring campaigns to measure subsurface deformation and groundwater pore pressure in open
pit mines is presented. The monitoring programmes were applied to a theoretical case of an open pit mine designed using
DeepMine software. Mine plans were developed with monitoring programmes considered for four types of instrumentation.
Technical and economic appraisals of the monitoring programmes and sensitivity analysis of the developed mine plans showed
that Enhanced Networked Smart Markers (ENSMs) spaced every 4 m had the lowest cost per unit of gathered data.
An investigation of the behaviour of double oxide film defects in aluminium-magnesium
cast alloys
by M.A. El-Sayed..................................................................................................................................................................................
Two different experiments were performed to study the behaviour of double oxide film defects in Al alloys. The results of this
research could provide a better understanding of the behaviour of double oxide film defects, and may lead to the development of
new techniques to eliminate, or at least deactivate, these defects in light alloy castings.
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Copper Cobalt Africa 10–12 July 2018

T

he second Copper Cobalt Africa conference was held in the Mosi-oa-Tunya (Victoria Falls) National
Park, Zambia. Recent strong rises in the prices of copper and particularly of cobalt, coupled with
increasing international interest in developments in the African Copperbelt, attracted over 300
delegates, representing 22 countries.
Among the highlights were the outstanding keynote speakers. Sokwani Chilembo, CEO of the
Zambian Chamber of Mines, discussed the future of Zambian mining that would not only focus on
copper, but also include other strategic metals. Caspar Rawles, of Benchmark Mineral Intelligence,
presented a fascinating analysis of the role of cobalt in the rapidly emerging electric vehicle battery
market. Matt Pascal, COO of First Quantum Minerals, gave a provocative and thoughtful analysis of
the challenges of mining in Africa. ‘Who moved my cobalt stocks?’ was the title of an insightful presentation by Lara Smith,
founder of Core Consulting. Steve Amos of Ivanhoe Mines presented a very interesting update of the giant Kamoa–Kakula
project in the Democratic Republic of Congo (DRC), the largest and highest-grade undeveloped copper deposit in the world,
and Bernadette Currie of Ausenco provided an update of the state-of-the-art with respect to urban mining, particularly as
concerns recycling of battery materials.
The technical programme comprised 58 papers that showcased advances in exploration, mining, and processing
technologies. With the DRC producing more than two-thirds of the world’s cobalt, many presentations described cobalt
projects that are in development, ramping up, or recently commissioned. The best papers, presented in this issue of the
Journal, reflect the quality and diversity of the conference proceedings.
Tremendous support for this event was received from sponsors, with demand for sponsorship and exhibition
opportunities outstripping availability. Networking opportunities were also plentiful in the relaxed environments afforded by
a sunset cruise on the Zambezi River and a traditional Zambian-style boma dinner.
Following the undisputed success of the second in this conference series, the SAIMM has great pleasure in announcing
that the third Copper Cobalt Africa conference will take place in July 2021.
Some of the dignitaries present at Copper Cobalt Africa 2018

L-R: Mooya Lumamba (Director of Mines and Minerals, Zambia), Jackson Sikamo (Chairperson and Country Manager at
Chibuluma Mines Plc, Zambia), Sehliselo Ndlovu (then President: SAIMM), Paul Chanda (Permanent Secretary: Zambia
Ministry of Mines and Mineral Development), Sokwani Chilembo (CEO Zambian Chamber of Mines), Darius Muma (Zambian
Branch Chair: SAIMM), Kathy Sole (Conference Chair: Copper Cobalt Africa 2018).
Kathryn C. Sole (PrEng, PhD, FSAIMM)
Chair of the Organizing Committee: Copper Cobalt Africa
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A new dawn for the mining industry?
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s I sit here writing this President’s Corner, today’s dawn has brought with it the first real rains
of the summer. I am reminded that the rain represents a blessing showered down upon us, and
our country. Is this a blessing for our industry?
Much has changed for the mining industry over the last few months, or has it?
First, after the inauguration of the new President of South Africa, the promise of a ‘new dawn’
for South Africa and its peoples created a sense of euphoria, popularly described as ‘Ramaphoria’.
Exactly what the new dawn will bring for us is not altogether clear, however. Sello Lediga, writing in
the Daily Maverick on 7 May 2018, points to the following as four pillars that could assist the
President in clarifying the concept, these being:
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 Establishing clean governance and an intensified anti-corruption drive. Given the events and announcements of the
last month and the revelations from the State Capture inquiry, this resonates even louder.
 Rebuilding a broken economy. Many sectors of the economy are broken, but is mining broken beyond repair, or just
damaged, and in need of some care and attention?
 Rebuilding our education and training systems.
 Thuma Mina, which is a spirit epitomized in the music of Hugh Masekela,who wrote: ‘I wanna be there when the people
start to turn it around/When they triumph over poverty/I wanna be there when the people win the battle against AIDS/I
wanna lend a hand/ I wanna be there for the alcoholic/ I wanna be there for the drug addict/ I wanna be there for the
victims of violence and abuse/ I wanna lend a hand/Send me.’
These pillars reflect the objectives of the National Development Plan, as described in my Presidential Address.
Turning more specifically to the mining industry, we have seen the replacement of the previous Minister of Mineral
Resources with Minister Mantashe, and this has been widely supported as heralding the dawn of a new era within the
Department of Mineral Resources, headed up by a man who knows the industry well. This creates the opportunity for open
and transparent dialogue; but, of course, the engagements will be robust. This was clearly illustrated at the Joburg Indaba
and the launch of the Mandela Mining Precinct, where the Honourable Minister emphasised the need for all parties to work
together for the future of the industry.
First and foremost on the agenda for the new Minister has been the resolution of outstanding issues in the Mining
Charter, so as to create, through engagement, a version of the Charter that has broad support. Notwithstanding this broad
support, there are still issues to be resolved, and definitions and intent to be more clearly defined. However, at least
certainty has been established on a number of issues, some of which are of importance to the SAIMM. In particular, the
need for increased research and development capability and capacity, and the focus on increased localization of the supply
chain to the mining industry present opportunities for job creation and skills development.
The recent gazetting of the Department of Science and Technology White Paper on Science, Technology and Innovation
established a vision of ‘Science, Technology and Innovation (STI) enabling sustainable and inclusive South African
development in a changing world’, which has the following objectives:
 Improved National System of Innovation (NSI) partnerships, coherence, and coordination
 Strengthened and transformed NSI institutions;
 Increased human capabilities
 Expanded research enterprise
 Enhanced enabling environment for innovation
 Improved financing for the NSI funding regime.
The White Paper stresses the need for R&D to be inclusive and interdepartmental at government level, and to be panAfrican, with a strong emphasis on skills development and the embracing of Industrial Revolution 4.0 in South African
growth and competitiveness. This approach also provides opportunity for the SAIMM to support and develop the R&D
initiatives for the mining industry through dissemination of information and knowledge, and to allow for dialogue and
engagement between interested stakeholders, beyond the traditional or historical norm.
Not only the Charter, but also the White Paper emphasises the need for the development of circular and lateral
economies around mining areas, involving the development of local industrialization, agri-businesses, and alternative
energy sources, so as to ensure the sustainability of mining communities after the mining has ceased.
Of course, if there is a new dawn for mining, there must be mineral resources within the country that can continue to
be exploited. This requires a new approach to exploration, a topic that is partially addressed by the Charter, but which
requires further debate to encourage investment in this vital activity.
All of these announcements, initiatives, and activities create a context for the SAIMM, in terms of its forward-looking
strategy.
The Council of the SAIMM, through Office Bearers, has used this context to develop a new strategic plan for the
Institute. Previous strategic plans have tended to be more operational than strategic, so a longer term vision and context
was used to develop this plan, which takes at least a five-year view of the future.

A new dawn for the mining industry? (continued)
The plan has established a new vision for the Institute, which is ‘To be an independent and globally recognized
platform for the development of the African minerals industry of the future.’
This vision articulates that the Institute, in order to remain current and valuable to its members, needs to explore new
means of establishing dialogues between multiple stakeholders, while preserving its professional, independent, and
apolitical status.
The strategic plan contains six focus areas, which are as follows.
 Redefining who we are. This involves issues such as:
• How to better engage with our members using modern technology
• How to better market our products and services in a modern way
• How to embrace state-of-the-art digital technology
• How to send out a modern message to members and prospective members
• How to further engage and collaborate with our key partners.
 Modernizing and extending our reach. This covers:
• Reassessing and modernizing current offerings and services in line with individual and company needs, i.e. a
review of what ‘the industry’ needs and expects
• Aggressive marketing of the Institute
• Initiating stakeholder mapping and nurturing current and new relationships
• Adapting to an Industrial Revolution 4.0 world, where there may be new partners
• Holding general meetings (local and regional) to eke out what members want from the SAIMM
• Developing a strategy to engage new professions for modern mining
• Engaging with emerging/junior miners to develop a strategy with them (value proposition) and others in this space
• Supporting localization and local supply chain development
• Extending into ‘green mining’ for sustainable communities.
 Keeping in touch.
This involves using Council meetings to inform members of developing issues, and the landscape as it changes. This
means adopting a more dynamic and open approach, and using these discussions to form TPC initiatives for ‘platform’
issues.
 Strengthening and extending our geographic reach.
• Instituting a project for improving geographic reach (linked to the digitalization strategy via a focused approach).
This involves being able to share meetings, presentations etc. remotely on a live basis
• Creating mechanisms to link old/new ideas
• Developing an SAIMM app for members to interact with the Institute
• Increasing our geographical reach through engagement with MIASA (Mining Industry Associations of Southern
Africa)
• Strengthening existing branches and links.
 Creating platforms.
• Harnessing a portal for ‘independent platform’ issues and strategy
• Being the conduit for digitalization, new technology, and the Mine of the Future
• Making the TPC Digitalization in Mining strategy work for all
• Creating a regularized calendar of breakfast events
• Identifying burning platform issues where we can add value through facilitation and dialogue
• Supporting, collaborating in, and creating the Mine of the Future
• Green mining (work with Minerals to Metals and MineCare)
• Establishing a knowledge hub
• Establishing an emerging miners hub, working with financiers, MCSA, WIM etc.
• Supply chain development and localization
• Creating an industry-wide independent ‘hackathon’-type annual platform
• Establishing a serious role for the YPC.
 Strengthening our professionalism.
• Setting out SAIMM conditions of professionalism (ethics/code of conduct)
• Reaffirming our ethics to our members
• Constantly re-emphasising the importance of membership to the industry
• Engagement with MCSA and other organizations
• Strengthening our ties with ECSA, SACNASP, and other statutory organizations
• Continuing to punch above our weight on SAMREC, SAMVAL, and IMVAL
• Continuing and strengthening our position in the Global Mining Guidelines Group
• Engaging actively in Global Mining Professional Associations, activities by representing Africa.
All of these strategic issues are now being turned into action plans, and members will be regularly updated on progress
and alignment of the Institute to its vision, the African Mining Vision, and the National Development Plan.

A.S. Macfarlane
President, SAIMM
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The giant Kamoa—Kakula project
in the Democratic Republic of Congo
by S. Amos*, V. Nkuna†, and B. Matsetela†

The Kamoa-Kakula copper project—a joint venture between Ivanhoe Mines,
Zijin Mining Group Co. Ltd, and the government of the Democratic Republic
of Congo—has been independently ranked as the world's largest
undeveloped high-grade copper discovery by international mining
consultant Wood Mackenzie. It is a very large, near-surface stratiform
copper deposit with adjacent prospective exploration areas within the
Central African Copperbelt, approximately 25 km west of the town of
Kolwezi and about 270 km west of the provincial capital of Lubumbashi. A
phased development approach is currently envisaged. The first phase of the
project involves the development of a 6 Mt/a underground mine and surface
processing complex (dual stream concentrator) at the Kakula deposit, a
discovery announced in early 2016. The second phase involves an integrated
12 Mt/a two-stage development, beginning with initial production from the
Kakula mine, to be followed by a subsequent, separate underground mining
operation at the nearby Kansoko mine, along with the construction of a
smelter.
745/
copper, Democratic Republic of Congo, mineral resources, economic
evaluation, staged development.

547-187/-53,1342862804-613428
The Kamoa–Kakula project comprises a newly
discovered, very large stratiform copper
deposit with adjacent prospective exploration
areas, located within the Central African
Copperbelt in Lualaba Province, Democratic
Republic of Congo (DRC). The Kamoa–Kakula
project lies approximately 25 km west of the
town of Kolwezi and about 270 km west of
Lubumbashi. Ivanhoe owns a 49.5% share
interest in Kamoa Holding, an Ivanhoe
subsidiary that currently owns 80% of the
project. Zijin Mining owns a 49.5% share
interest in Kamoa Holding, which it acquired
from Ivanhoe in December 2015 for an
aggregate cash consideration of US$412
million. The remaining 1% interest in Kamoa
Holding is held by privately-owned Crystal
River.
The Kamoa–Kakula project consists of the
Kamoa exploitation licences (exploitation
permits 12873, 13025, and 13026, which
cover an area of 397.4 km2) and one
exploration licence (exploration permit 703
covering an area of 12.74 km2). The Kamoa
exploitation licences, approved 20 August
2012, grant Kamoa Copper the right to explore
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* Kamoa Copper SA, South Africa.
† Ivanhoe Mines, South Africa.
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for, develop, and exploit copper and other
minerals, for an initial 30-year term, expiring
on 19 August 2042. The permits can then be
extended for 15-year periods until the end of
the mine’s life.
The Kamoa–Kakula project area is sparsely
inhabited. The company is preparing a
resettlement plan that will identify any
traditional owners within the project area, but
no major resettlement is expected.
Compensation related to land access for the
exploration programmes completed to date has
been successfully negotiated and has not
amounted to a material cost to the company.
Pursuant to the DRC Mining Code, the
grant of the Kamoa exploitation licences
triggered an obligation on the part of Ivanhoe
to transfer to a DRC state-owned nominee, for
no consideration, a non-dilutable 5% interest
in Kamoa Copper within 30 working days. On
11 September 2012, the company satisfied this
obligation by transferring 5% of the share
capital of Kamoa Copper to the DRC state. In
addition, during the application process for the
grant of the Kamoa exploitation licences,
Ivanhoe engaged in discussions with the DRC
government regarding the nature of the DRC’s
participation in the project. These discussions
culminated in Ivanhoe offering to transfer a
further 15% interest in Kamoa Copper to the
DRC on terms to be negotiated between
Ivanhoe and the DRC government. On 11
November 2016, an additional 15% interest in
Kamoa Copper was transferred to the DRC by
Kamoa Holding. Ivanhoe and Zijin Mining
have also indicated their willingness to
participate, in conjunction with the DRC
government, DRC state-owned utilities, other
mining companies, and interested parties in

The giant Kamoa—Kakula project in the Democratic Republic of Congo
the region in the enhancement of rail and power
infrastructure in Lualaba and adjacent provinces.

:3/1458
The Kamoa–Kakula project represents the first discovery of a
major copper deposit or district in Lualaba Province since the
early 1900s, and indicates the prospectivity of the Katangan
section of the Central African Copperbelt for discovery of
additional copper deposits. During the period 1971–1975, the
Tenke Fungurume Consortium, operating as the Societé
Internationale Des Mines du Zaïre, undertook grassroots
exploration over an area that extended southwest from
Kolwezi towards the Zambian border. A helicopter-supported
regional stream sediment sampling programme was
completed in 1971. No sample location information is
available for any sampling that may have been done within
the Kamoa–Kakula project area during this period.
In 2003, Ivanhoe acquired a significant groundholding,
including the permit areas that now comprise the Kamoa–
Kakula project. Work completed to date includes data
compilation; acquisition of satellite imagery; geological
mapping; stream sediment and soil geochemical sampling; an
airborne geophysical survey that comprised total field
magnetic intensity, horizontal and longitudinal magnetic
gradient, multi-channel radiometric, linear and barometric,
and altimetric and positional data; acquisition of whole-rock
major and trace element data from selected intervals of the
mineralized zone and footwall sandstone in dril-lhole
DKMC_DD019; and aircore, reverse circulation (RC), and core
(DDC) drilling.
An initial Mineral Resource Estimate was prepared by
AMEC for the project in 2009. The estimate was updated in
2010, 2011, 2012, 2014, 2016, 2017, and 2018.

;7404(8628.3275603>61342
The metallogenic province of the Central African Copperbelt is
hosted in metasedimentary rocks of the Neoproterozoic
Katanga Basin. The lowermost sequences were deposited in a
series of restricted rift basins that were then overlain by
laterally extensive, organic-rich marine siltstones and shales.
These units contain the bulk of the ore deposits within the
Central African Copperbelt (Kamoa–Kakula is, however, an
exception to this). This is in turn overlain by an extensive
sequence of mixed carbonate and clastic rocks of the Upper
Roan Group. The Roan Group now forms a northerlydirected, thin-skinned thrust-and-fold orogenic system, the
Lufilian Arc, which resulted from the convergence of the
Congo and Kalahari cratons. The metallogenic province is
divided into two distinct districts: the Zambian and Congolese
or Katangan copperbelts.
The Katangan Basin overlies a composite basement made
up of older, multiply deformed and metamorphosed
intrusions that are mostly of granitic affinity and supracrustal
metavolcanic–sedimentary sequences. In Zambia, this
basement is mainly Paleoproterozoic in age (2100–1900 Ma),
whereas in the Kamoa–Kakula region, only Mesoproterozoic
basement (ca. 1100–1300 Ma) is known.
The majority of the Kamoa–Kakula project area lies on a
broad, gentle plateau between two major north−northeasttrending structures. To the east, and identified primarily by
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airborne magnetics, is the Kansoko Trend, which is the
interpreted boundary with the External Fold and Thrust Belt.
The geology of the Kansoko Trend is currently poorly
defined. To the west is a prominent escarpment and magnetic
feature named the West Scarp Fault.
The Kamoa–Kakula project is located in a broadly folded
terrane centred on the Kamoa and Makalu domes between
the West Scarp Fault and Kansoko Trend. The domes form
erosional windows exposing the redox boundary between the
underlying haematitic (oxidized) Roan sandstones and the
overlying carbonaceous and sulphidic (reduced) Grand
Conglomerate diamictite (host to the mineralization). Unlike
the tectonically dismembered deposits of the Katangan
Copperbelt and the External Fold and Thrust Belt, the host
rocks at Kamoa–Kakula are intact and relatively undisturbed.
Mineralization at the Kamoa–Kakula Project has been
defined over an irregularly shaped area of 27 km × 15 km.
Mineralization is typically stratiform and vertically zoned
from the base upwards with chalcocite (Cu2S), bornite
(Cu5FeS4), and chalcopyrite (CuFeS2). There is significant
pyrite mineralization above the mineralized horizon that
could possibly be exploited to produce pyrite concentrates for
sulphuric acid production (needed at oxide copper mines in
the DRC).
The dip of the mineralized body ranges from 0º to 10º
near–surface above the Kamoa dome to 15º to 20º on the
flanks of the dome. Mineralization thicknesses at a 1.0% Cu
cut–off grade range from 2.3 m to 15.8 m (for Indicated
Mineral Resources). The deposit has been tested locally from
below surface to depths of more than 1560 m, and remains
open to the east and south.
Mineralization in the majority of the Katangan Copperbelt
orebodies, such as at those located at Kolwezi and Tenke–
Fungurume, is oxide in nature and is hosted in the Mines
Subgroup (R2). The mineralization at Kamoa–Kakula differs
from these deposits in that it is primarily sulphide
mineralization located in the Grand Conglomerate unit
(Ki1.1) at the base of the Lower Kundelungu Group.

'32756087/4*5-7/8
Kamoa–Kakula Mineral Resources (Table I), as defined for
the Prefeasibility Study (PFS) and Preliminary Economic
Assessment (PEA), are effective 16 May 2017 and are based
on drilling up to 5 May 2014 for Kamoa and 18 April 2017
for Kakula.

     
  
The new estimate boosts the total tonnage of Kakula’s
Indicated Mineral Resources by 50%, at a 3% Cu cut-off,
compared with the previous Kakula resource estimate issued
in May 2017 that covered a strike length of 7.7 km. The May
2017 resource was used in the 2017 PEA and PFS studies.
Kakula’s new Indicated Mineral Resources at a 3% cut-off
grade have increased by 58 Mt and currently total 174 Mt at
a grade of 5.62% Cu. This compares with the May 2017
estimate of 116 Mt at 6.09% Cu, at the same cut-off grade.
Estimated Inferred Mineral Resources now total an additional
9 Mt at a grade of 3.66% Cu, at a 3% cut-off. At a 1% Cu cutoff, Kakula’s Indicated Mineral Resources have increased by
58%, now totalling 585 Mt at 2.92% Cu.
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Table I

6.466 *068,547-18'32756087/4*5-7/8%'68#)8) 8*8-*1!4++8(567&
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Indicated
Inferred
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1101
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60.3
19.8
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6.3
4.3

2.85
2.12

42163278-4,,75
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31 391
5 178

69.2
11.5

Table II

6.466 *068547-18'32756087/4*5-7/8%'65- 8#)8) 8*8-*1!4++8(567&8
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4226(78%'1&

Indicated
Inferred

1340
315

5768% .&

5*781 3- 27//8%.&

4,,758% 8*&

6.9
4.6

2.72
1.87

70.1
24.9

42163278-4,,75
% 1&
%$30034280$&
36 600
5 890

80.7
13.0

3(*578)6.46!6 *06857/4*5-78.6,

57+76/3$303181*86285703.32658-424.3//7//.721
The PFS and PEA were based on the May 2017 Mineral
Resource Estimate. The Kakula Mineral Resource has
subsequently been significantly expanded and includes the
Kakula West extension as summarized above. In November
2017, Ivanhoe issued the results of the Kamoa 2017 PFS and
the Kakula 2017 PEA that reflected the updated development
scenarios for the Kamoa-Kakula project. The three potential
development scenarios examined include:
1. Initial mine development scenario. The Kakula 2017
PEA evaluates the development of a 6 Mt/a
underground mine and surface processing complex at
          

the Kakula deposit (a discovery announced in early
2016) as the project’s first phase of development.
2. Expanded two-mine development scenario. The
Kakula 2017 PEA also includes an option for an
integrated 12 Mt/a two-stage development, beginning
with initial production from the Kakula mine, to be
followed by a separate underground mining operation
at the nearby Kansoko mine, along with the
construction of a smelter.
3. Kamoa 2017 PFS. The Kamoa 2017 PFS evaluates the
development of the Kansoko mine as a standalone 6
Mt/a underground mine and surface processing
complex that would be supplied with ore from the
Kansoko Sud and Kansoko Centrale areas of the
Kamoa deposit, which were discovered in 2008. The
PFS refines the findings of the March 2016 Kamoa
PFS, which envisaged a production rate of 3 Mt/a.
"'8))
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The expanded Kamoa–Kakula project Mineral Resources
are shown in Table II, and the resource map is shown in
Figure 1.

The giant Kamoa—Kakula project in the Democratic Republic of Congo
7832313608,547-1342/8+54.86 *068#)8 8
The study assessed the potential development of the Kakula
deposit as a 6 Mt/a mining and processing complex. The
Kakula mill would be constructed in two smaller phases of 3
Mt/a each as the mining operations ramped up to full
production of 6 Mt/a. The 24-year life-of-mine production
scenario provides for 108.4 Mt to be mined at an average
grade of 5.48% Cu, producing 9.4 Mt of high-grade
concentrate, containing approximately 11.4 billion pounds of
Cu.
The average annual production rate for the first five years
of operation would be 246 000 t Cu at a mine site cash cost
of US$0.45 per pound Cu and total cash cost of US$1.08 per
pound Cu, with annual production reaching up to 385 000 t
Cu by year four.
The estimated initial capital cost, including contingency,
is US$1.2 billion. The capital expenditure for off-site power,
which is included in the initial capital cost, includes a
US$1 million advance payment to the DRC state-owned
electricity company, SNEL, to upgrade two hydropower plants
(Koni and Mwadingusha) to provide the Kamoa–Kakula
project with access to clean electricity for its planned
operations. Mwadingusha is being upgraded first. The work
is being led by Stucky Ltd., of Switzerland; the advance
payment will be recovered through a reduction in the power
tariff.
The economic analysis uses a long-term price assumption
of US$3.00 per pound Cu and returns an after-tax net present
value (NPV) at an 8% discount rate of US$4.2 billion. It has
an after-tax internal rate of return (IRR) of 36.2% and a
payback period of 3.1 years.
The Kakula 2017 PEA envisages a three-year
development period, with development of twin underground
declines already well underway. The Kakula 2017 PEA’s
returns for the 6 Mt/a initial development scenario are set out
in Table III for long-term copper prices of $3.00 and $3.50
per pound. Table IV sets out the mining, processing,
production, and operating and capital cost estimates.

,6278)8'1687704,.7218/-7265348+4586 *06
6286.4687,4/31/8
The Kakula 2017 PEA also assessed the potential
development of the Kakula and Kamoa deposits as an
integrated 12 Mt/a mining and processing complex, built in
two stages. This scenario envisages the construction and
operation of two separate facilities: an initial mining
operation on the Kakula deposit, followed by a, separate
mining operation at the Kansoko Sud and Kansoko Centrale
areas of the Kamoa deposit.
As this two-stage development scenario was based on
delineated resources at the time (announced May 2017), it
does not incorporate the mining of any resources that were
delineated at the Kakula West discovery and announced in
February 2018 or resources that may result from the ongoing
drilling of high-priority targets located in the untested parts
of the Kamoa–Kakula project area.
Each mining operation is expected to constitute a
separate underground mine with a shared processing facility
and surface infrastructure. Included in this scenario is the
construction of a direct-to-blister flash (DBF) copper smelter
with a capacity of 690 000 t of copper concentrate per
annum. As the resources at the Kakula and Kansoko mines
are mined out, production would begin at Kamoa North to
maintain a throughput of 12 Mt/a to the then-existing
concentrator and smelter complex.
Table III

6 *068#)85703.32658-424.3-8 //7//.7218+45
042(!175.8-4,,758,53-7/
656.7175

"42(!175.8*8,53-7

Net present value (8% discount rate, $ million)
Internal rate of return (%)
Project payback (years)

##0$

 #0$

4 243
36.2
3.1

5 764
42.8

Table IV

'3232(8,54-7//32(8628-6,316086284,756132(8-4/187/13.617/8+4586 *068#)8
656.7175
Plant feed milled (kt)
Copper feed grade (%)
Copper recovery (%)
Concentrate produced (kt)
Copper concentrate grade (%)
Contained copper in concentrate (kt)
Contained copper in concentrate (million lb)

4160803+784+8.327

"3+7!4+!.32786756(7

108 422

4 518
5.48
86.9
392
54.9
215
210

9400
5164
11 385

66$078-4,,758%0$&
Mine site cash costs
Total cash costs

0.60
1.23

4160803+784+8.327
Peak funding ($ million)
Initial capital cost ($ million)
Expansion capital cost ($ million)
Sustaining capital cost ($ million)
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The 44-year life-of-mine production scenario provides for
444.3 Mt to be mined at an average grade of 3.79% Cu,
producing 34.2 Mt of concentrate, of which 24.5 Mt is
smelted internally and 9.7 Mt is sold to external smelters.
This produces approximately 30.0 billion pounds of copper
cathode and 10.6 billion pounds of copper in concentrate.
The average annual production rate would be 370 000 t
Cu at a mine site cash cost of US$0.63 per pound copper and
total cash cost of US$1.02 per pound, after sulphuric acid
credits, for the first ten years of operations, with recovered
copper annual production of up to 542 000 t by year nine.
Given that the first phase is the same as the Kakula 6 Mt/a
initial scenario, estimated initial capital cost, including
contingency, is approximately the same, at US$1.2 billion.
Expansion capital is then funded by using internal cash
flows. The economic analysis uses a long-term price
assumption of US$3.00 per pound of copper and returns an
after-tax NPV at an 8% discount rate of US$7.2 billion. It has
an after-tax IRR of 33.0% and a payback period of 3.1 years.
The Kakula 2017 PEA’s returns, for the expanded 12
Mt/a scenario, are shown in Table V for long-term copper
prices of $3.00 and $ 3.50 per pound. Table VI sets out the
mining, processing, production, and operating and capital
cost estimates.

*..6584+8 7857/*01/8+4581 786.468#)
57+76/3$303181*8
In addition to the PEA, a PFS was completed for the
development of a 6 Mt/a Kansoko mine at the Kamoa
deposit. This refined the findings of the Kamoa March 2016
PFS, which envisaged a production rate of 3 Mt/a.
The PFS is based entirely on the Kamoa 2017 PFS
Mineral Reserve, details of which are shown in a section
below. The PFS re-assessed the development of the Kamoa
deposit as a standalone 6 Mt/a mining and processing

complex. The 26-year life-of-mine production scenario
schedules 125.2 Mt to be mined at an average grade of
3.81% Cu, producing 11.4 Mt of high-grade copper
concentrate containing approximately 9.2 billion pounds Cu.
The average annual production rate would be 178 000 t
Cu at a mine site cash cost of US$0.57 per pound Cu and
total cash cost of US$ 1.44 per pound Cu for the first ten
years of operation, with an annual production of up to 245
000 t Cu by year seven. The estimated initial capital cost,
including contingency, is US$1.0 billion.
The economic analysis used a long-term price assumption
of US$3.00 per pound Cu and returns an after-tax NPV at an
8% discount rate of US$2.1 billion, which is an increase of
110% compared with the after-tax NPV8% of US$986 million
that was projected in the Kamoa 2016 PFS. It has an aftertax IRR of 24.2% and a payback period of 5.0 years. The
estimated initial capital cost, including contingency, is
US$1.0 billion.
The Kamoa 2017 PFS returns, at a production rate of 6
Mt/a, are shown in Table VII for long-term copper prices of
$3.00 and $ 3.50 per pound. Table VIII summarizes the
mining, processing, production, and operating and capital
cost estimates.

Table V

6 *068#)87,6278/-72653485703.3265
-424.3-8 //7//.7218+458042(!175.8-4,,758,53-7/
656.7175

"42(!175.8*8,53-7

Net present value (8% discount rate, $ million)
Internal rate of return (%)
Project payback (years)

##0$

 #0$

7 179
33.0
4.7

9 808
39.6

Table VI

'3232(8,54-7//32(8628-6,316086284,756132(8-4/187/13.617/8+4586 *068#)87,6278/-726534
656.7175
Plant feed milled (kt)
Copper feed grade (%)
Copper recovery (%)
Concentrate produced (kt)
Concentrate smelted (kt)
Concentrate sold (kt)
Copper concentrate grade (%)
Contained copper in blister (kt)
Contained copper in blister (million lb)
Contained copper in concentrate (kt)
Contained copper in concentrate (million lb)

4160803+784+8.327

"3+7!4+!.32786756(7

444 276

10 079
3.79
86.0
777
556
221
42.3
216
476
110
242

34 206
24 461
9744
9505
20 955
4820
10 627

66$078-4,,758%0$&
Mine site cash costs
Total cash costs (after credits)

0.78
1.20

4160803+784+8.327

          

1 139
1 235
3 647
5 133
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Peak funding ($ million)
Initial capital cost ($ million)
Expansion capital cost ($ million)
Sustaining capital cost ($ million)

The giant Kamoa—Kakula project in the Democratic Republic of Congo
Table VII

6 *068#)857+76/3$303181*8571*52/8+458042(!175.8-4,,758,53-7/
"42(!175.8*8,53-7

656.7175

Net present value (8% discount rate, $ million)
Internal rate of return (%)
Project payback (years)

##0$

 #0$

2 063
24.2
5.0

3 126
30.5

Table VIII

'3232(8,54-7//32(8628-6,316086284,756132(8-4/187/13.617/8+4581 786.468#)8 
656.7175
Plant feed milled (kt)
Copper feed grade (%)
Copper recovery (%)
Concentrate produced (kt)
Copper concentrate grade (%)
Contained copper in concentrate (kt)
Contained copper in concentrate (million lb)

4160803+784+8.327

"3+7!4+!.32786756(7

125 182

4815
3.81
87.5
439
36.6
354
161

11 405
9211
4178

66$078-4,,758%0$&
Mine site cash costs

0.64

Total cash costs

1.51

4160803+784+8.327
Peak funding ($ million)

1 070

Initial capital costs ($ million)

1 004

Expansion capital costs ($ million)

348

Sustaining capital costs ($ million)

1 334

'3232(86186.46
The Kamoa 2017 PFS includes a Probable Mineral Reserve of
approximately 125.2 Mt grading at 3.81% Cu, which has
been defined in multiple mining zones to support a 6 Mt/a
production rate over a 26-year mine life. The PFS targets the
Kansoko Sud and Kamoa Centrale areas of the Kamoa
resource. These ore zones occur at depths ranging from
approximately 60 m to 1235 m. Access to the mine will be
via twin declines. Mining will be by the room and pillar
(R&P) method for areas between 60 m and 150 m and
controlled convergence R&P (CCR&P) for mineralized zones
below 150 m. The methods were modified from previous
studies.
Based on the positive results of the CCR&P validation
study completed in 2016 by KGHM Cuprum Ltd., Kamoa
Copper engaged KGHM Cuprum to provide CCR&P design
criteria, schedule inputs, panel sequencing, and technical
contributors for the PFS.
The production development of the R&P method will be
in a grid-like fashion, using 7.0 m wide drifts. The room
development will run parallel to the strike of the panel for
dips less than 20°, with belt drives running at an acute angle
to the room drifts. Where the dip is greater than 20°, the
rooms will be developed slightly off strike to accommodate
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the acute angle between the room development and the belt
drives. The R&P areas, designed to prevent subsidence, will
be accessible if maintained and ventilated.
CCR&P mining will be used in the mineralization zones
below 150 m. An initial panel will be taken as a trial to
further define the design criteria, operational procedures, and
geotechnical monitoring programmes. The production
schedule is based on mining 70% of the trial panel prior to
commencing additional CCR&P panels.
CCR&P mining is based on the strength and strain
parameters of the rock that makes up the mining panel
supporting pillar or technological pillars, and includes the
following parameters:
 Ore zone below 150 m
 Strength of the immediate roof (i.e., roofbolting and
handling of the rockburst threat)
 Strength and strain parameters of the rocks within the
roof of the extraction panel (i.e., the slow bending
above the extraction space and in the workings)
 Technological pillars (pillars between rooms) designed
to work in post-destruction strength state to maximize
ore extraction.
The development schedule focuses on the establishment
of necessary mine services and support infrastructure to set
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up the initial production mining areas and ramp up to 6 Mt/a
ore production and associated development waste. The
development schedule is broken down into the following
three main phases:
 Phase 1: development of the declines to the main ore
bins
 Phase 2: R&P mining and CCR&P pillar trial panel
 Phase 3: development of Centrale and Sud mining
areas.
The production schedule is based on the following
criteria:





Proximity to the main access and early development
High grade and thickness
Mining direction
Panel sequencing follows a declining copper grade
profile.

The production will ramp up over a five-year period,
achieving full production by year six. The schedule maintains
full production for 17 years with an overall mine life of 26
years. The schedule is developed to mine a portion of the ore
tonnage from Kansoko Sud while the majority of the ore
production is from Centrale mining area.

'3232(86186 *06
Kamoa Copper prepared a mining method selection study for
the thicker portions of the Kakula deposit that analysed the
resource geometry, grade distribution, ore thickness, and
preliminary geotechnical information to determine the most
appropriate mining methods. The study also included key
criteria such as extraction percentage, design flexibility,
productivities, and safety in the evaluation to ensure the
selection process was all-encompassing. The results of the
study indicate that drift-and-fill with paste fill (D&F) is the
preferable method for the high-grade portion of the Kakula
resource greater than 6 m thick. This method meets all
evaluation objectives. The D&F method has a greater amount
of flexibility related to challenges that will be encountered,
such as steeply dipping portions of the deposit and
groundwater.

In parallel with the mining method selection study for the
thicker area, Kamoa engaged KGHM Cuprum to investigate
the areas of the resource ranging between 3 m and 6 m in
thickness and with dips from 12° to 25° for possible
application of CCR&P mining methods. The CCR&P validation
study included geotechnical drilling and test work that
compared the rock properties and geotechnical parameters
between Kakula and the KGHM orebody in Poland. The
results of the study were positive, indicating that the method
can be applied to Kakula.
The two mining methods selected for the 2017 Kakula
PEA were D&F and CCR&P. There is further work required
during the ongoing 2018 PFS to further refine the mining
method design criteria and associated inputs to confirm the
assumptions used in the PEA. The mine layout is shown in
Figure 2.

'71600*5(3-60817/1845 8628-42-7215614587/3(2
Between 2010 and 2015, a series of metallurgical test work
programmes was completed on drill-core samples of Kamoa
mineralization. These investigations focused on metallurgical
characterization and flow sheet development for the
processing of hypogene and supergene copper mineralization.
In 2016, further bench-scale metallurgical flotation test
work was carried out at XPS Consulting and Testwork
Services laboratories in Falconbridge, Ontario, Canada. This
work was conducted on composite samples of drill core from
the Kansoko Sud and Kansoko Centrale areas in the southern
part of the Kamoa Mineral Resource area. The flow sheet
developed was suited for the fine-grained nature of the
material and yielded positive results. Test work on a
composite grading 3.61% Cu produced a copper recovery of
85.4% at a concentrate grade of 37.0% Cu. The second
composite, grading 3.20% Cu, produced a copper recovery of
89.2% at a concentrate grade of 35.0% Cu using the same
flow sheet.
Additional bench-scale metallurgical flotation test work
was carried out in 2016 on two chalcocite-rich composites
from the Kakula deposit at a Zijin Mining laboratory in
Xiamen, China and by XPS Consulting and Testwork
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The giant Kamoa—Kakula project in the Democratic Republic of Congo
Services. The initial composite, grading 4.1% Cu, produced a
copper recovery of 86% at a concentrate grade of 53% Cu at
the Zijin Mining laboratory in July 2016. The second
composite, grading 8.1% Cu, produced a recovery of 87% at
an extremely high concentrate grade of 56% Cu. The flotation
tests were conducted using the circuit developed during the
2016 Kamoa PFS.
Average arsenic levels in the concentrate were measured
as approximately 0.02%, which is significantly lower than the
limit of 0.5% imposed by Chinese smelters. Extremely low
arsenic levels in concentrate are expected to attract a
premium from copper concentrate traders.
The concentrator design (Figure 3) incorporates a run-ofmine stockpile followed by primary and secondary crushing
on surface. The crushed material, with a design size
distribution of 80% passing (or P80) 9 mm, is fed into a twostage ball-milling circuit for further size reduction to a target
grind size P80 of 53 μm. The milled slurry will be passed
through a rougher and scavenger flotation circuit. The highgrade, or fast-floating, rougher concentrate and mediumgrade, or slow-floating, scavenger concentrate will be
collected separately. The rougher concentrate is upgraded in
two stages to produce a high-grade concentrate. The
medium-grade scavenger concentrate and tailings from the
two rougher cleaning stages, representing approximately 25%
of the feed mass, will be combined and re-ground to a P80 of
10 μm before being cleaned in two stages. The cleaned
scavenger concentrate will then be combined with the cleaned
rougher concentrate to form the final concentrate. The final
concentrate will be thickened before being pumped to the
concentrate filter where the filter cake will be bagged for
shipment to market.

<357-1!14!$03/1758/.70132(
Under the 12 Mt/a scenario examined in the Kakula 2017
PEA, the construction of a DBF smelter is envisaged, subject

to further studies on feasibility, scale, and timing. Flash
smelting is typically advantageous compared with other
technologies because the energy costs are relatively low.
The smelter is designed with a capacity of 690 000 t of
concentrate, and would operate at full capacity fed by Kamoa–
Kakula copper concentrates until the end of the mine life.
Concentrate would be first dried and sent to the DBF, where it
is smelted in the reaction shaft with oxygen-enriched air to
produce blister copper, molten slag containing oxide minerals,
and SO2-rich off-gas. The oxidation reactions provide
sufficient heat required to melt the charge, although a small
amount of external fuel is used for process control purposes.
Molten slag and blister copper collect in the DBF furnace
settler and are intermittently tapped via dedicated tap-holes.
The slag is reduced in two electric slag-cleaning furnaces
operating in series to recover copper in the form of blister and
alloy, respectively. The SO2-rich off-gas is de-dusted, dried,
and sent to a double-contact double-adsorption acid plant for
production of high-strength sulphuric acid that is sold to the
local market.
An on-site smelter offers numerous cost savings,
including on treatment charges, certain royalties, and
transportation costs, particularly for the lower-grade copper
concentrates from the Kansoko and Kamoa North mines. The
sale of the sulphuric acid by-product would generate
additional revenue. Sulphuric acid is in short supply in the
DRC and is imported for use in processing ore from oxide
copper deposits.

92+56/15*-1*57
Because the Kamoa–Kakula project is a greenfield project, it
will require the development of new infrastructure to conduct
mining and processing operations. In addition to mine
development and processing infrastructure, Kamoa Copper
contemplates developing power, transportation, water,
housing, and other ancillary infrastructure.

3(*57842-721561458+048/ 771
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The giant Kamoa—Kakula project in the Democratic Republic of Congo
Kamoa Holding is in the process of securing sources of
power through a joint development with SNEL. In June 2011,
a Memorandum of Understanding (MOU) with SNEL was
executed, by which the parties agreed to rehabilitate two
existing hydroelectric plants, Mwadingusha and Koni, that
have an aggregate generation capacity of 113 MW. The cost
of the rehabilitation will be financed by Kamoa Holding
through a loan to SNEL, although the projects will be jointly
developed. The loan will be repaid by SNEL through a
deduction from the monthly power bills incurred over the life
of the loan. The MOU contemplates that, following such an
upgrade, Kamoa Holding would have an entitlement of up to
100 MW from these facilities, which the company believes to
be sufficient for the infrastructure contemplated in the mine
plan for the initial concentrate phase. The MOU led to the
signing of a pre-financing agreement with SNEL in June 2012
for rehabilitation works on the Mwadingusha power plant.
This pre-financing agreement stipulates the exclusive right to
conduct full rehabilitation on both the Mwadingusha and
Koni plants.
In April 2013, a further MOU with SNEL was signed to
upgrade a third hydroelectric power plant, Nzilo 1, to its
design capacity of 111 MW. Similar to the June 2011 MOU,
Kamoa Holding would finance the refurbishment of Nzilo 1
through a repayable loan to SNEL and SNEL would grant
Kamoa Holding a priority entitlement to power from the
power grid. Nzilo 1, Mwadingusha, and Koni could produce a
combined total of up to 200 MW, which is believed to be
sufficient for the infrastructure contemplated in the
subsequent, expansion phase.
In March 2014, the company signed a financing
agreement with SNEL governing the terms of the
rehabilitation of three power plants and associated nearby
transmission lines and substations. Transmission lines that
run within 10 km of the Kamoa–Kakula Project have now
been extended to the project.
In January 2018, the company announced that the
completion of rehabilitation of three of the six generators at
Mwadingusha had increased interim power output to 32 MW
(45% of the plant’s designed capacity of 71 MW), with the
remaining three generators due to be upgraded and fully
operational by the end of 2019.
A phased logistics solution is proposed in the Kakula
2017 PEA. Initially, the corridor between southern DRC and
Durban in South Africa is viewed as the most attractive and
reliable export route. As soon as the railway between Kolwezi
and Dilolo, a town near the DRC–Angola border, is upgraded,
the Kamoa–Kakula project’s production is expected to be
transported by rail to the Atlantic port of Lobito in Angola. In
addition, there is the potential to negotiate offtake
arrangements with smelters in Zambia.
Water is abundant in the area and Kamoa Copper
anticipates that it will be able to secure a nearby water source
for its operations as part of further mine development
planning. Preliminary water studies have identified both
underground and surface water sources, specifically the
aquifer developed within the sandstone forming the Kamoa
and Makalu domes and the footwall to the mining operations,
and the Mutaka Dam, approximately 13 km to the east of the
proposed plant site.

Kamoa Holding contemplates constructing office and
administrative facilities, an employee village with housing,
recreation, and other amenities, including a medical facility
and other associated infrastructure.
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To date, Kamoa Copper has not advanced contract and
market studies, apart from an initial analysis of potential sale
of concentrate to Zambian and international smelters. Kamoa
Copper continues to maintain a dialogue with numerous
smelters in the region.

23542.721608/4-3608628-4..*231
The company conducted an environmental baseline study
that analysed environmental, biological, social, and cultural
heritage issues. As the Kamoa–Kakula project is in a sparsely
inhabited area, to date no significant environmental, social,
or community risks have been identified.
Numerous community projects have been completed to
date, including:







The construction of three schools, including equipping
A community water project
Farming and agricultural projects
The construction of a community centre
Construction of two poultry projects
Training and job creation.

547-187704,.721
Following the publication of the Kakula 2017 PEA, a PFS for
a 6 Mt/a operation is underway, with completion targeted for
the second half of 2018. In addition, following the
publication of an expanded Mineral Resource for Kakula,
including Kakula West, on 26 February 2018, work is
underway to update the Kamoa–Kakula development plan to
include these new resources in the mine plan.
Underground development work on the twin declines at
Kakula is progressing according to plan. Each decline has
been advanced more than 250 m, approximately 15% of the
projected total distance. The Kakula boxcut was successfully
completed on 26 October 2017 and the first blast for the twin
declines took place on 16 November 2017. The Kakula
decline development work is being undertaken by JMMC, a
DRC subsidiary of JCHX Mining Management of Beijing,
China. Depending on ground conditions, the 3600 m decline
development contract is scheduled for completion around the
end of 2018. In addition to the declines, other project
development works planned for 2018 include terracing, the
construction of a mine access road from Kolwezi airport, and
other surface infrastructure at the Kakula camp.

=3$034(56, 
NI 43-101 Technical Report, Kamoa–Kakula 2017 Development Plan, January
2018. https://www.ivanhoemines.com/site/assets/files/3634/kamoakakula_2017_development_plan_-_january_2018.pdf
NI 43-101 Technical Report, Kamoa-Kakula 2018 Resource Update, March
2018. https://www.ivanhoemines.com/site/assets/files/3736/kamoa-
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7thÊ Sulphur and
Sulphuric Acid 2019
Conference
11–12 March 2019 Conference
13 March 2019 Technical Visit
Swakopmund HotelSwakopmund,
Namibia
BACKGROUND
The production of SO2 and sulphuric acid remains
a pertinent topic in the Southern African mining and
metallurgical industry, especially in view of the strong
demand for, and increasing prices of, vital base metals
such as cobalt and copper.
The electric car revolution is well underway and
demand for cobalt is rocketing.
New sulphuric acid plants are being built, comprising both smelters and sulphur burners, as the
demand for metals increases. However, these projects
take time to plan and construct, and in the interim
sulphuric acid is being sourced from far afield, sometimes more than 2000 km away from the place that it
is required.
The need for sulphuric acid ‘sinks’ such as
phosphate fertilizer plants is also becoming apparent.
All of the above factors create both opportunities and
issues and supply chain challenges. To ensure that
you stay abreast of developments in the industry,
the Southern African Institute of Mining and
Metallurgy invites you to participate in a
conference on the production, utilization, and
conversion of sulphur, sulphuric acid, and SO2
abatement in metallurgical and other processes, to be
held in March 2019 in Namibia.

For further information contact:
Camielah Jardine: Head of Conferencing, SAIMM
P O Box 61127, Marshalltown 2107
Tel: (011) 834-1273/7, Fax: (011) 833-8156 or (011)
838-5923
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
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Sonic injection in sulphide bath
smelting: an update
by J.P.T. Kapusta*

The copper smelting industry faces increasingly stringent environmental
regulations and must continue driving innovation to reduce energy usage in
its production chain. With the coming of age of ‘bottom-blowing’ copper
technologies in China over the last decade, much renewed attention has
been brought to tuyere bath smelting for clean copper-making. Since
bottom-blowing sonic injection was originally developed and implemented in
steelmaking in the 1970s and lead smelting in the 1990s, the time seems
appropriate to revisit the sonic injection concepts and dispel some myths.
After reviewing the trends in the copper industry and providing a brief
historical context of research and development related to sonic injection, the
author presents a comparison of the main submerged tuyere bath smelting
technologies, namely the Noranda Reactor (NR), the Teniente Converter
(TC), and the Chinese Bottom-Blowing Smelting Furnace (SKS/BBS) for
copper, and the Queneau-Schuhmann-Lurgi Reactor (QSL) for lead. The core
of this article, however, consists of a brief description of the fundamental
theories for sonic injection (jetting regime) and ‘sonic flow mapping’ to
illustrate the relationship between the minimum tuyere back-pressure
required to achieve sonic flow and the tuyere internal diameter. The article
also offers a comparison between side- and bottom-blowing in jetting regime
before concluding with the author’s vision of the new trend in submerged
tuyere bath smelting.
E*%B?<>
sulphide smelting, bottom blowing, sonic injection.

AC?B<:=CDBA
In the last decade, developments in the copper
smelting industry have been driven by two key
concepts: (1) increasing cleaner smelting
capacity to meet the world’s growing copper
demand, as illustrated in Figure 1, and (2)
increasing process off-gas capture to comply
with more stringent environmental regulations
and abide by a corporate social responsibility
ethic of a clean work environment (for smelter
employees) and clean air (for families living
around smelters). The copper smelting
industry has also faced some major challenges
in the last few decades, including (1) low
treatment and refining charges (TC/RC or
processing fees) impacting custom smelters,
(2) lower concentrate quality and grades with
higher levels of impurities (e.g. As and Hg),
(3) higher processing and transportation costs
due to the rising cost of energy, (4)
restrictions in process intensification (tonnage
oxygen usage) due to furnace integrity limits,
and (5) scarcity of educated and trained
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personnel due to fewer metallurgists
graduating from pyrometallurgical school
programmes combined with a high retirement
rate of skilled workers.
In a nutshell, the challenge is tantamount
to producing more with lower-quality
concentrates and less-skilled workers while
lowering the smelter environmental footprint
by reducing the energy usage and increasing
off-gas capture at times when profit margins
are low (set by fluctuating TC/RC). The
obvious approach would be to increase
smelting intensity with higher oxygen usage to
produce more copper while reducing process
off-gas generation, ‘removing the dead-hands
of nitrogen’ as per the famous words of Paul
Queneau Sr. (1977), and therefore reducing
the off-gas treatment costs and lowering the
smelter’s fugitive emissions. This ‘obvious’
approach has been in the minds of smelter
men and women ever since tonnage oxygen
became available at an affordable price. A
testimony to this fact is the development of
oxygen bath and flash smelting to replace lowintensity processes, such as the reverberatory
furnace, as far back as the 1950s.
The more recent trend in copper processing
in the last two or three decades has been for
copper smelters to select flash smelting and/or
converting or top-submerged lancing (TSL)
technologies, rather than the bath smelting
furnaces of the 1970s such as the Noranda
Reactor and Teniente Converter. For the 2003
copper smelter survey, 53 smelters responded
to the questionnaire, representing about 73%
of the 2003 world copper smelter production of
12.4 Mt (Kapusta, 2004). Notably, the survey
showed that flash smelting reigned supreme at
the time, accounting for 48.7% of the copper

Sonic injection in sulphide bath smelting: an update

&D9:?EF7"3@2FB?;<F=B66E?F>8E;CE?F6?B<:=CDBAF5?B8F7,.'FCBF#'71F@A<F302F%B?;<F?E5DAE<F=B66E?F:>@9EF5?B8F7,''FCBF#'7F3 ACE?A@CDBA@;FB66E?F/C:<*F?B:61
#'72

produced by the respondents, while all bath smelting
technologies combined represented 36.7% of that same
copper production. Bath smelting with side-blowing
submerged tuyeres represented a mere 20%.
Fifteen years have passed since the 2003 survey and the
trend seems to have been shifted by the Chinese towards
what they call ‘modern bath smelting technology’ as a dozen
or more smelters in China have been built using their socalled ‘bottom-blowing smelting’ furnaces. Not only have the
Chinese repositioned copper bath smelting with horizontal
cylindrical vessels, but they have also positioned their
process in the lower quartiles of the cash cost curves
published by various institutions. Their ability to do so stems
from the adoption of ultra-high oxygen-shrouded injectors in
the reactors, transforming them into high-intensity smelting
units. My goal is to provide readers with a few pointers to
understand how this was accomplished against all odds.

attention and research around the world were devoted to the
dynamics of submerged gas injection into molten metals. A
wealth of knowledge on gas injection phenomena was
produced in the golden decades of the 1970s and 1980s
when gas injection dynamics research, both in the laboratory
and during plant trials, was conducted to elucidate the critical
aspects of submerged gas injection, including the
characterization of steady jetting conditions or the
quantification of gas penetration into molten baths. This
broad know-how, in large part generated in Canada, has
served as the basis for my own understanding of gas
injection phenomena and for the development of sonic
injection technologies. Although I have previously published
a detailed review of the development of the Savard–Lee
tuyere and its subsequent adoption and adaptation to
nonferrous smelting and converting (Kapusta, 2013; Kapusta
and Lee, 2013), I will use this article to further share some of
my insights into sonic injection.

D>CB?D=@;F=BACEC
Mackey and Brimacombe (1992) reported that Guy Savard
and Robert Lee of Canadian Liquid Air transformed the
metallurgical landscape in 1966 with their invention of the
high-oxygen-shrouded injector, commonly known as the
Savard–Lee tuyere (Savard and Lee, 1966). That invention
became the enabling oxygen injection technology for the
advent of the oxygen bottom-blowing metallurgy – or OBM
process – which revolutionized the steel industry in the
1970s.
If Savard and Lee were the first, over a 20-year period in
the 1950s and 1960s, to test and develop sonic injection
technologies and then implement their concentric tuyere in
steelmaking, I consider that Noranda, at its research centre in
Montreal, pioneered the fundamental research to understand
the dynamics of submerged gas injection in nonferrous
pyrometallurgy (Themelis, Tarassoff, and Szekely, 1969).
The true breakthrough, however, came from the Brimacombe
research group at the University of British Columbia, which
identified and characterized for the first time two distinct
injection regimes: bubbling and jetting (Oryall and
Brimacombe, 1976; Hoefele and Brimacombe, 1979), as
illustrated in Figure 2.
Following the pioneering work of Savard and Lee,
Noranda, and the University of British Columbia, much
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For the sake of brevity, I will discuss, in this paper, only the
copper bath smelting technologies using horizontal cylindrical
vessels; namely, the Noranda Reactor (NR), the Teniente
Converter (TC), the Queneau–Schuhmann–Lurgi Reactor

&D9:?EF#"/CD;;FD8@9E>FB5F=B86?E>>E<F@D?F=BACDA:B:>;*FDA+E=CE<FDACB
%@CE?F3@2F0:00;DA9F?E9D8EF%DC4F<D>=?ECEF9@>F0:00;E>F@A<F302F+ECCDA9
?E9D8EF%DC4F5:;;*F<EE;B6E<F9@>F+ECF3B ;FF@6:>C@F?=4DE>2
          

Sonic injection in sulphide bath smelting: an update

    
In a short course on gas injection phenomena that I have
been offering for over 15 years, and presented in part at a
conference (Kapusta and Richards, 2009), I review the
dynamics of submerged gas injection and illustrate the
concepts with images and videos from laboratory research
and plant trials. One key conclusion is that conventional lowpressure, single-pipe tuyere injection is characterized by four
main phenomena.
 Although injected continuously, the gas discharges as
large discrete bubbles in the molten bath – hence the
term bubbling regime – with a frequency of 8 to 12
bubbles per second and a bubble diameter in the range
of 40 to 70 cm.
 The large discrete bubbles do not penetrate forward
into the molten bath but rise vertically above the tuyere
tip, causing the oxidation reactions to occur at the
refractory wall and resulting in severe tuyere-line
damage.
 The collapsing of large bubbles at the bath surface
generates bath slopping and splashing conditions,
resulting in accretion formation on the converter
mouth, production downtime to clean the mouth, and
increased damage to the refractory bricks around the
mouth.
 After each bubble detachment, i.e., 8 to 12 times per
second, molten metal penetrates and solidifies inside
the tuyeres, forming a plug that hinders the flow of gas
and requires mechanical punching to be dislodged,
further increasing tuyere-line damage.

mitigating technologies were the invention of the automatic
punching machines to reopen the blocked tuyeres and the
development and implementation of secondary and tertiary
hoods to capture the large off-gas volumes and associated
fugitive emissions produced under low-intensity bubbling
regime.
A step back in history will show that when the NR and TC
were developed in the 1970s, the quality of copper
concentrates was high (35–40% Cu), which imposed some
constraints in processing, even at a time when tonnage
oxygen was becoming more affordable and common in
copper smelters. In their paper on new and emerging
technologies in sulphide smelting, Mackey and Tarassoff
(1983) provided the elements to understand how copper
smelters in the early 1980s were evolving to improve their
energy footprint while increasing throughput. With one
diagram, reproduced in Figure 3, Mackey and Tarassoff
illustrated the fundamental concept that autogenous smelting
of a chalcopyrite concentrate in a flash or bath smelting
furnace had an upper limit of oxygen enrichment. This limit,
when producing a 75% matte grade, was about 48–50% O2
for a wet concentrate (7% moisture), as marked on the figure
by the blue arrow added to the original graph, dropping to
about 37–38% O2 for a dry concentrate (0.1% moisture),
demonstrating the strong impact of concentrate moisture in
autogenous copper smelting.
Although no proven gas injection technology for matte
smelting capable of enrichment levels of 48% and above in
submerged tuyeres was available at the time (early 1980s),
the need for such an injection technology was not even
warranted. Operators of the new bath NR and TC smelting
vessels were still learning the practice of using larger
amounts of oxygen in smelting and the enrichment levels
achieved, 30–32% O2, were still far from the abovementioned
upper limits of 37–38% and 48–50% for dry and wet
concentrates, respectively. Nevertheless, fully autogenous
operation was not even the goal as the supplemental use of
coal or coke was seen in both Canada and Chile as beneficial
to the process chemistry. At their apogee in the early 1990s,
more than a dozen NRs and TCs were in operation and both
Noranda and Codelco were promoting their matte smelting
vessels as ‘technologies of choice for emerging economies of

In addition to tuyere blockage, gas flow rate fluctuations,
tuyere punching, and refractory damage, conventional tuyere
injection under bubbling regime is also characterized by a
lower vessel intensity due to limited oxygen enrichment
levels and to gas leaks and losses of up to 15% through the
tuyere body during punching, as well as an increased
predisposition to fugitive emissions due to higher off-gas
volumes at lower SO2 strength. In fact, all bath smelting,
converting, and refining vessels using side-blowing,
including the NR and TC, Peirce–Smith and Hoboken
converters, and anode furnaces, were developed for and still
operate under low-pressure bubbling conditions with all the
limitations and hindrances listed above. Over time, rather
than addressing the cause of the problems – the unfavourable
gas dynamics of the bubbling regime – the nonferrous
industry focused instead on mitigating the consequences with
new technological developments. Great examples of such

&D9:?EF"-55E=CFB5FB*9EAFEA?D=48EAC1F=BA=EAC?@CEF8BD>C:?E1F@A<
8@CCEF9?@<EFBAFC4EF5B>>D;F5:E;F?E:D?E8EAC>F6E?FCBAFB5F=4@;=B6*?DCE
=BA=EAC?@CEF3?E6?B<:=E<F5?B8F(@=E*F@A<F@?@>>B551F7,.2
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(QSL), and the Bottom-Blowing Smelting Furnace (SKS/BBS).
A similar analysis would also be valid for the bath converting
vessels (Peirce–Smith, Hoboken, and bottom-blowing
converters). The NR and TC use conventional side-blowing
low-pressure tuyeres while the QSL and SKS/BBS use
bottom-blowing high-oxygen-shrouded injectors. The NR and
TC are known to operate in bubbling regime and the QSL in
jetting regime, but the actual mode of operation of the
SKS/BBS, bubbling or jetting regime, is still unclear. In this
section, I will attempt to shed some light by providing a brief
gas dynamics analysis and some explanations about the
differences between conventional low-pressure and sonic
injection.

Sonic injection in sulphide bath smelting: an update
the 21st century’ due to their low capital cost, flexibility in
processing various feeds, and ease of retrofit into existing
converter aisles.
Fast-forward to 2018 and only two NRs (the Horne and
Altonorte smelters) and six TCs (Caletones, Chuquicamata,
Hernan Videla Lira, La Caridad, Las Ventanas, and Potrerillos
smelters) remain in commercial operation as the flash
furnace has continued to rule supreme and the other bath
smelting technologies, the top submerged lancing (TSL)
furnaces (Isasmelt and Ausmelt) and the SKS/BBS furnace,
gained momentum.

   

The original concept of the QS reactor for copper smelting
was developed two years after the Savard–Lee concentric
tuyere was commercially implemented in steelmaking.
Queneau and Schuhmann were impressed with the concentric
tuyere and believed its use in copper smelting would provide
the smelting intensity they were envisioning while limiting
the off-gas volumes (Queneau and Schuhmann, 1974).
History will remember that the copper industry rejected their
concept while a visionary from Europe, Werner Schwartz of
Lurgi, saw its potential for the lead industry. The new reactor
developed with Lurgi, hence the acronym QSL for Queneau–
Schuhmann–Lurgi, became the first bottom-blowing smelting
reactor in the nonferrous industry. Kapusta and Lee (2013)
provided details of the QSL process developments, from
bench and pilot scale to demonstration and commercial
plants.
The design of the concentric oxygen injector also evolved
greatly during the development of the QSL process. Tested in
a demonstration plant, the gear-type design, as opposed to
the earlier simple pipe-in-a-pipe design, was adopted for
commercial operation to reduce the gas momentum by
dividing the gas streams into many small conduits, as
illustrated on Figure 4. If the gas momentum was indeed
lowered, the required pressure to achieve sonic velocity was
drastically increased to the range 1 200 to 1 600 kPag
according to the research archives from Air Liquide and
Lurgi. I will elaborate later in the paper on the reasons why
such high pressures were needed.
By the early 1990s, four commercial QSL reactors had
been designed, built, and commissioned at Cominco, Trail,

BC, Canada, in 1990 (120 000 t/a original design capacity,
no longer in operation), Berzelius, Stolberg, Germany, in
1990 (80 000 t/a original design capacity, currently 155 000
t/a), CNIEC, Baiyin, China, in 1990 (52 000 t/a original
design capacity, no longer in operation), and Korea Zinc,
Onsan, South Korea, in 1991 (60 000 t/a original design
capacity, currently above 130 000 t/a).
The SKS/BBS furnace developed by the Chinese bears
such a marked resemblance to the QSL vessel that eminent
metallurgists in the western world questioned its chances of
success in copper smelting, even dismissing its claim to be a
new invention. Kapusta and Lee (2013) suggested instead
that the SKS/BBS furnace was an adoption of the QSL
concept with bottom-blowing shrouded injectors that was
adapted to copper smelting, since only the oxidizing section
of the QSL reactor was retained for the design of the
SKS/BBS furnace. This, if not an invention in itself, is
certainly a notable innovation as it took a copper smelting
process concept – the Cu–QS process as described by
Queneau and Schuhmann (1974) – which was rejected by the
global copper industry in its time, and developed it into one
of the most important matte smelting technologies in China.
I have always assumed that the goal of the Chinese
SKS/BBS innovators was to develop a high-intensity smelting
process that could treat wet feed with ultra-high oxygen
injection and produce low volumes of off-gases at higher SO2
strength. A study with my colleagues at BBA (Kapusta,
Larouche, and Palumbo, 2015) showed that in spite of much
disbelief from the western copper industry experts, this
assumed goal was actually achieved: the SKS/BBS furnaces
examined were more intense than the NR/TC reactors, even
at lower feed grades of 22% Cu (versus 37% for the NR and
27% for the TC in the study).
The SKS/BBS injector design, at least as presented in
publications from China ENFI Engineering and Dongying
Fangyuan, also has some strong resemblance to the QSL
injectors based on the Savard–Lee tuyere, as illustrated in
Figure 5. The key difference, however, is the reported low
pressure of operation of the SKS/BBS injectors, at 400 to
600 kPag, apparently as a means to limit the energy cost of
the process.
The question that comes to mind is why did the QSL
inventors recommend the use of a very high pressure (up to
1 600 kPag) if the much lower pressure (below 600 kPag)
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Following the pioneering work of Savard and Lee, which
triggered a transformation of the metallurgical landscape,
much attention was devoted to the dynamics of submerged
gas injection into molten metals. The wealth of knowledge on
submerged gas injection phenomena produced in the 1970s
and 1980s is well documented in the seminal paper of
Brimacombe et al. (1990). I personally gained further
theoretical knowledge and new practical experience from
plant trials conducted by Air Liquide in the 1990s at Union
Minière’s Hoboken smelter in Belgium – now Umicore
(Bustos, Cardoen, and Janssens, 1995) – and at
Falconbridge’s Sudbury smelter in Canada – now Glencore
Nickel (Bustos et al., 1999). This newly acquired know-how
allowed me to successfully contribute to the subsequent
commercial implementation of shrouded injection in the Slag
Make Converter (SMC) at the Falconbridge smelter (Bustos
and Kapusta, 2000; Kapusta, Stickling, and Tai, 2005) and in
the Hoboken converters at the Thai Copper Industries smelter
in Thailand (Kapusta, Wachgama, and Pagador, 2007;
Pagador et al., 2009). More recently, I acquired some
additional insights with BBA during plant trials of singlepipe sonic tuyeres in a Peirce–Smith converter at the Lonmin
Platinum smelter in South Africa (Kapusta et al., 2012).
Based on this acquired theoretical knowledge and practical
experience, I offer in my short course on gas injection
phenomena the following main characteristics and
advantages of sonic injection.
 Achieving sonic velocity (jetting regime) requires
higher pressures than conventional bubbling regime,
typically above 250 kPag depending on tuyere diameter
and submergence.
          

 The injected gases discharge as a continuous jet in the
molten bath – hence the term jetting regime –
characterized by a swarm of smaller bubbles.
 Sonic tuyeres or injectors do not require punching (no
tuyere blockage) as the bath does not come in contact
with or penetrate the sonic tuyeres or injectors, and
therefore gas leaks and losses at the back of the
tuyeres are greatly reduced or eliminated.
 Properly designed and operated sonic tuyeres and
injectors reduce slopping and splashing.
 Sonic injection is characterized by a stable gas flow
rate throughout the blowing period, and therefore a
controlled amount of oxygen is delivered to the bath,
which translates into better metallurgical control.
 Sonic injection also allows higher levels of oxygen
enrichment, typically in the range of 25–45% with
single-pipe sonic tuyeres, and above 35% with sonic
shrouded injectors.
In addition to punchless operation and stable gas flow
rate, sonic injection under jetting regime is also characterized
by higher vessel intensity due to higher permissible oxygen
enrichment levels. This higher oxygen intensity allows a
higher reverts and cold charge reprocessing rate while
generating lower off-gas volumes, which therefore reduces
the propensity for fugitive emissions.

HD>6E;;DA9F8*C4>
Adoption and implementation of sonic injection in base
metals occurred much later and at a much slower pace than
in the steel industry, partly due to some misconceptions and
misunderstandings of the technology, and also due to the
slower pace of process intensification and tonnage oxygen
usage in nonferrous metallurgy compared with steelmaking.
One of the biggest myths about sonic injection within the
base metals industry is that ‘very high pressures’ are
required and that the benefits of operating in jetting regime
are cancelled out by the cost of delivering the gases at these
perceived ‘very high pressures’. Jetting regime certainly does
require higher pressures than conventional bubbling regime,
but let us evaluate this myth quantitatively before we dispel
it. Another myth is that bottom-blowing is ‘obviously’ better
than side-blowing as it provides a longer residence time for
the injected gases, and therefore results in better oxygen
efficiency. I will also evaluate and challenge this belief.


The basic principle in sonic injection is to consider the gases
!$) (-F77.
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used in China is sufficient? The true question is actually
whether the gases flowing through a multitude of small
orifices of a gear-type Savard–Lee shrouded injector could
reach sonic velocity (jetting regime) with pressures in the
range of 400 to 600 kPag? In the next section, I will briefly
explain the principle of injection in jetting regime, attempting
to dispel some of the myths about sonic injection, and will
provide a bubbling-jetting map of inlet or back-pressure
requirements for various orifice/tuyere diameters at two
different submergences. This map should provide readers
with a quick diagnosis tool to evaluate whether or not a
process is operated in jetting regime, based on the single-pipe
tuyere or shrouded injector design and the claimed operating
pressure range.

Sonic injection in sulphide bath smelting: an update
flowing through a tuyere or injector to be compressible and
adiabatic with wall friction effects through ducts of constant
cross-sectional area (inner pipe and annulus for a shrouded
injector). This type of flow is commonly known as Fanno
flow. From the compressible fluid flow literature (for example
Oosthuizen and Carscallen, 1997; Saad, 1985), deriving the
Fanno flow equations and integrating over the length of the
tuyere or injector while setting the value of the Mach number
at the tip to unity (Moutlet = 1) – since the fundamental design
criteria of a sonic tuyere or injector is that both gas streams
are to exit at sonic velocity – the following expressions for
Fanno flow are obtained:
[1]

[2]
where f, L, and Dh are the friction factor, the length, and the
hydraulic diameter of the duct, respectively, k is the Cp/Cv
ratio of the gas, Minlet is the Mach number at the inlet of the
duct, and Pinlet and Poutlet are the inlet and outlet pressures of
the gas stream.
Based on my experience, sonic flow conditions (Mach 1)
are indeed necessary but not necessarily sufficient for
maintaining stable jetting. The necessary and sufficient
condition for sonic tuyere and injector design, whether for
matte smelting, converting, or refining, is that the fully
expanded Mach number, Mexp, attains a critical value larger
than unity. This critical value is determined by applying the
Prandtl–Meyer theory of expansion wave to sonic gas flow,
as suggested by Ozawa and Mori (1983a, 1983b), who
speculated that an underexpanded gas jet attaining sonic
flow at the tuyere exit would discharge as a supersonic jet
into molten metal in the immediate vicinity of the tuyere.
They derived the formulation to characterize the initial
expansion angle and the fully expanded Mach number of the
supersonic jet as follows:
[3]

[4]
where c is the initial expansion angle (or jet cone angle),
Mexp is the fully expanded Mach number of the supersonic

jet, Pexit is the gas pressure at the tuyere exit and Pmetal is the
metallostatic pressure of the bath above the tuyere exit.
Figure 6 provides a graphical representation of the initial
expansion angle to help understand its significance. In their
research work, Oryall and Brimacombe (1976) determined
that the initial expansion angle for submerged gas injection
under bubbling regime is in the range 150° to 155° (bubble
growth prior to detachment). Farmer et al. (1989) conducted
a study with small tuyeres with diameters in the range 1.4 to
2.0 mm. Based on their results, they proposed the criterion
that stable jetting regime is attained at a value of Mexp above
1.25, corresponding to an initial expansion angle larger than
10°. Although providing an interesting comparison between
bubbling and jetting in terms of initial expansion angle, the
applicability of their criterion is, however, limited to the
range of tuyere diameters they used in their study (1.4 to
2.0 mm). A complete review of the Prandtl-Meyer theory and
re-derivation of the mathematical expressions was recently
published by Kapusta (2017).
Although Mexp is mathematically independent of the
tuyere or injector diameter or the liquid-to-gas density ratio,
based on my experience in sonic injection in both copper and
nickel converting, the minimum or critical value of Mexp, and
correspondingly c, required for stable jetting is impacted by
the physical characteristics of the gas–molten bath system,
particularly the gas flow rate and momentum, and therefore
indirectly to the tuyere or injector diameter.
Let us now revisit the myth that ‘very high pressures’ are
needed to achieve sonic flow or jetting regime by exploring
the pressure and flow rate requirements for jetting as a
function of tuyere or injector diameter and submergence. For
illustration purposes, I have performed a series of
calculations using Equations [1] to [4] to determine the
minimum tuyere back-pressure required to achieve sonic
flow as a function of tuyere diameter for a tuyere
submergence of 0.75 m and 1.10 m, with a bath density
above the tuyere of 4 500 kg/m3 and 4 700 kg/m3,
respectively. The portion of bath above the tuyere being a
mixture of white metal and slag, I simply assumed a higher
density at the 1.10 m submergence to account for a larger
proportion of white metal than slag at a higher bath depth.
Finally, I considered a 1.00 m long tuyere in all calculations.
The results are depicted in the graph in Figure 7, which
corresponds to what I call a ‘sonic flow mapping’ for the
specific conditions of the case study.
The curves for the two submergence cases correspond to
the boundaries for the transition between the end of the
bubbling regime at a Mach number close to but lower than
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represents the QSL reactor injection back-pressure range
from Arthur, Siegmund, and Schmidt (1992). The textured
box in the bottom right corner corresponds to the operating
range of conventional low-pressure injection of the NR, TC,
and Peirce–Smith converter (PSC) with tuyere diameters
between 40 and 60 mm and back-pressures of about 100 to
140 kPag.

  

unity and the beginning of the stable jetting regime at a fully
expanded Mach number, also close to but greater than unity.
These curves, obtained by calculating the minimum tuyere
back-pressure required to achieve sonic flow as a function of
tuyere diameter, actually represent the incipient jetting
boundaries.
The areas of the graph below and above the boundaries
correspond to the bubbling and jetting regions, respectively.
For example, a 50 mm inner diameter single-pipe tuyere
injecting compressed air and oxygen at a back-pressure of
100 kPag is operating in the bubbling regime – point A in the
bubbling region of the graph. If the injection back-pressure is
raised above 300 kPag (above the incipient jetting curves for
the two submergence cases at an inner diameter of 50 mm, to
350 kPag for instance – Point B in the jetting region of the
graph) the tuyere will operate in the jetting regime. Arthur,
Siegmund, and Schmidt (1992) indicated that a QSL reactor
for lead sulphide smelting needed to operate within the
tuyere back-pressure range of 1 000 to 1 500 kPag using a
Savard–Lee-type concentric tuyere with a structure as shown
on Figure 8, while Ashman (1998) indicated back-pressures
as high as 1 900 kPag. Such high gas pressures are
necessary due to the very small flow areas of the 1.0 mm
by 1.6 mm orifices (1.43 mm equivalent diameter) for the
shrouding gas mixture of nitrogen, atomized water, and a
hydrocarbon gas, and the 3.0 mm by 4.5 mm orifices
(4.15 mm equivalent diameter) for the reactive oxygenenriched air. The box in the top left corner of the graph
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I recently published a study of submerged gas jet penetration
into molten metal and compared the bubbling versus jetting
regime and side versus bottom blowing (Kapusta, 2017). For
this study, I used the mathematical formulation of a gas jet
trajectory and penetration into a liquid that was developed
almost 50 years ago by Themelis, Tarassoff, and Szekely
(1969). Their formulation was based on continuity and
momentum balances to calculate an idealized gas jet axis
trajectory based on parameters such as tuyere diameter and
inclination angle, jet cone angle or initial expansion angle,
modified Froude number, and bath and gas densities.
Figure 9 represents a scaled diagram of a smelting vessel
with a 4.0 m internal diameter, a 1.0 m height of white metal,
and an average slag height of 1.70 m.
The diagram offers a comparison of the gas jet
trajectories for a side-blowing tuyere positioned at a 49°
angle from the vertical and inclined downward from the
horizontal by 18° and a bottom-blowing tuyere positioned at
a 22° angle from the vertical and installed radially. The
trajectory curves on Figure 9 represent the calculated
‘idealized’ gas jet axis trajectories using an initial expansion
angle value of 20° (Kapusta, 2017). The actual gas jet
boundaries widen as the gas penetrates into the bath and
away from the tuyere tip. The width of the gas jet depends on
a number of parameters, including the initial expansion
angle, the gas and bath densities, as well as the tuyere orifice
diameter, inclination angle, and submergence.

Sonic injection in sulphide bath smelting: an update
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One surprising result was that the calculated length of the
trajectories for side and bottom blowing under the conditions
used in Figure 9 were about the same, at 156 and 159 cm for
side and bottom blowing, respectively. This result seems to
indicate that bottom blowing does not necessarily provide a
longer gas jet trajectory than side blowing with an optimum
tuyere inclination angle; in fact, the residence time for the
reactive gas to create conditions for oxygen efficiencies is
very similar. In practice, however, the more significant
difference, in my opinion, resides in the matte and slag
recirculation flow patterns generated by side blowing
compared with bottom blowing. The key for success for both
side and bottom blowing in jetting regime is that the injectors
must be designed and operated to maintain sonic flow while
ensuring the degree of underexpansion is sufficient, yet not
too large, so that the gas jet exiting at sonic velocity at the tip
of the tuyere becomes supersonic immediately after exiting
the tuyere (Prandtl-Meyer flow).

BA=;:>DBA>
The nonferrous metals industry has been reluctant to
implement sonic injection and is still very slow in deploying it
commercially in spite of its great advantages. I believe that
there are three main reasons for this slow adoption and
implementation. The first is the aversion to risk and change
that characterizes the copper industry, in great contrast to the
steel industry. The second is more historical than
technological. One has to remember that the Savard–Lee
concentric tuyere was invented for the steel industry at a
time, in the 1960s and 1970s, when capturing and treating
process off-gases in copper and nickel processing was not
legislated and when ‘superstacks’ spewing and dispersing
SO2-laden fumes were the pride of the smelters and towns
where they were standing tall. Acid plants were still
uncommon and a distant staple of a copper or nickel smelter.
With no legislation to ‘encourage’ mining companies to
reduce their SO2 and dust emissions, the cost of
implementing sonic injection with compressors rather than
blowers was too high, with no means to amortize the
investment. The third reason has a human dimension and is
related to the reluctance of smelter managers, engineers, and
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operators to believe that sonic injection was, and is,
punchless. Peirce–Smith converters, for example, have
operated for more than a hundred years with punching of the
tuyeres, first manually, then mechanically, with a dedicated
crew of operators or automatically in the best cases.
The nonferrous industry has certainly matured as the use
of tonnage oxygen has become a prevalent reality to boost
process intensity. Legislation to protect the environment and
populations around smelters has also matured and some
mining companies have transformed the obligation to comply
with new environmental and work hygiene legislation into
opportunities to improve the competitiveness of their
operations. Their corporate social responsibility – combined
with a spirit of technological innovation – has allowed their
smelters to sit comfortably in the lower quartile of the cash
cost curve of worldwide smelters. Some of these lower cost
smelters have made high- or ultra-high-oxygen injection an
essential part of their technological development plan, leading
them to adopt and implement variations of the Savard–Lee
concentric tuyere.
I am convinced that the nonferrous industry has finally
seen the dawn of sonic injection with its growing adoption in
China and that sonic injection in bath smelting, converting,
and refining will become a mainstream technology within the
next ten years. The wealth of knowledge in submerged gas
injection phenomena and the practical and operational
experience acquired by the few companies that have operated
high-intensity reactors equipped with sonic tuyeres or
injectors will be put to use to further improve the design and
lifespan of sonic tuyeres and injectors. Examples of
companies with experience in high-intensity sonic injection
include Berzelius in Germany and Korea Zinc in South Korea
with their QSL reactors for lead processing, Glencore Nickel in
Canada with their original Slag Make Converter (now replaced
by two hybrid vessels capable of both converting and slag
cleaning using high-oxygen-shrouded injectors), and
numerous lead and copper smelters in China using SKS/BBS
furnaces.
Back in 1998 during his short course on Peirce–Smith
converting at the TMS Annual Meeting, Tony Eltringham told
Alejandro Bustos – my mentor at the time at Air Liquide
Canada – that ‘Air Liquide was 20 years ahead of the
industry with its Air Liquide Shrouded Injection (ALSI)
Technology’. Twenty years later and no longer a junior in the
field, I am delighted to be witnessing the current evolution of
the copper and nickel industry with its renewed interest in
high-oxygen sonic injection, an evolution that is fully in sync
with my work findings and with Tony Eltringham’s foresight.
I truly look forward to taking part in this new transformation
of the metallurgical landscape of the nonferrous industry and
to contributing in any way I can in the deployment and
optimization of sonic injection.
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Realising possibilities
from mine to market.
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BACKGROUND
Previous SAIMM Mine Planning forums
have clearly highlighted deficiencies in
mine planning skills. The 2012, 2014,
and 2017 colloquia all illustrated developing skill-sets with a variety of mine
planning tools in a context of multiple
mining methods. Newer tools and newer
skills for the future of mining will feature
in 2019.
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Using a backdrop of a generic description of
the multidisciplinary mine planning process,
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planning fraternity to share mining businessrelevant experiences amongst peers. While
different mining environments have their
specific information requirements, all require
the integration of inputs from different technical experts, each with their own toolsets.
The forum’s presentations will highlight
contributions from a series of technical
experts on current best practice, and will be
augmented by displays of state-of-the-art
mine planning tools in order to create a
learning experience for increased
planning competencies.
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Copper electrowinning circuit design:
optimized costing as a function of cell
arrangement, productivity, rectiformer
size, and throughput
by E.L. Forner*, J. Scheepers*, A.J. du Toit*, and
G.M. Miller†

%9>47;7
The sizing, designing, and costing of copper electrowinning circuits requires
an in-depth understanding of the fundamental relationships between circuit
parameters and the practical operation requirements. The aim of this
investigation was to optimize total copper electrowinning project cost by
mapping the operating limits of key mechanical equipment. The model was
compiled by mapping various cellhouse layouts in terms of number of
cathodes per cell, crane productivity, stripping machine productivity, and
rectifier–transformer (rectiformer) sizing using data tables for sensitivity
analysis. These parameters were then collated and evaluated on a cost by
size basis. The model provides an optimum band of operation for cellhouse
productivity and project capital cost for a typical range of production
throughputs, from 10 kt/a to 200 kt/a cathode copper. The information may
be used as a high-level selection guide to assist with identifying a costeffective copper electrowinning circuit design for a specific production rate.
The data was validated and compared with existing copper electrowinning
cellhouses around the world that typically install no more than 84 cathodes
per cell.
A?%>=37
copper electrowinning, circuit design, production rate, cost optimization.

stripping machine productivity, and associated
costs. Fundamentally, Excel data tables allow
one to perform sensitivity analysis by
exploring many scenarios within a specific
formula/model, for up to two variables. The
variables evaluated for Cu EW include:
1. Production tonnage
2. Number of cathodes per cell.
Major costed mechanical equipment
included the following items:
 Anodes and cathodes
 Cathode washing, stripping, and
handling system
 Polymer concrete cells
 Rectifiers and transformers (including
shorting frame, trunk, and apron busbar
system)
 Cellhouse overhead cranes.

)>44?=@?5?8:=>;99;9/@3?7;/9@<93@7;;9/
 

The sizing, designing, and costing of copper
electrowinning (EW) circuits require an indepth understanding of the fundamental
parameters as well as the practical
requirements to optimize cellhouse
productivity and capital cost. Although a
significant amount of work has been done
designing new copper electrowinning circuits,
an in-depth evaluation of world operating data
reveals that the number of cathodes per cell,
which affects cellhouse layout and
productivity, is not consistent for a specific
production rate (Anderson et al., 2009;
Robinson et al., 2003, 2013). Based on this
premise, Kafumbila (2017) suggested that
there are unanswered questions, such as ‘why
are the numbers of cathodes per cell different
for copper production rates of 20 kt/a and 40
kt/a?’
In this paper, data tables are employed to
map the operating limits and costs of key Cu
EW equipment. An overall Cu EW project cost
map is then compiled by collating optimum
cellhouse layout (number of cathodes per cell),
optimum crane productivity, optimum
          

!(",@00#

Faraday’s Law is applied as the basis for
sizing each Cu EW circuit for a specific
production rate (Equation [1]).
[1]
where n is the number of transferred electrons.
F is Faraday’s constant (C/gmol). MM is the
molecular mass of Cu (g/mol). t is time (s); P
is production rate (kg h/Cu). area is plating
area (m2). CD is current density (A/m2). and
n is the current efficiency (%).
The technical design parameters are
specified in Table I. Once the number of
cathodes per cell is specified then other
parameters like the number of anodes, rectifier

* DRA Projects, South Africa.
† Miller Metallurgical International (MMI),

Australia.
© The Southern African Institute of Mining and
Metallurgy, 2018. ISSN 2225-6253. This paper
was first presented at the Copper Cobalt Africa,
incorporating the 9th Southern African Base
Metals Conference, 9–12 July 2018, Avani
Victoria Falls Resort, Livingstone, Zambia.
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Copper electrowinning circuit design
Table I
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kt/a Cu
h

Variable
7884

s
C/gmol
mole
g/mol
A.h/kg
g/L Cu
g/L Cu
g/L Cu
g/L Cu
%

3600
2
96485
1
63.55
843.5
50
35
15
3
400%

Cathodes/cell
m2
m
m
m
m
mm
mm

Variable
2.2
LDX2101
1.215
0.950
1.390
0.998
24
3

Anode specifications
Anode type
Anode thickness
Height/length
Width

mm
m
m

Pb-Sn-Ca
6
0.99
0.92

Rectiformer sizing and electrical
Current density (design)
Current efficiency
Cell voltage (design)
Cell voltage (nominal/operating)

A/m2
%
V
V

320
85
2.3
2.1

days
h/d
harvests/h
min
harvests/day/crane

7
10 - 12
4-5
12 – 15
±50

Plates per hour (max)
Plates per hour (max)

120
450

mm
mm
mm
mm
mm
mm
mm
mm
mm
mm

Polymer concrete
45.50
100
77
70
400
100
175
300
100
300

m
m

1.4
2

Production
Annual tonnage (design)
Production hours
Faraday’s Law
t
n (no. of e– transferred)
F (Faraday’s constant)
m (mol of metal plated)
Molar mass of Cu
Ampere-hour/kg
Cu tenor in advance electrolyte
Cu tenor in spent electrolyte
Cellhouse bite
Cell bite (scavenger and commercial cells)
Recirculation ratio
Cathode specifications
No. of cathodes per cell
Plating area (design)
Cathode materials of construction (MOC)
Height/length (deposition plating – cathode only)
Width (deposition plating – cathode only)
Height/length (whole cathode length)
Width (cathode + edge strips)
Edge strips size (W) (sides)
Cathode thickness

Crane productivity
Harvest cycle
Hours per day for harvesting
Harvests per hour
Harvest time
No. harvests per day per crane (max.)
Stripping machine productivity
Semi-automatic stripping machine (standard)
Stripping machine (large)
Cell specifications and dimensions
MOC of cells
Anode/cathode spacing (L) (anode centre to centre = 100 mm)
Cathode centre to centre (L)
Cell side spacing (W) (cathode edge strip to cell wall)
Cell wall thickness (W, top)
Cell bottom spacing (H) ( sloped with a minimum of 400)
Cell bottom thickness (H)
Cell top spacing (H) (above electrolyte deposition line)
Feed area allowance (L)
Overflow area allowance (L)
Overflow box (L)
Building Size
Cell centres (across cell width)
Platform width – left side, middle, and right side

amperage, number of cells, and transformer voltage can be
determined. Each piece of major EW equipment is discussed
in the sub-sections to follow, regarding optimization of
productivity and cost

 
Typical configurations of key Cu EW cellhouse equipment are
presented in Figure 1. The primary parameters used in
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determining the crane productivity are the harvest cycle and
harvest time (crane travel time). For the purposes of this
paper, it is assumed that all cathodes in the cellhouse are
harvested over a period of 7 days with every third cathode
being harvested per cell. Typically, about 50 harvests per
crane per day are possible if it is assumed that there are
roughly five harvests per hour and a 10-hour harvesting time
per day.
          

Copper electrowinning circuit design

;/6=?@0%4;8<5@,@8?55*>67?@8>9.;/6=<:;>9

Table II
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1. Maximum building length (maximum number of cells
per row): 60 cells per row in the cellhouse (120 total
cells) is the absolute maximum limit set by crane
productivity. Total voltage is calculated from the total
number of cells and cell potential.
2. Minimum number of cranes required for cathode
harvesting for a specific production rate (assuming
that most cellhouses install less than 84 cathodes per
cell):
 It is possible to harvest cathodes for production
rates less than 55 kt/a Cu with only one crane
 60 kt/a Cu to 110 kt/a Cu requires two cranes
 115 kt/a Cu to 165 kt/a Cu requires three cranes
 Greater than 170 kt/a Cu requires at least four
cranes.
3. Minimum number of cathodes per cell: By limiting the
number of cells to a maximum of 60 per row, the
          

minimum number of cathodes per cell is limited for
each production tonnage.
4. Minimum rectifier amperage possible in operation:
Because the rectifier amperage is determined by
number of cathodes per cell and Faraday’s Law, the
minimum possible operating rectifier amperage is then
determined. Rectiformer sizing for all the production
tonnages aims to minimize rectifier amperage, which
then minimizes cost (number of cathodes per cell,
which gives approximately 116 cells per bay, i.e., two
rows of approximately 58 cells).
Referring to points 1 to 4 and the bold black horizontal
bar in Table II, for a throughput of 45 kt/a it is possible to
harvest the required number of cathodes using one crane if
there are 69 cathodes per cell or more. This results in a
minimum rectifier amperage of 57 kA. Theoretically, it would
be possible to harvest up to 65 kt/a with only one crane with
102, or more, cathodes per cell.
Other cellhouse arrangement considerations include the
following (Miller, 2018):
 One cannot have more than one crane operating in a
single bay due to the risk of collision
 One can, however, have two cranes operating in two
separate bays feeding the same stripping machine but
at the cost of anti-collision instrumentation and
controls
!(",@00#
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The crane productivity is shown in Table II. World
operating data shows that Cu EW cellhouses do not typically
have more than 84 cathodes per cell (depicted by the bold
black line across all throughputs in Table II) (Robinson et al.,
2013). Black horizontal bars denote the limit for crane
utilization in terms of number of cathodes per cell for each
throughput. Once the crane productivity limit is determined,
it follows that the limits of four main parameters in the EW
cellhouse design are specified, namely:

Copper electrowinning circuit design
 The biggest improvement to crane productivity is
obtained by using auto-positioning for both lift and
replacement activities: laser sight on cell and cathode
positions, and the use of positive alignment systems
like Rhino Horn anode insulators.

 
The cathode stripping machine productivity is represented in
Table III and determines the number and size of stripping
machines required for each production rate.
Table III shows that the number of cathode plates
stripped is independent of number of cathodes per cell and is
only dependent on production rate (total number of
cathodes). A ‘standard’ stripping machine can accommodate
an absolute maximum of 120 plates per hour, while one
’large’ stripping machine can strip an absolute maximum of
450 plates per hour. It is assumed that, for production rates
less than 15 to 18 kt/a Cu, cathode handling and washing is
performed by a machine while stripping is performed
manually (Garbutt, 2018).

 
Rectiformers (rectifier–transformer pairs) are sized based on
the nominal production tonnage at design current densities of
320 A/m2. No extra margin is included in the production
tonnage. The design margin is accounted for in the rectifier
amperage capability to operate at higher current density
(Miller, 2018). Depending on rectiformer supply and sizing,
the cell design can be modified to suit. In terms of the
electrical arrangement, it is not recommended to have, for
example, one rectiformer with two operating cranes. The
electrical circuits need to be partitioned accordingly.


Another variable to consider is the relative cost of the
building to house the cells. Building utilization is shown in
Table IV. Each column is formatted per column (per
production rate).
 Building utilization (%) = Cell area/Total area
 Total area = Cell area + Platform area:

Table III

:=;44;9/@1<8*;9?@4=>368:;$;:%@@961+?=@>.@7:=;44;9/@1<8*;9?7@=? 6;=?3@.>=@$<=;>67@4=>368:;>9@:>99</?7@+<7?3
>9@7:=;44?3@8<:*>3?@45<:?7@4?=@*>6=

Table IV
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Copper electrowinning circuit design
– Cell area: The cell area is determined by multiplying
the number of cells by cell centre-to-centre width.
– Platform area: A minimum walkway of 2 m either
side of the two rows of cells and down the middle is
required to prevent a dropped electrode shorting
between the building steel and the last anode in the
cell, or across the centre aisle from first anode to
last anode.
Referring to Table IV, it is clear that building utilization is
relatively constant across different production tonnages but
increases percentage-wise as the number of cathodes per cell
increases. The rectifier amperage is constant for a specific
number of cathodes per cell and increases proportionally with
increasing number of cathodes per cell.

;9<98;<5@?$<56<:;>9
Analysis was conducted on a bare-bones basis, in real terms,
and excludes the effects of taxes, interest, or financing terms.
The costs should be regarded as budget values with ±30%
estimation accuracy.


 Overhead cranes—The cost of one crane was multiplied
by the number of cranes required for each production
rate, determined from Table II.
 Stripping machines—The cost of one standard/large
stripping machine was multiplied by the number of
stripping machines required for each production rate,
determined from Table III. The minimum cost was
taken when there was an option of multiple ‘standard’
stripping machines or fewer ‘large’ stripping machines.
It was assumed that cathodes are stripped manually for
productions rates less than 15 kt/a Cu; however, there
is still an associated cost applied for cathode handling
and washing.
 Rectiformers—Each rectiformer and busbar system was
costed from budget quotations from ABB (Oberholzer,
2018). The range costed included: 20 kA, 30 kA,
40 kA, and 60 kA. One rectifier and two transformers
(12-pulse configuration) totalling 250 V can cater for
116 to 120 cells per bay.
 Building utilization—Theoretically, the building cost
increases with a longer narrower building having a
lower percentage of the floor space used for cell
placement. Initially, the intention was to adjust the
capital cost (CAPEX) estimate with a cost per area of
EW floor space (US dollars per m2). This would allow
for increased cost as the number of cathodes per cell
decreased; however, when the final Cu EW project costs
were examined, it was found that the building
utilization cost contributed less than 1% of the total
CAPEX estimate. Consequently, building utilization
was not included as a variable in the overall EW project
cost but rather factored in the same manner as
structural steel, platework, etc.

which were then used to size major equipment. Major
mechanical equipment included anodes and cathodes,
cathode washing and stripping system (including
ancillaries), EW polymer concrete cells, rectifiers and
transformers (including shorting frame, trunk, and
apron busbar system), and cellhouse overhead cranes.
 A breakdown of the cost contribution of each piece of
major equipment is provided in Figure 2. Anodes,
cathodes, and rectiformers are the largest cost
contributors to the total mechanical supply cost. It has
been seen from recent studies that anode cost can
contribute as much as 50% to mechanical supply cost,
depending on the lead price at the time.
 Mechanical equipment cost and rectiformer costs were
determined from recent studies, DRA’s internal
database, and selected vendor quotes (Garbutt, 2018;
Oberholzer, 2018).
 Internal DRA factors were applied to the mechanical
supply costs (including rectiformers) for civils,
structural (supply and erection), platework (supply and
erection), mechanical erection, piping (supply and
installation), electrical, control and instrumentation
(supply and installation), transport, project services,
and preliminary and general costs. Owners’ costs were
excluded.

   
Sensitivity analysis was performed using the data tables to
map ranges of costs based on two main variables: namely,
production tonnage and number of cathodes per cell.
Mechanical supply costs, excluding rectiformer cost
estimates, are summarized in Table V. Rectiformer costs are
shown in Table VI.
All data tables in this section are formatted per column
(per production rate). This means that ‘low costs’ for two
different production rates are not necessarily the same, i.e.,
the formatting shows a relative low/intermediate/high cost
for a specific column (production rate) and should not be
compared with another column. Black horizontal bars depict
the limit of crane productivity, in terms of number of
cathodes per cell, for a specific production rate.
A number of observations can be made from the data in
Tables V and VI.

  
 Table V shows that as the number of cathodes per cell
increases, the mechanical supply cost decreases. The


The following assumptions were made in compiling the total
copper EW cost.
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 The CAPEX estimates were based on the use of typical
EW design parameters for compiling calculations,

Copper electrowinning circuit design
Table V

"?8*<9;8<5@76445%@8>7:7@;9@( @3>55<=7@?85@=?8:;.>=1?=7

Table VI

?8:;.>=1?=@8>7:@;9@( @3>55<=7

‘low cost’ range starts at: US$4.2 million for 10 kt/a
Cu; US$14 million for 45 kt/a Cu; US$35 million for
110 kt/a Cu; US$50 million for 165 kt/a Cu; and US63
million for 200 kt/a Cu.
 Because the total number of cathodes and anodes
required remains constant for a specific production
rate, regardless of number of cathodes per cell, higher
production rates (total number of cathodes) become
more economical due to the base cost of the cell mould.
The stripping machine and overhead cranes costs also
become more economical when these pieces of
equipment operate at high utilization.

 
Table VI shows that rectiformer cost increases with the
number of cathodes per cell and number of rectiformers
required per cellhouse. This can be attributed to the directly



1146







VOLUME 118

proportional relationship between number of cathodes per
cell and rectifier amperage. The ‘low cost’ range starts at:
US$1.5 million for 10 kt/a Cu; US$2.4 million for 45 kt/a Cu;
US$5.8 million for 110 kt/a Cu; US$9.5 million for 165 kt/a
Cu; and US$13.3 million for 200 kt/a Cu.
Table VII shows a combination of mechanical supply cost
and rectiformer cost factored for total Cu EW project cost. The
bold black lines indicate the limit of crane productivity
(approximately 116 to 120 cells). Costs range from US$18.8
million for 10 kt/a to US$249 million for 200 kt/a in the lowcost ranges.
Figure 3 represents the economy of scale achieved at
higher production rates within a specific band of
throughputs. The absolute minimum cost per ton of copper
across all columns (production rate of 165 kt/a Cu) was
determined and then subtracted from the minimum cost per
ton of copper for each column. The percentage increase above
165 kt/a was then graphed.
          

Copper electrowinning circuit design
Table VII
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Table VIII
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(Anderson et al., 2009)
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machine cost contributes a larger proportion to mechanical
supply than crane cost, minimum costs are seen before the
jump from n stripping machines to n+1 stripping machines.
A production tonnage of 165 kt/a copper has the best
economy of scale because one ‘large’ stripping machine is
more cost-effective than four ‘standard’ stripping machines.
In a scenario where a large production capacity is
required, for example 180 kt/a, and capital is limited in the
beginning of a project, the cost map suggests that the best
project cost would be achieved if modules/cellhouses of 45
kt/a are added progressively.
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Economy of scale is reduced at the beginning of a band,
for example, the highest cost peaks are seen at production
tonnages of 10, 60, 115, and 180 kt/a Cu. These peaks result
from the jump from n number of cranes to n+1 number of
cranes, as the utilization/productivity limit is reached and
production rate increases. Intermediate cost peaks are seen at
production tonnages of 20, 50, 95, 145, and 170 kt/a Cu as
stripping machine capacity is reached. Because the stripping

The world operating data for Cu EW is summarized in Table
VIII (Anderson et al., 2009; Robinson et al., 2003, 2013).
Ranges of number of cathodes per cell are listed for each
nameplate production rate.
Table IX shows the number of cathodes per cell for
optimum productivity and lowest total EW project cost with
the world operating data superimposed (indicated by blue
circles). Theoretical evaluation shows lower cost potentials
for higher throughputs before including another cellhouse
set.

Copper electrowinning circuit design
Table IX

>=53@>4?=<:;9/@3<:<@764?=;14>7?3@>9@>:<5@)6@,@4=>?8:@) ,@8>7:@1>3?5

It can be noted from Table IX that existing Cu EW
installations often fall within the recommended ranges for
number of cathodes per cell; however, they are not always at
the optimum value for cellhouse productivity and lowest Cu
EW project cost.
Green arrows indicate areas where the model matches
existing world operating data. Throughputs of 45 to 55 kt/a
Cu are particularly interesting because the world operating
data shows that these plants were designed to operate with
30 to 66 cathodes per cell. On the contrary, the cost map
suggests that the project capital costs could have been
minimized by increasing the number of cathodes per cell to
66 or more. In the same manner, lower project costs could
have resulted from installing more than 69 cathodes per cell
for production rates of 90 to 110 kt/a Cu, 140 to 165 kt/a Cu,
and 185 to 200 kt/a Cu.

The aim of this paper was to optimize total Cu EW project cost
by mapping productivity and arrangement of major Cu EW
cellhouse equipment. A number of findings emerged.
 58 to 60 cells per row of cells is the absolute maximum
limit of crane productivity with each cellhouse bay
having two rows of cells.
 One crane can be utilized for production tonnages up to
55 kt/a, assuming a minimum of 84 cathodes per cell
(typical of world operating data).
 A ’standard’ stripping machine can accommodate an
absolute maximum of 120 plates per hour.
 Anodes contribute the highest proportion to Cu EW
mechanical equipment cost.
 EW cellhouse floor area utilization is insignificant in
terms of total project cost, although further work is
recommended for projects in cold climates.
 Economy of scale is evident in dollars per ton Cu as
production rate increases.
 A production tonnage of 165 kt/a copper has the best
economy of scale, in terms of total project cost, for the
range 10 to 200 kt/a Cu.









89>5?3/?1?9:7
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 Large nameplate production rates would achieve the
lowest project capital cost when built in 45 kt/a Cu
modules, should capital be constrained.
Data tables were used as a sensitivity analysis tool to
determine the optimum Cu EW cellhouse arrangement and
cost, by changing the variables: number of cathodes per cell
and Cu cathode production rate. The optimum number of
cathodes per cell, in terms of total project cost, for each
production rate was determined and validated against
existing world operating tankhouse data.
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Methodology for assessing the benefits
of grind control using particle size
tracking technology for true on-line
particle size measurement
by R. Maron*, C. O’Keefe*, and J. Sepulveda†

Despite the recognized influence of product fineness on line capacity and
downstream process performance, few mineral concentrators today use
particle size measurement of the final product in automatic control
applications for particle size. ‘Near-line’ particle size instrumentation has
existed for decades and is utilized in modern concentrators, but low
availability and measurement frequency, due to problems with slurry
sampling and transport systems, make these technologies unreliable for use
in automatic control. An innovative technology for real-time particle size
measurement on individual hydrocyclones, named CYCLONEtrac™ PST
(particle size tracking), has been developed by CiDRA Minerals Processing,
and proven in commercial installations, demonstrating near 100%
availability with minimal maintenance requirements, thus overcoming the
limitations of previous technologies. Potential stakeholders require
convincing, reliable information regarding the economic value delivered by
automatic grind control projects. In this paper we present a methodology for
estimating such value with the CYCLONEtrac™ PST technology, and
demonstrate unique opportunities to improve process stability and
performance. Based on actual plant data accumulated over time, the
evaluation approach assesses and highlights the significant potential
process improvement that can be expected with the particle size tracking
technology. As an extension of previous work, in this paper we present the
key operating criteria for optimizing the production of valuable metals and
increase mill throughput by identifying the optimal grind size. As this
requires operating closer to the process boundaries, accurate real-time
particle size measurements, such as those provided by the CYCLONEtrac™
PST system, become essential for achieving the maximum potential value
from every operation. For further illustration, data from three different
copper plants is compared.
:8 3510
grind control, particle size, real-time measurement.

>46531.,6734
Owners and operators of mineral concentrators
constantly search for the most economically
attractive way to increase the output of
valuable metal. A logical approach is to
identify a key parameter that has the greatest
impact on the performance of multiple stages
of the process and then use a holistic analysis
methodology to determine how this key
parameter can be controlled to optimize the
final output.
Particle size is widely recognized as such a
key parameter; however, very few
concentrators today use real-time particle size
measurements for automatic control of the
final product size due, to a large extent, to the
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inherent limitations of existing technologies.
‘Near-line’ particle size measurement
instrumentation, which has been used for
decades, typically suffers from low availability
because the fundamental measurement
technologies were developed for other, less
demanding industries and then adapted to the
harsh environment of the typical mineral
concentration process. An outline of the key
differences among the available technologies
used for particle size measurement in
comminution circuits has been completed in
previous work, and plant data has proven the
benefits of measurements on individual
cyclones – something that, until now, has not
been possible (Cirulis, 2017).
The patented CYCLONEtrac™ PST particle
size tracking (PST) technology was expressly
designed for true on-line measurement of the
product size on the overflow of individual
hydrocyclones, almost continuously, avoiding
the always cumbersome technique of taking
representative slurry samples, thus
overcoming several limitations of legacy
technologies. Its simple acoustic-impact
technology, rugged design, and absence of
moving parts has solved the problem of low
availability, thereby making real-time
measurement and automatic control of ground
product size a practical reality.
To assess the potential economic benefit of
implementing this PST-based measurement
and control system, the authors previously
developed a methodology (Maron, O’Keefe,
and Sepulveda, 2017) for determining the
optimum final ground product size that results
in the maximum net metal production (NMP),

Methodology for assessing the benefits of grind control using particle size tracking technology
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defined as the amount of valuable net metal produced per
unit time. The method uses historical daily or hourly plant
data for a minimum period of one year, ideally longer. Since
that initial work, data-sets from two additional plants have
been analysed. In all three cases, the analyses have shown
that although there are significant potential gains to be
realized from only reducing the variability in product size,
there are additional and larger potential gains obtained from
coarsening the product size, which enables the throughput of
the plant to be increased, therefore proportionally increasing
the NMP. However, this must be done in a stable and
controlled manner to avoid downstream problems with
material handling and to prevent roping conditions on
individual hydrocyclones. This PST system provides the
necessary information, not previously available, to more
closely approach these process barriers in a safe operational
way.
In this paper, we briefly review the technology, then
examine three specific paths available to increase process
performance, i.e., to maximize NMP, showing the key role of
reliable ground product size measurements. We then briefly
present the methodology used to determine the product size
that maximizes NMP. Finally, we discuss three different realworld examples of applications of this methodology.
This approach to increasing NMP focuses on the
secondary grinding or ball milling stage, for a good reason. In
the 1980s and 1990s, the typical bottleneck in grinding
circuits was the semi-autogenous (SAG) mill. However,
significant improvements to SAG mills over the last two
decades have now shifted the bottleneck to the ball mills.
Thus, the ball mill classification circuit is the unit operation
where the greatest potential NMP improvement can be
obtained, with significant economic benefits.

>)(2,6 20819582- 67)89(2567,-890789)820.58)84693%
,,-3489385%-3 906582)0
Acoustic impact-based PST is a unique method for measuring
and controlling a reference product mesh size in cyclone
overflow streams. The implementation of this technology is
centred upon a sensor probe that is inserted into the overflow
slurry stream via a two-inch (50 mm) hole in the overflow
pipe. Particles in the slurry stream impact the surface of the
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probe, generating travelling stress waves within the probe. A
sensor converts these travelling stress waves into an
electrical signal, and proprietary signal processing techniques
convert these signals into a particle size measurement that is
output every four seconds. The sensor is constantly in
contact with many particles in the slurry stream, thus
obtaining information from orders-of-magnitude more
particles than traditional sample-based technologies. Also,
because of the location of the sensor downstream of the
hydrocyclone and the presence of an air core at that point, the
sensor produces no change in the back-pressure seen by the
hydrocyclone and thus does not affect hydrocyclone
performance. The probe has a useful life of approximately 18
months due to the abrasive wear caused by the direct slurry
impact. The probe life is related to the particle hardness and
size, which is obviously finer in the overflow stream than in
the feed stream, thus enabling an acceptable probe life.
Currently, the software provides a single reference mesh size
to be incorporated into a process control strategy. Figure 1
shows the main components of the PST system.

>)(5374/9(53,8009(85%35)24,8924196+898953-893%
(531.,69078
The value analysis methodology, presented later, shows that
to achieve the maximum increase in NMP, which is directly
linked to net cash flow from the operation, we should
increase throughput and coarsen the final product size,
despite a possible decrease in recovery. The throughput
equals the ratio of power to specific energy. The well-known
Bond’s Law relates the specific energy consumption used in
size reduction to the feed and product sizes by a factor
known as the Bond Work Index (Wi), which is a property of
the ore (Bond, 1985). These two relationships can be
combined, as shown in Equation [1], to show three parallel
paths to increase throughput using the existing circuit, where
Wi is replaced by the ‘operational work index’ (Wio), which
is the actual energy per ton as measured in the plant. Ideally,
Wio should be less than Wi for an efficient grinding
operation. A detailed explanation of these paths is well
known and has been presented on various occasions,
including by the current authors (Sepulveda, 2017), and is
summarized in the following three subsections of this paper.
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[1]



Minimum % solids overflow, only limited by the total
water availability



Maximum % solids underflow, only limited by the
undesirable ‘roping’ condition



Maximum circulating load, only limited by the capacity
of both the pump(s) and the mill itself to transport the
required volume of slurry.

The collective goal of these three operating conditions is
for the hydrocyclones to remove fine particles from the circuit
as soon as they are reduced to the target size. In this way,
the energy of the mill is directed to grinding the coarse
particles that have not yet reached the final target grind size,
rather than being used to overgrind particles that have
already reached the final target size and should not be
present in the mill.

  

   
The first path to increase throughput, as shown by Equation
[1], is by increasing the power (P) drawn by the ball mill.
The well-known relationship shown in Figure 2 indicates
how this can be accomplished. It follows that one should
increase the mill charge level (J) and/or the mill speed (Nc)
whenever possible.

  
The second path to increase throughput, as shown in
Equation [1], involves the operational work index (Wio),
which is affected by the response of the classifiers in their
closed-circuit interaction with the ball mill. The Wio appears
as a reciprocal in Equation [1], thus representing the
‘effectiveness’ of the classification, i.e., how the classifiers
contribute to reducing the tons processed per unit of energy
consumed. A more effective operation is that in which the
Wio is reduced to its minimum possible value. This means
that for optimal energy efficiency and throughput in an
effective grinding process, the content of fine particles in the
mill charge should be as low as possible for a given grinding
task, thus reducing Wio. This may be achieved by operating
the circuit under the following three conditions, which are
sometimes referred to as the ‘Fourth Law’ criterion:

The third and most effective way to increase throughput (T)
is to relax the grinding task, which in Equation [1] is
represented by the denominator that contains the feed size
(F80) to the ball mill section and the product size (P80)
discharged through the cyclone overflow. Equation [1] shows
that bringing the F80 and P80 closer together, i.e., making the
feed size smaller and/or making the product size coarser, will
result in increased throughput (T). A graphical
representation of the grinding task and the empirical
relationship known as Bond’s Law is shown in Figure 3
(left), where Wio represents the effective hardness of the ore.
In the NMP optimization methodology, we focus on
coarsening the P80, which has a greater effect on increasing
throughput than reducing the F80 size, as shown in Figure 3
(right).
As the P80 and throughput are increased, a reliable realtime measurement of product size, like the one provided by
PST, becomes extremely valuable for implementing this
method while avoiding problems as downstream process
limits are approached. A typical process limit is when
hydrocyclones enter a so-called roping condition as their
underflow discharge capacity is exceeded. Figure 4 shows
such an example of a ball mill classification circuit being
pushed to a higher throughput and greater particle size – as
measured by PST – until the point at which a hydrocyclone
exceeds its operating limit and enters a roping condition. The
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methodology uses daily data over a long enough time (ideally
more than one year) to obtain a high-level assessment of the
general plant operating performance, focusing mainly on
throughput (T) and recovery (R), which are used to calculate
the net production of valuable metal (NMP) – the primary
generator of cash flow – giving the final objective function for
process optimization purposes, as determined by the simple
expression:
NMP = hTR
[2]

#7/.589"153,,-3489846850953(74/9,341767349 +849(53,8009-7)76970
8,88181

detrimental effect on the stability and performance of all the
other cyclones in the battery is clearly seen, as the battery
sends a large volume of coarse material to downstream
flotation. The data was obtained after the installation of a
real-time PST system but before it was used for control. The
most relevant learning from this experience is that ‘one
wrong cyclone corrupts the whole battery of cyclones’.

where h represents the head grade of valuable metal being
recovered.
Inherent in this methodology is the usual observation
that throughput (T) and recovery (R) are a strong function
of product size, thus product size is chosen as the
independent variable. Therefore, NMP is also a strong
function of product size, thus there should exist an optimal
product size that maximizes NMP and cash flow. Therefore,
accurate measurement and control of product size is here
highlighted as a necessity for effective process control.
Correlations of throughput and recovery to other variables
such as feed grade and ore hardness must also be examined
in every case, whenever the proper information is available.
Finally, operational plant constraints (like maximum tonnage
or flow rates, product coarseness limitations for slurry
transport, etc.) should also be taken into consideration as
they may limit the maximum NMP values that can be
consistently obtained.

        
2-.89200800)8469)86+313-3/
The objective of this methodology is to quantify the value of
incorporating this on-line particle size measurement into the
automatic process control system for a grinding/classification
circuit using normally available historical plant data. The

The minimum input data-set consists of the following four
parameters, sampled at least once daily for a minimum of one
year: mass per cent passing a target grind size (e.g., P80 or
percentage exceeding target mesh size), throughput per unit
time, feed grade, and percentage net metal recovery. Once the
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data-set is cleaned by filtering or data pre-processing, the
throughput (T) and recovery (R) are plotted against target
grind size, as shown in Figure 5 (left). These plots typically
exhibit centrally weighted data clouds that make trend
detection very unreliable. Both visual examination of such
data clouds and regression fits are heavily influenced by a
central grouping of data points, which are typically located
around the plant operating points. To increase the influence
of data points located further away from the normal
operating points, data pre-processing can be used to reduce
the number of points and allow for a clearer visual
representation of the underlying trends. In our experience,
this also increases the accuracy of the regression fits,
particularly for low-order fit functions when the regression
results are compared with other empirical data and firstprinciples models. The pre-processing used here, data
binning, either through equal intervals or equal frequency,
does allow for an increase in the influence of data outside the
majority group of data points. Data binning partitions the
horizontal axis and the data within these partitions is
combined into a single number or category, which in this
case was the mean of the data. In these particular data-sets,
equal interval data binning was used, resulting in an increase
in the influence of the data from the lower percentages of the
target mesh size. The resulting equal interval means are

shown in the throughput and recovery plots in Figure 5 (right).
The filtered throughput and recovery are then verified;
i.e., throughput should show an increasing tendency with
increasing particle size, and recovery should show a peak at
a unique particle size, both as predicted by basic
comminution and flotation practice. NMP can now be
calculated, and its maximum identified as shown in Figure 5
(right).
In general, an important conclusion that can be drawn
from the data, as shown in Figure 5, is that the maximum
NMP is normally achieved by increasing throughput by
coarsening the product size, usually at the expense of
sacrificing some recovery. From this conclusion comes a
challenge: how to measure grind size in a continuous,
reliable way so that these measurements can be incorporated
in the automatic control strategy, and thus prevent violation
of the downstream process limitations imposed by particle
size and/or material handling capabilities. Figure 6 (left)
shows the actual particle size distribution without real-time
particle size control, and the expected reduced variability and
increased product size achievable by using real-time particle
size control such as PST. Figure 6 (right) shows the potential
incremental NMP improvements obtained by only reducing
size variability at the current product size, and then
coarsening the product size to a higher target size.
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In addition to the data-set analysed above, data-sets from
two additional SAG and ball mill (SABC) circuits were
analysed. To compare and benchmark the performance of
plants without real-time product size control, normalized
histograms of the product size distributions for the three
plants are shown together in Figure 7 (left). For better
comparison, the x-axis was normalized to the average
product size and the y-axis normalized to the percentage of
total number of readings. The data was plotted without
filtering or data binning to reveal more of the data structure.
It is interesting to observe that the natural process variability
appears similar in all cases, considering that these are all
large porphyry copper operations with similar grinding and
classification circuits that do not include particle sized-based
control strategies. It is to be expected that with particle size
control strategies, the variability would be significantly
reduced.
Figure 7 (right) shows the normalized NMP improvement
for the plants, indicating that the current product size is
normally in the range of 80–90% of the optimum size to
achieve maximum NMP, and the expected NMP
improvements are 3–6% if the current average product size is
increased to the optimum size.

=34,-.0734
Final ground particle size determines plant throughput and
recovery, and thus the production of valuable metal that
drives cash flow. The absence of a reliable real-time particle
size measurement has for decades limited the
implementation of automatic particle size control strategies
that can enable mineral concentrator plants to maximize the
production of valuable metal. The new, highly reliable realtime particle size measurement technology now enables
plants to implement control strategies that permit them to
grind coarser, increase throughput, and optimize metal
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production, thus more closely approaching process limits
while monitoring and controlling product size to avoid
downstream problems. We have presented the fundamental
operational strategies that should be implemented to
maximize valuable metal production, and a simple
methodology to estimate the resulting economic benefits.
Data from three plants showed a typical variation in product
size in processes without automatic control based on realtime particle size measurement. The data also showed that
significant increases in valuable metal production of several
percentage points are possible. This methodology can be
repeated on any mineral concentrator with a similar
relationship between grind size, throughput, and recovery.

;8%8584,80
BAZIN, C., GRANT, R., COOPER, M., and TESSIER, R. 1994. A method to predict
metallurgical performances as a function of fineness of grind. Canadian
Mineral Processors Annual Conference, CMP Proceedings 1964-1998.
http://www.sciencedirect.com/science/article/pii/0892687594901155
BOND, F.C. 1985. Testing and calculations. SME Mineral Processing Handbook.
Weiss, N.L. (ed.), Section 3A: General Aspects of Comminution. Society of
Mining Engineers of the American Institute of Mining, Metallurgical, and
Petroleum Engineers pp. 16–27.
CIRULIS, D., DUNFORD, S., SNYDER, J., BARTSCH, E., ROTHMAN, P., MARON, R.,
NEWTON, D., O’KEEFE, C., and MERCURI, J. 2015. Process optimization using
real team tracking of coarse material in individual cyclone overflow
streams. Proceedings of Metplant 2015 Conference, Perth, Western
Australia, 7–8 September. Australasian Institute of Mining and
Metallurgy, Melbourne.
CIRULIS, D. 2017. Particle size tracking system vs. traditional measurement
techniques. Engineering and Mining Journal, March. pp. 58–59.
EDWARDS, R., VIEN, A., and DESBIENS, A. (eds.). 1999. Application of a modelbased size-recovery methodology. Canadian Institute of Mining,
Metallurgy and Petroleum, Montreal.
MARON, R., O’KEEFE, C., and SEPULVEDA, J. 2017. Assessing the benefits of
automatic grinding control using PST technology for true on-line particle
size measurement. PROCEMIN-GEOMET 2017, Proceedings of the 13th
International Mineral Processing Conference and 4th International
Seminar on Geometallurgy. Gecamin, Santiago.
SEPULVEDA, J.E. 2017. Operational guidelines for an energy efficient
grinding/classification circuit. Pre-Seminar at PROCEMIN 2017, sponsored
by the Coalition for Energy Efficient Comminution (CEEC), Santiago,
Chile, 4 October 2017. 

SUBSCRIBE TO 12 ISSUES
January to December 2018

of the SAIMM Journal

"## !#"# !#"#""
 with cutting-edge research
 new knowledge on old subjects
 in-depth analysis

R2157.10
LOCAL

OR

US$551.20
OVERSEAS

per annum per subscription
For more information please contact: Tshepiso Letsogo
The Journal Subscription Department
Tel: 27-11-834-1273/7 • e-mail: saimmreception@saimm.co.za or journal@saimm.co.za
Website: http://www.saimm.co.za

#" ! # !#" ##"!# !# # !#!!   "# 


1154







$!9**

          

http://dx.doi.org/10.17159/2411-9717/2018/v118n11a5

Relationship between ore mineralogy
and copper recovery across different
processing circuits at Kansanshi mine
by L. Little, Q. Mclennan, A. Prinsloo, K. Muchima,
B. Kaputula, and C. Siame

The variability of copper mineralization at Kansanshi mine significantly
affects the efficiencies of the processes used to recover copper. Quantifying
this variability is therefore essential for monitoring and optimizing the
performance of the concentrator, which comprises three different flotation
circuits (sulphide, mixed, and oxide) and an atmospheric leach circuit. Onsite automated scanning electron microscopy with energy-dispersive X-ray
spectrometry (Auto-SEM-EDS) is used to analyse routine weekly composite
samples for each circuit, providing detailed analyses of bulk mineralogy,
copper deportment to different minerals, mineral liberation, and
associations. Weekly mineralogical trends are used to assess changes in
process performance, and characterization of the copper losses has inspired
a number of projects to target the specific particle types responsible for the
main losses. In this paper we describe the relationship between mineralogy
and plant performance at Kansanshi, and discuss some of the advantages
and challenges of on-site process mineralogy.
?.*;=37
process mineralogy, automated SEM, copper deportment, flotation recovery.
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Kansanshi is a copper and gold mine located in
the Northwestern Province of Zambia, with an
annual production in the region of 250 000 t
of copper and 160 000 ounces of gold. Ore
mined from the epigenetic vein-hosted deposit
is classified into three ore types based on the
extent of oxidation and supergene enrichment.
Sulphide, oxide, and mixed ore are fed to
separate mineral processing circuits tailored
for recovery of the dominant copper minerals
in each. After comminution to a target grind
size of 80% passing 150 μm, each ore type is
subjected to flotation to recover the copper
sulphide minerals (chalcopyrite, bornite,
chalcocite, covellite). The oxide float tails and
a large proportion of the mixed float tails are
then treated by atmospheric leaching to extract
copper from the remaining copper-hosting
minerals, which include cuprite, malachite,
chrysocolla, and delafossite. Some native
copper is recovered by flotation and some of it
is recovered by leaching. A small portion of the
combined concentrate from all circuits is
subjected to high-pressure leaching and the
rest is sent to the smelter. Sulphuric acid
produced during smelting is used for the
atmospheric leach.
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With assistance from Dr Will Goodall and
colleagues from MinAssist and iMinSolutions,
Kansanshi set up an on-site mineralogical
section within its processing department in
2015 to provide applied mineralogy services
for continuous plant performance
improvement. Most features of the set-up that
Goodall outlined in 2015 have been
maintained to date, with the Zeiss MinSCAN
being used for automated mineralogical
analysis of weekly composite samples of the
key streams for each circuit. In this work,
sulphide, mixed, and oxide flotation are
considered as three separate circuits, and the
atmospheric leach that processes oxide and
mixed flotation tails is considered as a fourth
circuit. Detailed weekly mineralogy reports for
each circuit have helped to explain variation in
performance, and have underpinned a number
of successful recovery and grade improvement
projects. Kalichini et al., (2017) described
some of the key successes of the Kansanshi
mineralogy programme, focusing on the value
delivered by the programme in the sulphide
circuit.
Work involving Kansanshi ore mineralogy
that has been reported to date has typically
focused on mineralogy or processing
associated with a particular circuit at
Kansanshi (Corin et al., 2017; Kalichini et al.,
2017; Jacobs, 2016; Pacquot and Ngulube,
2015; Kalichini, 2015; Pérez-Barnuevo, Pirard,
and Castroviejo, 2013). The objective of this
paper is to provide a broader perspective,
analysing variation in mineralogy across the
four circuits and relating this to the operating
strategies and performance of each.

Relationship between ore mineralogy and copper recovery across different processing circuits
)?<6;3;5;/.
The data presented in this paper is from routine weekly
mineralogical analysis performed on-site using the Zeiss
MinSCAN (Hill, 2014). Automated sample cutters on the
cyclone overflows, final tails, and final concentrate streams
are used to collect two-hourly samples for chemical analysis.
From these samples, daily composites are prepared, which
are in turn combined to form weekly composites. The plant
sampling equipment and sample preparation procedures are
continually being improved with the aim of ensuring full
representativeness. This is a work in progress.
After being wet-screened into four fractions, the weekly
composite samples (four fractions from three streams in each
of the four circuits), are further split using a micro-riffler,
mixed with graphite, and mounted in resin. After setting,
these blocks are polished and carbon-coated for scanning
electron microscopy (SEM) analysis with the MinSCAN. The
blocks are analysed using a random grid pattern of fields that
are mapped with a 2–14 μm energy-dispersive spectroscopy
(EDS) point spacing, depending on the size fraction. Mineral
classification, performed using the Mineralogic software, is
based on a mineral list that was developed by iMin Solutions.
Optical microscopy is used intermittently for corroboration of
SEM mineral identification (Figure 1), and this has helped to
identify and resolve occasional issues with SEM mineral
classification.

Calculations for copper distribution by-mineral-by-size
incorporate total copper assays from the Kansanshi chemical
laboratory for weighting of the copper deportment to each
size fraction. This reduces the errors associated with particle
segregation during block preparation. In November 2017, the
analysis method for tails samples was changed from X-ray
mapping to a bright-phase search to increase the number of
copper mineral particles analysed and thus reduce the
uncertainty associated with losses of sulphide minerals,
native copper, malachite, and cuprite.
Data from the period December 2017 to May 2018 (22
weeks) was selected for description of the bulk mineralogy,
copper deportment, copper mineral recovery, and mineral
associations across the four circuits. This was due to slight
modifications in the mineral list clustering and improvements
in the analysis set-up that were implemented in November
2017. However, data for 2016 and 2017 describes similar
mineral behaviour across the four circuits as the selected
period data.

25"@0>8?=95;/.
Figure 2 shows the bulk mineralogy of the ore fed to the
three flotation circuits, as well as that of the flotation
concentrates obtained. The major non-sulphide gangue
minerals are quartz, feldspar (albite), mica (biotite,
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Relationship between ore mineralogy and copper recovery across different processing circuits
muscovite), and calcite, which together comprise over 80
mass% of the ore fed to the three circuits. Dolomite, clay
(kaolinite), iron oxides (magnetite, haematite, and goethite),
and others (rutile, ilmenite, and zircon) comprise another 10–
20 mass%. Note that graphite is not shown in Figure 2 as it
is not directly quantifiable by EDS, but minor quantities are
expected to be present, and at times ‘carbonaceous material’
does cause problems in the flotation circuits. Additionally,
the mica cluster currently includes amphibole and chlorite
minerals, which are present in minor amounts. Pyrite,
pyrrhotite, and other sulphides (mostly galena) are all minor
components of the feeds, with pyrite having the biggest
impact on concentrate quality, accounting for 10–20% of the
final concentrate mass.
The bulk mineralogy by size for each circuit shows clear
variation in the breakage rates and grain sizes between the
major gangue minerals, with quartz and calcite preferentially
deporting to the coarse fractions. A substantial proportion of
the copper and gold mineralization at Kansanshi is hosted
within the network of quartz and calcite veins that crisscross
the deposit. The chalcopyrite mineralization within these
veins is mostly coarse, so it is easily liberated and
preferentially recirculated within the grinding circuits, and
therefore it does not follow the same distribution by size as

the quartz and calcite. Across the three flotation circuits, the
proportions of the acid-consuming gangue minerals (calcite
and dolomite) decrease from sulphide to mixed to oxide ore.
The relative abundance of these minerals and variation
thereof is of key interest for the leach circuit and has at times
been used as a means of controlling the acid balance between
the smelter and the leach circuit.
The variation in extent of oxidation and weathering
across the three flotation circuits is apparent in the ratio of
sulphide to oxide minerals in the feeds, with increasing
proportions of iron oxides, secondary copper sulphide
minerals such as bornite, chalcocite, and covellite, and
chrysocolla. The main differences between the concentrates
across the three circuits is apparent in the copper sulphide
minerals, where supergene enrichment has led to replacement
of chalcopyrite with secondary copper sulphides in the mixed
and oxide ores (Figure 1). Djurleite and digenite have also
been identified (Jacobs, 2016), but these have been clustered
with chalcocite. The similarity in bulk mineralogy of the
mixed and oxide concentrates does not fully reflect the
differences in copper mineralogy between these two ores
because the flotation recovery of chrysocolla is negligible.
The difference in chrysocolla content is more clearly
demonstrated in the following sections.
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Table I
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Chalcopyrite
Bornite
Chalcocite
Covellite
Native copper
Copper oxides and carbonates
Delafossite and Cu-Fe oxides
Chrysocolla
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94
84
69
71
40
43
50
7

78
86
89
76
63
55
32
6

57
70
75
62
37
14
10
1

37
43
69
33
67
93
75
94

34
40
65
24
63
94
76
94
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Relationship between ore mineralogy and copper recovery across different processing circuits
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Relationship between ore mineralogy and copper recovery across different processing circuits
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The distribution of copper between different mineral hosts
was originally identified as one of the key mineralogical
variables to track at Kansanshi, and this has been the most
useful mineralogical measurement for explaining variation in
grade and recovery over time. Figure 3 shows how the copper
in the feed to each circuit is recovered to the flotation
concentrate or lost to the flotation tails, depending on the
copper deportment to different minerals. Figure 3 also
describes the leaching of copper from various minerals in the
two leach trains through comparison of the copper
distribution in the leach feed to that in the solid residues
discharged from the two leach trains. It is predominantly the
copper sulphide minerals that are recovered to the
concentrates, and chrysocolla and copper oxides and
carbonates that are leached.
Of the three flotation circuits, the sulphide circuit has the
highest recovery (>90%) due to the simple copper
mineralization, with approximately 90% of the copper
occurring in chalcopyrite. In the mixed ore, chalcopyrite hosts
approximately 35% of the copper in the feed, and in the oxide
ore this proportion is normally less than 20%. In the oxide
circuit, the flotation recovery is less than 50%, as
approximately 50% of the copper is contained in chrysocolla,
cuprite, and malachite, which report to the oxide tails.
Fortunately, these minerals leach well, so it is the loss of
chalcopyrite that is most detrimental to the combined float
and leach recoveries in the oxide and mixed circuits. In the
mixed circuit, controlled potential sulphidization (CPS) with
addition of sodium hydrogen sulphide (NaHS) is used to
improve flotation recovery of the secondary copper sulphide,
copper oxide, and copper carbonate minerals. NaHS is also
added to the oxide circuit and occasionally to the sulphide
circuit for a similar purpose, but dosages are not currently
controlled by CPS. Projects supported by mineralogy are
under way to optimize NaHS dosages using CPS for both the
oxide and the sulphide circuit.
Historically, little or none of the mixed float tails was sent
to the leach circuit, so more effort was made to recover the
copper oxide and carbonate minerals by flotation in the
mixed circuit, with multiple CPS stages and regular trials of
new reagents designed to improve recovery of these minerals
(Pacquot and Ngulube, 2015; Corin et al., 2017). Recently,
due to the abundance of acid available from the smelter and
quantitative mineralogy describing the losses in the mixed
flotation tails, the leach circuit has been reconfigured to

increase capacity and allow for processing of up to 100% of
the mixed flotation tails.
The mineralization that leads to difficulty in achieving
high flotation recoveries in the mixed and oxide circuits has a
positive effect on concentrate grade. For the sulphide circuit,
to achieve a target grade of 24% total copper the concentrate
has to contain 70% chalcopyrite by mass as chalcopyrite has
a relatively low copper content (34.8%). On the other hand,
chalcocite has a copper content of approximately 80%, so for
the mixed and oxide concentrates it is possible to achieve
grades of over 40%. For this reason, the operating strategy
for the sulphide circuit places greater emphasis on pyrite and
non-sulphide gangue rejection than the other circuits, with a
chalcopyrite-selective collector and Jameson cells used for
cleaning the final concentrate (wash water reduces
entrainment). The effects are evident in the bulk mineralogy
of the concentrate (Figure 2), which shows more copper
minerals and less pyrite in the sulphide concentrate than in
the mixed and oxide concentrates, while the copper grades of
the three concentrates are 22%, 28%, and 30%, respectively
(average for the year to date).
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The ability to calculate recoveries of individual copper
minerals within a circuit provides a valuable tool for
assessing operating factors influencing both flotation and
leach performance, as well as for understanding how ore
variability affects performance. The recoveries and leach
efficiencies of the major copper-hosting minerals are
presented in Table I, and the copper mineral recoveries by
size fraction are presented in Figure 4. It is apparent that it is
not only the distribution of copper to different minerals in the
three circuits that influences recovery, but the recovery of
each mineral also varies across the different circuits. The
recovery of chalcopyrite is highest in the sulphide circuit
(94%), moderate in the mixed circuit (78%), and poor in the
oxide circuit (57%). This variation is likely a result of
differences in the surface chemistry of the chalcopyrite
grains, which may be influenced by multiple variables. Key
factors identified that could influence the chalcopyrite grain
surfaces include the stream’s bulk mineralogy (affecting iron
and copper species in solution), the grinding environment
(different quality steel media used), and the pulp potential
(modified by addition of NaHS) (Heyes and Trahar, 1979;
Bruckard, Sparrow, and Woodcock, 2011; Chen, Peng, and
Bradshaw, 2014; Greet et al., 2004; Whiteman. Lotter, and
Amos, 2016; Lotter, Bradshaw, and Barnes, 2016).
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Relationship between ore mineralogy and copper recovery across different processing circuits
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Of the secondary copper sulphides, bornite has the
highest recoveries in the sulphide circuit with similar
behaviour to chalcopyrite, whereas chalcocite has the highest
recoveries in the mixed and oxide circuits. This is consistent
with observations in the literature that the Eh ranges for
optimal flotation of chalcopyrite and chalcocite differ due to
the difference in semiconductor types, with chalcocite floating
better at more negative Eh (Lotter, Bradshaw, and Barnes,
2016). Additional CPS stages are likely responsible for higher
recoveries of chalcocite, native copper, and copper oxides and
carbonates in the mixed circuit (Pacquot and Ngulube, 2015),
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and this reasoning has motivated CPS projects for the oxide
and sulphide circuit to further improve flotation recoveries.
Variation in the different Cu mineral head grades across the
three circuits could also account for some of the variation in
mineral recoveries, with the sulphide ore having the highest
chalcopyrite head grade and very low head grades for the
other copper minerals. The year-to-date chalcocite head
grades for the sulphide, mixed, and oxide circuits are 0.01%,
0.28%, and 0.33%, which perhaps accounts for the difference
in chalcocite recovery between sulphide and mixed, but not
between mixed and oxide.
          

Relationship between ore mineralogy and copper recovery across different processing circuits
The effects of particle size on flotation performance have
been well documented (Feng and Aldrich, 1999), and the
traditional ‘optimal particle size range for flotation’ with a
P80 of 150 μm has been targeted since the plant was
commissioned. The size-by-size recovery data (Figure 4)
seems to justify this approach, with flotation recoveries of
the sulphide minerals higher for the −150+75 μm and
−75+38 μm fractions than for the +150 μm and −38 μm
fractions. However, in Figure 5 it is evident that losses in the
−38 μm fraction are typically greater than those in the other
size fractions, indicating that perhaps a coarser and steeper
particle size distribution would be preferable.
Many projects have been implemented to reduce the fines
losses. In the sulphide circuit, Jameson cells (Glencore
Technology, 2017) were installed in August 2017, and
ProFlote (paramagnetism to agglomerate fines) is currently
being trialled (FLSmidth, 2018). To reduce fines generation
in the mixed circuit, the discharge mechanism of the ball mill
was converted from grate to overflow in mid-2017, which led
to a substantial increase in recovery. High-shear stators have
also been trialled for improving fines recovery.

)>8?=95@977;:>9<>;87
Apart from mineral abundance and copper distribution,
understanding the liberation and associations of key
minerals is important for explaining mineral behaviour in
processing and identifying opportunities for improvements
(Evans and Morrison, 2016; Fandrich et al., 2007; Albijanic
et al., 2014; Whiteman, Lotter, and Amos, 2016). A
commonly occurring association texture, that of rimming of
chalcopyrite with chalcocite, is shown in Figure 6 (PérezBarnuevo, Pirard, and Castroviejo, 2013; Jacobs, 2016). The
associations of chalcopyrite, chalcocite, pyrite, and quartz
with other minerals in the feed and flotation concentrate
streams of each circuit are quantified in Figure 7. In each
graph, the colour of the selected mineral is used to indicate
the associations of that mineral with ‘background’, which is
an indication of the extent of liberation. By this measure, of

the four minerals, chalcopyrite and quartz have the greatest
extent of liberation. As expected, in all of the feed streams
liberation increases with decreasing particle size.
Figure 7 shows that chalcopyrite and pyrite have
significant associations with quartz, mica, and feldspar in the
coarse fractions of the feeds, and it is clear that these
associations have a negative impact on recovery as the
concentrates indicate much lower associations with these
non-sulphide gangue minerals. Chalcocite has negligible
associations with gangue minerals and is almost entirely
associated with other copper minerals, predominantly
covellite, bornite, and chalcopyrite. In the sulphide circuit,
chalcocite associated with bornite and chalcopyrite is more
likely to be recovered than liberated chalcocite, while
liberated chalcocite appears to have the highest recoveries in
the mixed and oxide circuits. Associations of chalcocite with
covellite, chrysocolla, cuprite, and malachite (Cu ox & carb)
seem to adversely affect chalcocite recovery.
A large proportion of pyrite recovered to the concentrates
is liberated, and the remainder is associated with pyrrhotite,
chalcopyrite, or mica. Similarly, a large proportion of the
quartz recovered is either liberated or associated with other
non-sulphide gangue minerals, which implies recovery by
entrainment. Nevertheless, association of quartz with copper
minerals and pyrite does account for a significant proportion
of the quartz recovered in the coarse size fractions.
Across the three circuits, the main differences observed
are in the association of chalcopyrite and quartz with
secondary copper sulphides, which is due to weathering and
supergene enrichment. It was noted in the previous section
that chalcopyrite has lower recoveries in the oxide and mixed
circuits than in the sulphide circuit. Figure 7 suggests that in
the oxide and mixed circuits, chalcopyrite is slightly poorer
liberated and is more often associated with other minerals
than in the sulphide circuit, which likely contributes to the
lower chalcopyrite recovery, but does not fully explain the
difference observed.
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The average recoveries of each copper mineral for the year
2016 were used to calculate predicted recoveries for each
circuit based on variation in feed copper deportment for 2017.
These mineralogy-predicted recoveries are compared to
measured recoveries in Figure 8, which shows actual
recovery versus mineralogy-predicted recovery for the four
circuits in 2017. This graph (going forward) provides a
useful tool to identify periods of high and low recovery that
can be explained by variations in feed mineralogy, thus
improving interpretation of the impacts of operational and
circuit changes. Figure 8 also illustrates that the variability of
feed mineralogy is much greater for the mixed and oxide ores
than it is for the hypogene sulphide ore, and this in turn
leads to high variability in flotation recovery as compared to
the sulphide circuit.
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Innovative process design for coppercobalt oxide ores in the Democratic
Republic of Congo
by D. Alexander*, C. van der Merwe†, R. Lumbule†, and
J. Kgomo†
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The mining industry in the Democratic Republic of Congo has seen a
significant expansion in copper and cobalt production in recent years. The
greater proportion of this expansion has arisen through processing of oxide
ores. The design of metallurgical processes for these oxide ores is based on
the conventional equipment and layout for processing of sulphide ores, and
comprises milling followed by leaching, solvent extraction, and
electrowinning. The physical characteristics of the oxide ores, however,
provide the process design engineer with an opportunity to examine
critically the principles on which equipment selection is based and to design
processes better suited to these ores. In 2015, ERG Africa began a project to
expand the leaching capacity of the Luita hydrometallurgical facility. A
number of innovative changes to the conventional process design were
included in the modified flow sheet, which were validated when the project
reached design throughput in November 2017. Of these changes, the most
novel presented an alternative approach to mitigate the impact of colloidal
silica on the operation of the solvent extraction plant.
B?,%;925
copper, cobalt, process design, oxide ores, solvent extraction, colloidal silica
management.
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ERG Africa operates the Luita
hydrometallurgical facility located at Kakanda
in the Democratic Republic of Congo (DRC),
treating malachite and heterogenite minerals
to recover copper as electrowon cathode and
cobalt as a hydroxide precipitate. The process
was originally conceived as a heap leach
operation followed by direct electrowinning of
copper, with solvent extraction (SX) and
electrowinning (EW) of cobalt. In preparing the
sized ore for the heap leach operations, the
undersized ore fraction at a P80 of 625 μm was
discharged to a fines storage facility for later
processing. This fraction carried with it
approximately 30% of the copper contained in
the run-of-mine (ROM) ore feed, and an
equivalent proportion of cobalt.
In a subsequent development, the cobalt
SX section was converted to a copper SX
facility, the leached cobalt being recovered
from a bleed stream from the copper heap
leach circuit. The operating cost for the process
as then installed placed this facility well in the
fourth quartile of the industry cost curve.
The initial Luita operation was established
in 2010 at a time when metal prices were
-!'@..&

The Luita plant block flow diagram as it was in
2015 is illustrated in Figure 1. ROM ore was
processed through two crushing and washing
plants to produce a sized ore (−50 mm +625
μm) for the heap leach operation. The
undersized ore (−625 μm ‘fines’) was removed
from the feed in order to allow for a maximum
heap irrigation rate of 90 L/m2/h. The selected
irrigation rate took advantage of the rapid
leaching kinetics of malachite.
The pregnant leach solution (PLS)
recovered from the heaps was clarified and
then processed through SX and EW circuits to
produce the copper cathode product. The cobalt
was recovered from a raffinate bleed stream by
iron and copper precipitation processes,

* ERG Africa, South Africa.
† Boss Mining, Democratic Republic of Congo.
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above long-term averages (copper above
US$3.00 per pound; cobalt above US$20.00
per pound), and the drop in prices in
2015/2016 presented a major challenge. The
London Metal Exchange (LME) copper price
dropped below US$2.00 per pound, with cobalt
dropping below US$10.00 per pound in Q1
2016. This set in motion a range of
improvement initiatives for the Luita
operation. Central to this was the installation
of a tank leach circuit to process the discarded
fines and a modified SX circuit to manage
colloidal silica. The revised Luita circuit
reached design capacity in November 2017
and has proven to be well suited to processing
of the oxide ore feed. This process design
challenges the boundaries of conventional
thinking in the areas of leaching, solid/liquid
separation, solution management, impurity
management, and metal recovery, and is the
subject of this paper.

Innovative process design for copper-cobalt oxide ores in the Democratic Republic of Congo
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followed by precipitation of a basic cobalt hydroxide sulphate
by-product utilizing soda ash as a precipitant.

 
In developing the process design for the uprated Luita circuit,
the following areas were assessed.
(i)

Overall solution management: Conventional process
designs will seek to limit addition of water to the
process through equipment and technology
selection, and provide for a neutralization process to
manage excess solution build-up. Little use is made
of natural water removal processes such as
evaporation.
(ii) Optimum particle size for leaching: A reduction in
particle top size is often required to liberate the
targeted minerals for effective leaching. Major
operations in the DRC specify a P80 from 75 μm to
200 μm for the leach feed, and milling becomes the
default technology selection. For the copper oxide
ores, effective liberation may be achieved at a much
coarser particle top size, bringing into question
technologies selected for the size reduction duty.
(iii) Silica management: Colloidal silica in the PLS
presents processing challenges for the operation of
many SX circuits. Much attention has been placed
on flocculation/coagulation measures applied
upstream as a means of containing, rather than
controlling, the effects of colloidal silica formation.
The management of colloidal silica within the SX
circuit itself has not been extensively explored.
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(iv) Layout of the copper tankhouse: With no successful
strategy defined for management of silica,
tankhouses are being designed such that the rich
electrolyte from the SX plant, passes first through a
bank of electrolytic cells (referred to as scavenger
cells) to capture the organic phase entrained in the
electrolyte. Copper cathodes produced from these
cells are typically downgraded on quality grounds.

9;6?55@2?5>4:@61<:4?5
Taking into consideration these processing issues, an
alternative process design was developed around a tank leach
operation for processing the fines then being discarded. Key
process design changes and the impact on the overall process
are described in the following sections.

 
In the Luita heap leach operation, the working solution
inventory is between 90 000 m3 and 100 000 m3, and
provision was made in the original design for a spillage
inventory capacity of a further 100 000 m3. However, this did
not take into account the 200 000 m3 of rainfall per season
on the heap leach footprint. This resulted in 100 000 m3 of
excess solution being processed through the neutralization
circuit each season to prevent process ponds from
overflowing. The impact of rainfall addition on the total
inventory movement through 2015, 2016, and into 2017 is
illustrated in Figure 2.
Data past June 2017 has been excluded. The
commissioning of the tank leach circuit introduced an
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additional water supply into the process, requiring a change
to the solution management philosophy to manage the
additional volume. The increase in Q1 2017 over 2016
reflects the impact of the tank leach.
In a typical annual cycle, the inventory will peak in
February/March and reach a minimum in November. Taking
into consideration water deficiency at the height of the dry
season (September to October), the decision was taken to
expand the solution storage capacity of the Luita spillage
circuit by a further 150 000 m3 to capture rainfall during the
wet season and to optimize evaporation profiles through the
balance of the year through the heap spray irrigation system.
The direct impact of the revised inventory management
philosophy was a reduction in consumption of neutralizing
reagents and a more effective utilization of sulphuric acid in
the process. Further optimization of process conditions
(dropping the free acid background in the raffinate leach
solution to below 30 g/L) has reduced acid consumption by
half over the period 2015 to 2017, as illustrated in Figure 3.

  
The oxide ROM ores are composed of dolomite, dolomitic
shales, and argillites. The primary ore minerals present are
malachite [CuCO3.Cu(OH)2] and heterogenite [CoO(OH)]. The
chief components of the orebodies impacting on process
design are silica, talc, and dolomite.
For comparative purposes, images of malachite and
chalcopyrite samples from the Kakanda ore complexes are
included in Figure 4, illustrating key differences in
mineralization. Malachite has a massive mode of occurrence,
while chalcopyrite is crystalline and disseminated in the host
rock.
In a fundamental change in thinking around process
design, when opting to process the undersize ore from the
crushing circuit, the decision was taken to exclude further
size reduction technologies (milling) from the process; in
effect, to leach the crusher fines through a tank leach facility
at a P80 of 625 μm (well above the industry norm). Key
considerations in arriving at this decision were the massive

nature of the malachite (Figure 4) and the risk of elevated
gangue acid consumption when gangue constituents
(specifically dolomite) are ground to finer product sizes.
Metallurgical test work indicated a potential saving in gangue
acid consumption of over 20 kg/t ore when leaching at a P80
of 625 μm as opposed to leaching at a P80 of 150 μm. No
benefit in copper leaching was evident in leaching at the finer
particle size. The tank leach was then designed for a threehour residence time, focusing primarily on copper recovery –
lower cobalt recoveries were indicated in early test work;
however, particle size distribution was identified as only one
of a number of variables affecting leach efficiency, along with
residence time and iron concentration in solution. From the
economic assessments carried out, it was determined that the
reduced operating costs associated with the acid savings
outweighed the potential loss in revenue from lower cobalt
recoveries. Since commissioning, the success achieved in
optimizing the cobalt leach efficiency to values above that
indicated in the bench-scale test work has justified the
decision to design the leach circuit for processing of the
crusher fines.
The leach efficiencies subsequently achieved through the
tank leach operation are summarized in Table I. The average
leach efficiencies for the four months May to August 2018
represent the tank leach circuit having reached nameplate
capacity.
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Table I
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88.5
93.7

70.5
87.0

Average: May – Aug 2018
Peak
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Processing of ores with particle top sizes greater than
200 μm brings into question the selection and design of
equipment typically found in a base metal hydrometallurgical
circuit. Dewatering cyclones prove to be ineffective on broad
particle size distributions, and thickener designs typically
cater for slow-settling solids milled finer than 400 μm.
Taking such factors into consideration, the design philosophy
adopted for the Luita circuit was to focus on movement of the
coarser size fraction through the tank leach section. The
leach tanks were designed as overflow tanks with full
homogenous suspension of particles at a P100 of 1000 μm,
with sufficient power installed to re-suspend the load
following a dead stop (for example, following a power trip).
In conventional circuit design, continuous withdrawal of
slurry from the bottom of each leach tank at a volumetric
flow rate equivalent to up to 20% of the feed flow rate is
included in order to move forward heavier particles that do
not readily suspend. Such a cropping system was excluded
from the Luita tank leach design; an alternative proprietary
system was installed to bleed forward a smaller volume of
slurry on a batch basis, only when an increase in the slurry
density at the bottom of the tank is detected. In this way, a
‘true’ overflow leach train is installed (as opposed to the
‘dual transfer’ system when making use of cropping pumps).
Given the free-settling nature of the coarser particles,
horizontal vacuum belt filters were selected for solid-liquid
separation, as opposed to countercurrent decantation (CCD).
This offered the opportunity to reduce wash water volumes
(lower the wash ratio) for fast-settling solids and to size a
smaller processing circuit for metals recovery from the lowgrade filter cake wash solution.

     
One of the biggest challenges facing hydrometallurgical
operations in the DRC lies in managing silica leached from
siliceous minerals such as chrysocolla [Cu2H2Si2O5(OH)4].
As per conventional design, the Luita facility includes a bleed
stream to remove impurities from the circulating PLS; cobalt
is then recovered from the bleed stream as a hydroxide
precipitate. Referring to the solution inventory profiles
illustrated in Figure 2, background impurity concentrations
in the solution inventory are at their lowest in the first
quarter of the year, when dilution from rainwater ingress
reaches a maximum. Through the year (April to October), the
solution inventory is then managed down and this results in
a corresponding increase in the concentration of impurities
reporting to the bleed stream and exiting the process. This
impurity management system is effective for all impurities
other than silica,.
As the solution inventory reduces through the year
(primarily through evaporation) the increasing silica
concentration reaches a series of tipping points where
massive colloidal silica formation in the Luita process
solutions occurs almost overnight. The consequence of this is
massive aqueous and organic entrainment through the SX
circuit into the EW tankhouse. This is driven by colloidal
silica crud formation, as the silica finds an alternative exit
from the circulating process solutions in the leach circuit. In
the tankhouse, the silica and organic phases disengage,
‘silica sand’ being collected from the floors of the EW cells
and the organic phase floated off the surface of the
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electrolyte. The consequence of this silica deportment
mechanism is organic staining on the copper cathodes and
consequent downgrading of the product. Typically, this
occurs every two to three months through the dry season and
presents a significant disruption to the SX/EW processes.
The effects of the colloidal silica formation are illustrated
in Figure 5. Pipe blockages and fouling of in-line instruments
both in the leach circuits and in the tankhouse are common,
and silica precipitation on the anodes in the tankhouse has
been associated with marked reductions in current efficiency.
During such excursions, current efficiencies as low as 50%
have been reported.
Work carried out on the use of coagulants to control silica
in leach process solutions raises concern over the effect on
the downstream SX operation, with at least one operation in
the DRC in the recent past experiencing significant process
disruptions following a trial run utilizing coagulants.
In reviewing the operation of the Luita facility, a key
observation during silica excursions was that the crud
formed in the SX was of a low density and non-compacting.
The crud sat at the interface in the extract settlers, reporting
with the organic phase to the strip circuit and then with the
aqueous phase into the tankhouse. Recognizing the potential
to manage the silica deportment by forcing the formation of a
higher density, compacting crud, a novel approach to the
design of the SX circuit was adopted, providing for a diluent
wash section at the front of the process. The layout of the
Luita SX circuit is illustrated in Figure 6, highlighting the
positioning of the diluent wash section.
In operation, an unclarified PLS is contacted with the
diluent containing no extractant in the diluent wash section.
The function of the diluent wash is to form a compacting
crud that will encapsulate the low-density silica crud, thus
rendering it more manageable through crud removal
processes and subsequent tricanter centrifuge operation. The
‘clean’ PLS is then fed forward to the first extraction stage of
the conventional SX circuit.

    
The proposed SX circuit was piloted to highlight the process
issues being encountered in managing silica, and to develop
operating parameters for the commercial installation. The
issues pertaining to colloidal silica formation are illustrated
in Figure 7, where the colloidal silica is seen to stabilize the
emulsion exiting the picket fence in the diluent wash settler
and in the E1 extract settler.
The nature of the crud formed from the colloidal silica is
illustrated in Figure 8.
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The darker crud phase, closer to the picket fence in Figure
8, shows the formation of the more compact, higher density
crud being targeted. Aqueous entrainment in the noncompacting low-density crud phase is highlighted.
In the past Luita operation, ‘phase flipping’ at organic
flow rates lower than 1.5 times the aqueous flow rates
(internal O:A ratio lower than 1.5) was a common occurrence
and the SX circuit was operated at O:A ratios greater than 2.0
to force organic continuity through all stages of the
operation. When operating under aqueous-continuous
conditions (O:A less than 1.0), settling times extended
beyond 10 minutes (compared with 2 minutes in organiccontinuous mode) and entrainment increased significantly.
The effect of operating in aqueous continuity on phase
disengagement times is illustrated in Figure 9 in the pilot
settler unit and a laboratory flask (photograph taken after 10
minutes’ settling time). Formation of the stable emulsion is
evident.
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The new Luita SX installation was commissioned in July
2017 with commercially available diluent and extractant
products. Within two weeks, the circuit was operating at
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design transfer capacity. As is common practice, the circuit
start-up was with diluent and the value of the novel
operating philosophy was immediately apparent. In addition
to the diluent wash, crud formation in the strip settlers
highlighted the ‘dirty’ nature of the EW electrolyte,
contaminated by entrainment from the operation of the older,
decommissioned, SX circuit. The crud formation in the
diluent wash and strip settlers during commissioning is
illustrated in Figure 10.
In the new SX circuit, no clarification of the PLS is carried
out, the solids loading assisting with the crud management
in the diluent wash. The diluent wash itself serves as an
effective clarification unit with the solids concentration in the
PLS entering the first extract stage being reduced to below
20 mg/L.
An unanticipated benefit of the diluent wash lies in the
fact that the diluent is transparent. This makes it simpler to
manage the crud formation in the diluent wash circuit as
opposed to the extraction and stripping sections, where the
mixing of extractant into the diluent generates an opaque
organic phase (refer to Figures 7 and 11).

Innovative process design for copper-cobalt oxide ores in the Democratic Republic of Congo
Colloidal silica in solution is notably difficult to analyse
because of the propensity to form under varying conditions
of pH and total silica concentration. While the benefit that the
diluent wash section brings to the Luita circuit has been
difficult to quantify solely through analytical measurements
of silica in solution (reported silica assays typically ranging
between 500 mg/L and 1000 mg/L), improvements noted
include the following.
(i) Whereas the older SX could not operate in aqueouscontinuous mode, the new installation is operated at
the desired continuity for any particular extraction
or stripping stage. The E1 stage is now operated
successfully in aqueous-continuity mode (O:A ratio
less than 1.0).
(ii) Both extractant and diluent consumption have
reduced. The full extent of the reduction is still
being evaluated, but to date, reductions of 75% and
65%, respectively, are indicated.
(iii) In line with the reduction in organic consumption,
aqueous entrainment to the tankhouse has reduced
significantly and this is discussed in following
sections.
The overall improvement in the Luita operation may
best be characterized by comparison of the crud removal
mechanism used in the old SX circuit and the nature of
the crud now being generated from the new installation
(Figure 11).
In the old SX circuit, crud removal proved to be a
significant challenge with much of the crud draining through
the makeshift sieves ‘manufactured’ for this purpose.
Following commissioning of the diluent wash circuit, crud is
removed effectively through a modern vacuum system, and a
compact crud is discharged from the tricanter units.

  
The following mechanism explains the deportment of silica to
the EW tankhouse (Parris, 2009). Colloidal silica combines
with the organic phase in the SX circuit to form a stable lowdensity crud that contains a high proportion of the aqueous
phase within its structure. This crud tracks with the lower
density organic phase through SX, through the strip stage
and into the rich electrolyte. In the more acidic rich
electrolyte, the colloidal silica separates from the organic
phase, and this is evidenced by organic floating on the
surface of the electrolyte in the EW cells, staining the copper
cathodes, and siliceous mud recovered from the base of the
EW cells during the cleaning cycles. Parris describes further
the ongoing, unordered coalescing of the colloidal silica in
the low pH environment, in the extreme case generating the
silica gel illustrated in Figure 5 on the anodes and the
siliceous mud removed from the floor of the EW cells.
Examples of organic staining from a South American
operation and siliceous mud collected form the Luita EW cells
are illustrated in Figure 12.
In response to the process issues relating to formation of
colloidal silica and aqueous entrainment into the tankhouse,
current tankhouse designs provide for a ‘scavenger section’
at the front end of the tankhouse. The operating philosophy
for the scavenger cells is to allow for the disengagement of
the entrained organic phase contained in the ‘dirty’ rich
electrolyte, and for the disengaged organic phase to be ‘burnt
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off’ (evaporated). The ‘clean’ rich electrolyte may then be
sent forward to the commercial section of the tankhouse,
where the primary copper cathode product is plated. It is
noted that the disengagement, or ‘dehydration’, process in
the scavenger cells (and subsequent evaporation of the
organic phase) has a strong time-dependency, influencing
the number of cells assigned to the ‘scavenger’ duty
Key shortcomings in this process design concept are:
(i) There is no direct control over the disengagement of
the entrained organic and organic ‘burning off’
process. In practice, where there may be some loss
of the diluent fraction through evaporation the
entrained organic disengaged from the rich
electrolyte (primarily the extractant) is physically
removed from the cells along with the copper
cathodes (organic staining).
(ii) The downgrading of the copper cathode product
plated in the scavenger cells. In current designs this
may be anything from 10% to 30% of the overall
copper production.
(iii) Holding an organic phase on the electrolyte surface
of operating electrowinning cells presents a
significant hazard. Studies into the ignition of fires
in solvent extraction plants have identified two
contributing factors, namely:
a. Formation of a vapour phase
b. Potential for a spark source
Both of these factors are present in the design concept for
the scavenger cells.
The success of the Luita SX circuit design and diluent
wash in addressing the organic entrainment issue has
resulted in a significant improvement in the quality of the
rich electrolyte reporting to the copper tankhouse and, as a
direct consequence of this, the chemical and physical
qualities of the copper cathodes produced. As a result, the
design of the Luita EW tankhouse was modified to remove
scavenger cells from the layout; this change in EW circuit
design is illustrated in Figure 13.
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The benefits attributed to the novel design concepts
introduced into the Luita plant operation are best illustrated
by the improvements in two key aspects of the copper
electrowinning operation:
 Cell cleaning: reduction in the mass of silica mud
recovered from the EW cells
 Copper cathode quality: reduction in impurities (Fe, S,
and Pb).

Table II
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12
4

252
7

Old circuit
New circuit

   

    
In the Boss Luita tankhouse operation, key impurities tracked
are iron, sulphur, and lead. Trends in these analyses,
following commissioning of the tank leach circuit and diluent
wash in July 2017 are illustrated in Figure 14.
Immediately prior to the commissioning of the new SX
circuit a silica excursion (massive colloidal silica formation)
was experienced, and this is highlighted as Silica Excursion
(1) in Figure 14. The spike in sulphur assay at this time is
also evident. A further excursion occurred three months later.
The impact of this excursion (Silica Excursion (2) in Figure
14) was less severe with the diluent wash in circuit and
provided Boss with an opportunity to refine the operating
parameters for the diluent wash. Since then the operation has
seen a steady improvement in both the physical and chemical
quality of the copper cathode product. The improvement in is
summarized in Table III and illustrated in Figure 15.
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Table III
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2016–2017: pre-commissioning
2017: post-commissioning
2018: to date
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Prior to the introduction of the new SX circuit and diluent
wash, the EW cells in the Luita tankhouse were cleaned on a
25-day cycle; this required cleaning of 12 cells per day. For
each cell to be cleaned, the rectifier amperage is reduced to
allow for short-circuiting bars to be installed, and following
cleaning the rectifier amperage is reduced again to remove
the shorting bars and bring the cleaned cell back on line. The
mass of siliceous mud removed through the cleaning cycle
averaged 252 kg per day (see Table II).
Following commissioning of the diluent wash circuit, the
cell cleaning cycle has been extended to 75 days (four cells
cleaned per day), with the mass of siliceous mud removed
reduced to an average of 7 kg per day. The cell cleaning
schedule is still below the industry norm of 120 to 180 days,
but this represents an area for further improvement.

Innovative process design for copper-cobalt oxide ores in the Democratic Republic of Congo
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The Luita plant process flow as it is in 2018 is illustrated in
Figure 16.
Further process design changes have seen the copper
precipitation process in the cobalt recovery (COB) circuit
replaced by a SX circuit, improving the chemical quality of the
cobalt COB product.

";:6875>;:5
In 2015, ERG Africa initiated a project at the Boss Mining
Luita process plant to provide for tank leaching of a crusher
fines discard product and to uprate the SX plant capacity. The
novelty in these two initiatives lay in the proposals to leach
the crusher fines at a coarse particle size distribution (P80 of
625 μm), and to provide for a diluent wash section at the
front end of the SX circuit to manage the impact of colloidal
silica formation on the downstream EW process. The project
reached nameplate capacity in November 2017, and the
novelty introduced into the process design has contributed to
significant reductions in consumption of key reagents
including sulphuric acid, diluent, and extractant, with
minimal loss in leaching efficiency for copper and cobalt.
Introduction of the diluent wash into the SX circuit has
provided a means to manage the deportment of silica through
the process, specifically to the copper tankhouse, and this has
resulted in a marked improvement in the chemical and
physical characteristics of the copper cathode produced.
Following a retrospective review of this and other projects
in the DRC, further opportunities have been identified aimed
at improving the overall efficiency in future process designs
for processing of DRC oxide ores.
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risk opportunities is supported.
The involvement of specific vendors and reagent suppliers
in bench and piloting test work before and after project
initiation, and in critically assessing the proposed design
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 BASF: SX pilot plant
 Solvay: SX pilot plant
 Outotec: solid suspension and abrasion test work; Sand
Sense/Sand Gate technology for density control in the
leach tanks
 Roytec: filtration and flocculation test work (horizontal
belt filters)
 Kemira: flocculation test work (horizontal belt filters)
 ProProcess: CRUD FORX for crud removal from SX
settlers.
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The Mutoshi Project — Part I:
Metallurgical test work, process design,
and project delivery
by P. Ilunga*, D. Samal†, M. Nicolle‡, M. Lampi§,
K. Valkama§, J. Edwards#, and N. Tatalias#

!69.5;5
Developing a greenfield mining project is a complex exercise: doing so in an
increasingly volatile, uncertain, and ambiguous global economy adds
significantly to this complexity. In the context of an elevated cobalt price,
this paper outlines the metallurgical and process development of the
Mutoshi copper–cobalt project for copper cathode and cobalt hydroxide
production in the Democratic Republic of Congo. Chemaf has a long
production history on the Copperbelt, a region widely perceived to be tough
to operate in. This history stretches back to 2001, during which time the
company has developed two copper–cobalt processing facilities. The
experience gained in the development and operation of these two facilities
has been used extensively in the Mutoshi copper–cobalt project. The
metallurgical test work, process design, and project delivery approach are
presented. Additionally, the decisions taken to minimize risk and maximize
upside to the project are discussed.
><9705
copper-cobalt, greenfield project, test work, process design, project delivery.

production. The life of the mine at this
production rate is over 40 years.
In 2017, Chemaf approached Outotec and
Metallurgical Engineering Technology and
Construction(METC) for the detailed
engineering and equipment supply for the
Mutoshi project. The main objective was to
design a project with minimal risk and
maximized upside potential using the
significant experience of both Outotec and
METC engineers in metallurgical plant design
and Chemaf’s long experience in copper and
cobalt plant operation and optimization.
Metallurgical test work, process design, and
the project delivery approach, as well as the
decisions taken to achieve the above
objectives, are discussed in this paper.

+<:83327,;483=:<5:=97

Chemaf (Chemicals of Africa), a mining
company located in Katanga province of the
Democratic Republic of Congo (DRC), has been
operating since 2001 with two major copper–
cobalt processing facilities: the Usoke and
Etoile plants. In 2016, Chemaf acquired the
Mutoshi mine, which belonged to Gécamines
and had been explored by Anvil Mining since
2004 under a joint venture with Gécamines.
Chemaf appointed African Mining Consultants
Ltd (AMC) to undertake a preliminary
economical assessment, then develop a JORCcompliant Mineral Resource estimate and
finally a full life-of mine feasibility study. Both
a Mineral Reserve and Mineral Resource were
developed and the final life-of-mine feasibility
study is to be published shortly. A
metallurgical test work programme was
initiated and carried out by Chemaf’s research
and development laboratory with assistance
from the Chemaf process team. After
completion of the initial test work, Chemaf
developed a process design criteria document
for a 20 kt/a copper cathode and 8 kt/a cobalt
in hydroxide production plant, followed by a
flow sheet and supporting METSIM mass
balance. As the drilling progressed, the plant
design capacity was revised to 16 kt/a cobalt
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Chemaf has a well-equipped research and
development complex with state-of-the-art
facilities in Lubumbashi. The facility contains

* Consulting Metallurgist, Democratic Republic of
Congo.
† Chemicals of Africa SARL (CHEMAF), Democratic
Republic of Congo.
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A substantial amount of test work has been
carried out using 2016 drill core samples from
different areas within the Mutoshi complex
and orebody with the purpose of (a) assessing
the suitability of the ore to be processed
through a hydrometallurgical route for both
copper and cobalt recovery and (b) generating
data to confirm specific plant operating
parameters.

The Mutoshi Project — Part I: Metallurgical test work, process design, and project delivery
laboratory and pilot-scale crushers and ball mills, a work
index ball mill, laboratory and pilot-scale ore beneficiation
facilities (flotation and gravity separation), laboratory and
pilot-scale batch and cascade leaching and precipitation
facilities, laboratory and pilot-scale solvent extraction and
electrowinning units, and a laboratory-scale ion exchange
column. In addition, Chemaf has five large analytical
laboratories located at three different sites: Usoke, Etoile, and
Mutoshi, each equipped with ICP–OES (inductively coupled
plasma optical emission spectrometry) and AAS (atomic
absorption spectrophotometry). All of the above facilities
were used for the metallurgical test work related to the
Mutoshi project.

#"!"
The Mutoshi complex comprises several different ore sources
and orebodies, namely the Kulumaziba tails (fine tails from
the previous Anvil Mining heavy medium separation (HMS)
operation), stockpiles (from the previous Gécamines mining
operation), the Kumwehulu orebody, and the Mutoshi North
and Mutoshi Central orebodies (AMC, 2016, 2017).
Metallurgical test work was conducted on each ore source as
the drilling progressed. All drill cores used for the test work
were selected and sampled under the supervision and
guidance of AMC. The core samples used for SAG mill
comminution (SMC) test work were selected using
competency criteria. The samples were grouped into four lots:
lot-1, lot-2, lot-3, and lot-4, representing respective
composites of competent cores in the hangingwall of the
orebody, the cobalt orebody (below the hangingwall), the
copper orebody (below the cobalt orebody) in the footwall
(below the copper orebody).
The samples used for other test work were selected based
on their representativeness of the anticipated feed to the
plant for the first five years of production. The stockpiles
were initially sampled using a grid of 50 m spacing. The grid
was laid out using a GPS and each sampling point was
identified using three coordinates. Sample was collected on
each identified point by digging to 20 cm depth.
Subsequently, a systematic drilling campaign was conducted
on all the stockpiles under the supervision of AMC and
following JORC procedure. All the stockpile ores were
observed to be sticky in nature.

orebody, and the SMC and abrasion test work were conducted
at external accredited laboratories (GEMET, 2017; ROCKLAB,
2017) in South Africa on core samples selected based on
their competency. The work index determination was
conducted following the procedure proposed by Bond (1960),
as described by Gupta and Yan (2006). The SMC tests were
conducted following the standard method developed by
Morrell (2004).
As primary ore comminution was to be performed using a
high-steel milling process, most operating problems would
relate to inadequate breakage of larger particles as the added
steel balls would assist with primary ore breakage. As such,
ore competency tests specifically focused on the more
competent components of the ore and also whether any
problems would be encountered due to foot- and hangingwall
inclusion in plant feed material.
Figures 1 and 2 show the map of the Mutoshi permit and
photographs of some core samples respectively. Figure 3
shows that there is quite a variation in the work index results

";,27<=*+2:95-;=97:-=.<71;:=3948:;96

 " # " 
The comminution test work was conducted in two campaigns:
the Bond ball work index test work and the SMC and
abrasion test work. The Bond ball work index tests were
conducted internally at Usoke R&D Laboratory on core
samples selected based on their representativeness of the

";,27<= +2:95-;=97:-=497<5=5<3<4:<0=/97=5<1;82:9,<6925
4911;62:;96=:<5:=97
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The Mutoshi Project — Part I: Metallurgical test work, process design, and project delivery
from one orebody to another, which confirms the large
variation in the characteristics of the Mutoshi ore. Even in
the same orebody the work index varies up to 30% from one
area to another. The results of SMC test work are presented
in Table I. From the results, the estimates of parameters A, b,
and ta required for the comminution circuit design and
modelling were derived as shown in Table II.
The estimates of parameters derived from SMC testwork
varied from 20% to 40% from one location to another within
the same orebody. The variability in ore characteristics
presented a challenge in the design of the comminution
circuit. Although the samples were of more competent ores, it
does confirm that the Mutoshi ores have harder and more
power-intensive characteristics compared with other typical
DRC copper orebodies, and this must be taken into account in
the mill design. It highlights the need for good blending of
the feed to the plant to maintain stable mill operation.

#!"!" #!"# 
The leaching and post-leach settling test work aimed to
assess the response of different Mutoshi orebodies to
leaching and settling and generate data required for the

Table I

!<1;82:9,<6925=1;33=4911;62:;96=:<5:=97
7<523:5
!81.3<

+;=.8781<:<75=$-:#

!.<4;/;4=

$-1 #

;=

$#

+;8

+;-

+;4

,78;:

6.28
5.20
5.14
6.29

45
31
30
45

20.8
18.0
17.8
19.9

15.1
12.6
12.5
14.6

7.8
6.5
6.4
7.5

2.41
2.39
2.39
2.51

Lot 01
Lot 02
Lot 03
Lot 04

;=

DWi – drop weight index. Mia, Mih, Mic: comminution indexes respectively
for tube mills, high-pressure grinding mills, and crushers

design and engineering of the leach and post-leach solid–
liquid separation circuits for the Mutoshi project.
The test work methodology adopted is outlined below:
 Leach and settling parameters were optimized on the
Mutoshi North orebody samples
 Single tests were conducted on each of the rest of the
Mutoshi ore sources (Mutoshi Central, Kulumaziba
tails, Mutoshi stockpile, and Kimwehulu) under the
above optimized conditions to assess their variability in
behaviour compared with that of the Mutoshi North
orebody.
The elemental compositions of the Mutoshi ores are
presented in Table III.
The leaching optimization strategy focused on the
following parameters: solids particle size distribution, pH,
ORP (oxidation–reduction potential), residence time, solids
concentration in feed slurry, and temperature. Sulphuric acid
was used as the lixiviant at controlled pH and sodium
metabisulphite was used as reducing agent for the reduction
of cobaltic (Co3+) to cobaltous (Co2+) at controlled ORP.
The results obtained from particle size distribution and
residence time are presented in Figures 4 and 5, respectively.
Figure 4 shows that the leaching efficiency for both
copper and cobalt increased as the size distribution became
finer. This is due to the increase in leaching kinetics, which is
linked with the liberation of valuable minerals; however,
below a P80 of 106 m, the increase in both copper and cobalt
leaching efficiency was very marginal while the dissolution of
impurities increased significantly, with a consequent increase
in reagent consumption. The optimum grind size for the
Mutoshi North orebody is considered to be a P80 of 106 m.
Figure 5 shows that 4 hours of batch residence time is
required to reach the maximum cobalt leaching efficiency
whereas 2 hours is enough for maximum copper leaching.
Four hours was therefore selected as the optimum residence
time because it gives the maximum cobalt and copper

Table II

8781<:<75=0<7;<0=/791=5<1;82:9,<6925=1;33
4911;62:;96=:<5:=97=7<523:5
!81.3<





!

Lot 01
Lot 02
Lot 03
Lot 04

87.5
71.8
65.1
64.8

0.44
0.64
0.71
0.61

0.41
0.50
0.50
0.41

";,27<='//<4:=9/=.87:;43<=5;<=96=3<84-;6,=<//;4;<64;<5

Table III

'3<1<6:83=491.95;:;96=9/=+2:95-;=97<5=$833=832<5=;6=#
(7<=59274<
Mutoshi North
Kulumaziba
Kimwehulu
Stockpiles

9:83=&2

!=&2

9:83=&9

!=&9

"<

+6

&8

+,

6

3

;

1.80
2.31
1.16
1.16

1.73
2.22
1.10
1.11

0.50
0.10
0.02
0.08

0.45
0.09
0.02
0.07

1.99
2.85
2.99
2.48

0.16
0.08
0.05
0.16

0.69
0.24
0.21
1.02

1.40
1.18
1.34
2.44

0.01
0.01
0.01
0.04

0.88
0.79
1.87
1.28

0.01
0.01
0.01
0.01
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*AS - Acid soluble
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";,27<='//<4:=9/=7<5;0<64<=:;1<=96=3<84-;6,=<//;4;<64;<5

Table IV shows the optimized leaching conditions and
results obtained from test work and used for the Mutoshi
leach circuit design.
The post-leach settling test work was conducted on leach
slurry starting from flocculant screening, flocculant dosage,
and slurry dilution optimization up to batch thickening to
define the design settling flux. Different countercurrent
washing scenarios were simulated using METSIM and HSC
Chemistry software to arrive at the optimum operating
conditions. The key objective for optimization was cobalt
recovery, given the pricing environment. The optimized
solid–liquid separation parameters are shown in Table V.

#"# "# ! 
recoveries. Based on past experience and other copper–cobalt
plants in the region, Chemaf has always operated the leach
plant at 30% (by mass) solids concentration and below to
minimize sands settling in the leach tanks. It was planned to
design the Mutoshi leach section for similar conditions.
After a review of all leaching test work results for
Mutoshi by Outotec, a recommendation was made to explore
the possibility of operating the leach at higher solids
concentration, with the objective of increasing metal tenors in
solution and reducing the solution volumes to be handled
downstream. Smaller solution volumes enable smaller
equipment to be used in areas such as leaching, solvent
extraction, ponds, and low-grade raffinate precipitation. The
risks of sanding in reactors would be addressed by the
Outotec OKTOP® agitation design. Therefore, the effect of
solids concentration in the slurry was studied at optimized
leach conditions.
From the results obtained and presented in Figure 6, it
was observed that both copper and cobalt leaching
efficiencies start dropping when the slurry solids
concentration exceeds 35% by mass. This was chosen as the
optimum solids concentration of the slurry. Thus, a reduction
in leach solution volume of approximately 7% was achieved
(1 − 65/70 = 7.1%).
The temperature optimization investigation indicated that
there was no further improvement in copper and cobalt
leaching efficiency above 45°C. No external heating will be
required to attain this temperature. In fact, experience with
several copper-cobalt plants in the DRC has shown that the
heat generated by acid addition to closed leach reactors can
maintain temperature within 45–50°C. Figure 7 indicates the
effect of temperature on leaching efficiencies.

";,27<='//<4:=9/=593;05=4964<6:78:;96=96=3<84-;6,=<//;4;<64;<5
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Based on results obtained from leaching and post-leach test
work, METSIM and HSC simulations were developed to derive
the pregnant leach solution (PLS) chemistries. From the PLS
copper grades, the ideal extractant concentration in organic
was calculated following the BASF procedure (Cognis Group,
2007). Then Isocalc simulations were developed and the
results were reviewed and validated by BASF. Finally,
laboratory tests, including McCabe-Thiele plots and

";,27<='//<4:=9/=:<1.<78:27<=96=3<84-;6,=<//;4;<64;<5

Table IV

(.:;1;<0=3<84-=.8781<:<75=860=7<523:5
<84-=.8781<:<75
Leach feed particle size distribution ( P80)
Residence time (batch)
pH
ORP (Eh)
Leach feed solids concentration
Temperature
Copper leach efficiency
Cobalt leach efficiency
Iron leach efficiency
Manganese leach efficiency
Silica in leach discharge liquor
Total acid consumption
Gangue acid consumption (GAC)*
Specific acid consumption**
Sodium metabisulphite consumption (as sulphur)

)6;:

%832<

μm
h
mV
% (m/m)
°C
%
%
%
%
mg/L
kg/t ore
kg/t ore
t/t Cu+Co
t/t Co

106
4
1.5
350
35
45
92
85
11
89
~500
57
37
3.8
0.7

*GAC (gangue acid consumption) is the acid consumed by all minerals in
the ore excluding the valuable minerals (copper and cobalt minerals). It is
generally calculated as the difference between the total acid consumed
and the acid consumed by valuables minerals.
**Specific acid consumption is simply the total acid consumption but
expressed as tons of acid per ton of valuable metals contained in the
ore.
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Table V

(.:;1;<0=.95:3<84-=5<::3;6,=860=4926:<74277<6:=0<486:8:;96=.8781<:<75=860=7<523:5
95:3<84-=.8781<:<75
Flocculant type
Flocculant strength
Flocculant dosage
Settling flux
Underflow solids concentration
Countercurrent decantation (CCD) circuit configuration
Number of CCD units
Wash ratio (volume of solution to mass of solids)
Copper wash efficiency
Cobalt wash efficiency

)6;:

%832<

% (m/v)
g/t
t/h/m2
% (m/m)
%
%

Senfloc 5310 or equivalent (Rheomax DR 1050 suggested)
0.025
60–80
0.351
55
Post-leach thickener + CCDs
7
2.0
99.8
99.7

Table VI

(.:;1;<0=49..<7=593<6:=<:784:;96=.8781<:<75=860=7<523:5
&9..<7=593<6:=<:784:;96=.8781<:<75
Circuit configuration
Copper in HG PLS
Copper in LG PLS
Acid in HG PLS
Acid in LG PLS
Advance O/A* ratio in HG extraction
Advance O/A ratio in LG extraction
Extractant
Extractant concentration
Overall copper extraction efficiency
Net copper transfer
Maximum loading of extractant

)6;:

%832<

g/L
g/L
g/L
g/L
% (v/v)
%
g/L/% (v/v)
%

Split circuit (series–parallel) – high grade (HG) – low grade (LG)
4.0
1.7
3.1
2.0
1.5
1.0
LIX 984N-C
17
95.0
0.24
77

*Organic-to-aqueous flow rate ratio
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The cobalt recovery test work included impurity (iron and
manganese) removal followed by cobalt precipitation and
cobalt effluent treatment by magnesium precipitation. The
test work was conducted on raffinate solution (copper-barren
solution) generated from copper solvent extraction tests.
Summarized optimized test work results are presented in
Table VII.

794<55=0<5;,6





The Mutoshi process was developed with the objective of
minimizing risks and maximizing upside to the project. The
major constraints considered in the overall design are
discussed in the following sections.

!" # "#!
Phase I of the Mutoshi project is designed for 20 kt/a and
16 kt/a copper and cobalt production, respectively. The plant
is planned to be expanded in Phase II to achieve a final
nameplate capacity of 100 kt/a copper. To this end, Phase I
was designed for easy and cost-effective expansion.
 Overall plant throughput relates to an ore processing
          





capability of 3.07 Mt/a at 0.85% acid-soluble Cu and
0.4% acid-soluble Co, increasing to 15.3 Mt/a with the
throughput increase.
The ore receiving and milling plant design was
optimized such that future throughput would be
achieved using two parallel two-stage grinding circuits,
each having their own dedicated single-stage crushing
facility. For initial plant operations, only one milling
module with a single closed-circuit SAG mill is to be
built with a design that allows easy expansion.
The sticky ore precludes the use of conventional
crushers and screens and intermediate storage, so a
tooth-roll crusher with direct feed conveyance to the
mill was chosen.
Initial plant operations will mill a nominal 390 t/h
through a single-stage SAG mill, with the future
second mill (SAB) taking throughput up to 975 t/h,
which is half of the two-module 1 950 t/h throughput
capacity. Figure 8 illustrates the phased approach to
comminution.
The specific expansion requirements of the mill
required a mill discharge sump and cyclone cluster to
be designed for the final two-mill circuit tonnage
requirements. The mill feed conveyor, front-end bins,
and crusher were also designed for future full-module
tonnage throughput.
The significant tonnage throughput change with the

%( )+'=**
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countercurrent extraction and stripping simulations, were
conducted to confirm the Isocalc parameters. Solvent
extraction parameters derived from the above evaluation and
used for design are given in Table VI.

The Mutoshi Project — Part I: Metallurgical test work, process design, and project delivery
Table VII

(.:;1;<0=4983:=7<49<7=.8781<:<75=860=7<523:5
&983:=7<49<7=.8781<:<75

)6;:

%832<

–
mV
h
% (v/v)
°C
kg/m3 raffinate
%
%
%

3.5
>700
6.0
Limestone slurry
Air–SO2 mixture
1.0
55 (live steam injection)
20.9
95.6
35.5
2.1

h
–
°C

8.2
6.0
MgO
25–35 (no heating)

t/t Co
%
%

1.4
97.5
29.5

h
kg/m3 of solution

11
0.5 (batch)
Milk of lime
27.8

Iron–manganese removal:
pH
ORP (Eh)
Residence time
Neutralizing reagent
Oxidizing agent for iron and manganese
SO2–air ratio
Temperature
Limestone consumption
Iron precipitation efficiency
Manganese precipitation efficiency
Cobalt co-precipitation
Cobalt precipitation:
pH
Residence time
Precipitation reagent
Temperature
Magnesia consumption
Cobalt precipitation efficiency
Cobalt hydroxide purity
Magnesium precipitation:
pH
Residence time
Precipitation reagent
Lime consumption

";,27<=+2:95-;=.79<4:=4911;62:;96=4;742;:

second mill installation will necessitate a change-out of
cyclone feed pump and associated pipeline at this time.
 Both cyclone feed boxes and mill discharge tanks will
be designed with additional nozzles to accommodate
additional piping and pumping during the Phase II
expansion and with minimum downtime.

!! ""#"!! # 
Metallurgical test work showed that the ore sources and
orebodies exhibit more or less similar behaviour in leaching.
There is, however, wide variability in the grindability and
post-leach settling characteristics. This introduced a major
challenge in the design of the comminution and post-leach
solid–liquid separation circuits.
To minimize the risk of significant overdesign of the
comminution and post-leach solid–liquid separation
equipment, a strategy of defining an optimum blending of
different ore sources, taking into account their total
respective resources as well as the overall Mutoshi life-of-
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mine plan, was adopted. This optimum blending was used as
basis for the design for the comminution and post-leach
solid–liquid separation circuits.
In addition, due to the high proportion of fines in ore
from the Mutoshi stockpiles and the sticky nature of these
ores, a mineral sizer was selected as the best option for
crushing and the crushed ore bin (surge between crusher and
mill) initially planned in the design was eliminated. In its
place, 6 hours’ slurry surge storage capacity was provided
between leaching and milling to enable the leach circuit to
keep running in cases when the mill is down, and 36 hours
of PLS storage capacity to keep the back end (copper solvent
extraction and electrowinning and cobalt plant) running
when the front end is down.
As silica is known to have adverse impacts on solvent
extraction and electrowinning operations (Readett and Miller,
1995), PLS diluent wash stages are to be incorporated as part
of the solvent extraction circuit, with the aim of removing
silica and total suspended solids from both the LG and HG
PLS before they enter the extraction stages.

# !"##
As the copper and cobalt grades in the feed are low,
maximizing the metals recoveries, particularly cobalt, was
another challenge. An opportunity for metals recovery
improvement was identified at the countercurrent decantation
(CCD) circuit. The process was initially designed with four
CCD thickeners. Outotec later undertook an optimization
study using simulations with HSC, and the results indicated
that seven thickeners in the CCD circuit were required to
achieve optimum recovery of both copper and cobalt when
considering the cost and revenue benefits. Recovery of cobalt
was more challenging than of copper because the specific
wash waters used, although low in copper, still contain
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Table VIII

(.:;1;8:;96=9/=621<7=9/=4926:<74277<6:=0<486:8:;96=26;:5
647<85<0=&9=
.79024:;96
$:8#

00;:;9683=866283==
;6491<=/791=
&9=$)!=1;33;96#

!9323<=&9=<6:78;6<0=;:-==
593;05=;6=84;0;4=:8;3;6,5=
081=$:8=&9#=$691;683#

647<85<0=&2=
.79024:;96
$:8#

00;:;9683=866283=
;6491<=/791=&2=
$)!=1;33;96#

9:83=800;:;9683=
866283=;6491<
$)!=1;33;96#

0
451

0
28.4

579
102

0
92

0
0.6

0
29.0

Four
Seven

significant cobalt. An additional 451 t/a cobalt and 92 t/a
copper are expected to be recovered by increasing the number
of CCDs from four to seven, which would result in a total
annual income of US$29 million (calculations based on
copper and cobalt sale prices of US$7000 per ton and
US$63 000 per ton, respectively). Table VIII summarizes the
expected benefits of seven CCDs.

#! "
Optimizing plant design also entails tight control of operating
cost, which will maximize profitability. For the Mutoshi
process design, particular attention was placed on (a)
minimizing acid consumption, which is the top operating
cost-driver reagent and (b) achieving a negative water
balance, which is a key to driving down metals losses due to
neutralization of excess process solutions, driving down both
acid and neutralizing reagent consumption.
As part of water balance optimization, and based on
experience at other plants, including Etoile (Miller and
Kendal, 2013), milling in raffinate was selected as the best
method of minimizing the water introduced from post-milling
solid–liquid separation. For similar reasons, the selection of
the Kulumaziba tails re-mining (reclamation) method was a
challenge. To this end, mechanical reclamation using an
excavator followed by repulping in copper solvent extraction
raffinate was considered the best option, instead of hydraulic
mining using process water followed by solid–liquid
separation. The milling and tailings reclamation with
raffinate was integrated with a Split CircuitTM solvent
extraction design, based on experience at other plants,
including Etoile (Miller and Nisbett, 2007), for maximization
of acid recycle from raffinate to the leach, subsequently
minimizing the limestone requirement for acid neutralization
from the raffinate bled to cobalt recovery.
The block flow diagram for the Mutoshi project is shown
as Figure 9.

79<4:=0<3;<7
To achieve timeous delivery of the project and minimize
design risks, the project delivery responsibilities have been
divided between Outotec, METC, and Chemaf’s process and
construction team. Chemaf signed a fixed-price EPCS
(Engineering, Procurement and Construction Supervision)
contract with Outotec and METC, which was completely
different from a traditional EPCM (Engineering, Procurement
and Construction Management) contract. In this way, the
project delivery time has significantly improved to date.
Chemaf’s process team has taken responsibility for
metallurgical test work, with the assistance of METC in cases
          

of specific test work that was outsourced to external
laboratories. In addition, developing and updating the process
mass balance and process design criteria, as well as
reviewing all the projects deliveries from Outotec and METC,
was part of Chemaf’s responsibilities.
The responsibilities of METC relate to all detailed
engineering deliveries: process flow diagrams, piping and
instrumentation diagrams, plant layout design, and civil,
mechanical, and electrical designs. Outotec’s scope is the
delivery of a core engineering package that mainly focused
on reviewing Chemaf’s test work results and process design
criteria to ensure they comply with the process requirements.
Additionally, Outotec has a small detailed engineering
supervision role, as well as a significant scope of delivery for
the main process equipment and technology to the project.
This includes, among other equipment, the LDX mill,
OKTOP® reactors with agitators, thickeners, Vertical Smooth
Flow (VSF®X) modular solvent extraction equipment,
containerized crud treatment plant, filters, electrowinning,
process control system (Proscon), and three modular
sulphur-burning acid plants. The expected benefits of the
modular pre-engineered plants that will be supplied by
Outotec are lower total investment, shorter project lead time,
lower project financing cost, less work at the construction
site, less risk due to shorter project time at site, and residual
value due to reusability of modules (Weatherseed et al.,
2015).

&964325;965
By simplifying the project interfaces and scope for each party,
and their respective expertise and experience, Chemaf,
Outotec, and METC have developed a robust process design
and project implementation plan for the Mutoshi project. The
plant design has ensured low operating cost, optimized water
balance, high metal recovery, and an optimized capital cost,
while the innovative project implementation plan significantly
accelerates the project execution timeframe in comparison
with traditional models employed on the DRC Copperbelt. The
project is currently under construction and expected to be
commissioned in the third quarter of 2019.
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Empirical model of recovery response of
copper sulphide circuit at Kansanshi
Mine
by M. Lusambo*† and F.K. Mulenga‡

Geometallurgical models are a strategic tool used primarily in planning,
diagnosis, and process optimisation. This paper discusses the development
of a predictive model for flotation recovery at Kansanshi concentrator in
Zambia as a function of key operational parameters. Daily data for milling
and flotation from the circuit processing the copper sulphide ore was
analysed. This data, recorded over a period of one year of production, was
collected from diverse sensors measuring semi-autogenous milling and
flotation parameters. Statistical analysis showed that copper head grade,
acid-insoluble, and acid-soluble copper, SAG mill throughput, ball mill load,
and tonnage of feed material to the SAG mill in the -125 +63 mm size
fraction contributed to the prediction power of the proposed empirical model
by as much as 90%. Finally, a proposal was made for the development of a
simulation model under MODSIM®, a flexible tool for mineral processing
applications. This was to test the limitations of the empirical model for
future refinement.
"<&!6:25
sulphide flotation, empirical model, recovery response.
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Kansanshi is the largest copper mine in Africa
and the world’s eighth largest copper producer,
with a total of 253 272 t of copper produced in
2016 (Newall, 2017). It is located
approximately 10 km north of Solwezi, the
capital and administrative headquarters of the
North Western Province, Republic of Zambia.
The ore deposit consists predominantly of
chalcopyrite and malachite with variable
amounts of chalcocite, bornite, chrysocolla,
and azurite. Because of the varying
proportions of sulphide and oxide copper
minerals, the ore is classified into three
distinct categories: sulphide, mixed, and oxide
ores. As such, three separate processing
circuits are used to mill the ore down to a
standard targeted grind size of 80% passing
150 μm before froth flotation and leaching.
A lot of research and development has
been done to improve the performance of the
sulphide ore circuit at Kansanshi. Despite the
research efforts and subsequent operation, the
sulphide ore circuit did not attain the target
recovery and grade for 2016, primarily
because of the complexity of the orebody.
The constant drive to achieve the set
production target of recovery and
concentration grade after froth flotation
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The Kansanshi process comprises three
separate circuits for three distinct run-of-mine
ore feeds: sulphide ore, mixed ores, and oxide
ores. The three circuits run in parallel, with
each consisting of a dedicated crushing,
milling, and flotation circuit. The present
research work focuses on the sulphide ore
circuit.
The sulphide ore circuit at the Kansanshi
mine processed an average of 35 000 dry tons
per day between 1 June 2016 and 31 May
2017. The run-of-mine sulphide ore undergoes
a two-stage primary and secondary crushing
in open circuit. The material is then sent to a
classic semi-autogenous / Ball mill / Crusher
circuit, also known as an SABC design. From a
The product from the comminution section
undergoes two stages of flotation roughing in
6 × 300 m3 cells, and cleaning in 8 × 30 m3
cells. Relevant specifications of the
comminution equipment are listed in Table I.

* Kansanshi Mining Plc., First Quantum Minerals
Limited, Zambia.
† Department of Civil and Chemical Engineering,
University of South Africa, South Africa.
‡ Department of Electrical and Mining Engineering,
University of South Africa, South Africa.
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Metallurgy, 2018. ISSN 2225-6253. This paper
was first presented at the Copper Cobalt Africa,
incorporating the 9th Southern African Base
Metals Conference, 9–12 July 2018, Avani
Victoria Falls Resort, Livingstone, Zambia.
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motivated the development of a tool for the
prediction of recovery. The anticipated benefit
is not only to enable the plant to apply
corrective actions when needed, but also to
make a tool available for the quick assessment
of the plant performance of the. For that
purpose, data spanning June 2016 to May
2017 was analysed, cleaned up and curvefitted to an empirical model. In doing so, key
parameters were determined and calibrated to
represent the behaviour of the plant.

Empirical model of recovery response of copper sulphide circuit at Kansanshi Mine
Table I

0<4;/;478;695=6/=8.<=46,,;938;69=<3;0,<98=35<2
;9=8.<=5310.;2<=6:<=4;:43;8="795795.;
Primary Crusher

Gyratory crusher
Model: Metso 54 – 75
Available power: 450 kW
Open side setting: 125–200 mm
Closed side setting: 90–120 mm

Secondary crusher

Nordberg MP800
Available power: 600 kW
Closed side setting: 40–55 mm

Pebble crusher

Terex Cedarapids MVP 450
Available power: 315 kW
Closed side setting: 12 mm

Semi-autogenous mill

Internal diameter: 9.75 m
Internal belly length: 6.10 m
Centre line length: 8.9 m
Available power: 11.6 MW
Grate discharge design
Speed: 75% of critical (VSD)
Ball filling: 19%
Top-up ball size: 125 mm
80% passing feed size: 75 mm

Ball mill

Internal diameter: 6.10 m
Internal belly length: 9.30 m
Centre line length: 10.5 m
Available power: 5.8 MW
Overflow discharge design
Speed: 75% of critical
Ball filling: 28%
Top-up ball size: 50 mm
Average Bond Work index: 9.2 kWh/t

%<8.62616*&
The primary objective of a processing plant is to produce
good quality concentrates at the highest levels of recovery
and throughput and at the lowest operation costs. The
attainment of this objective depends on the quality of the ore
feed, the geometry, configuration and operating conditions of
all the processing units involved and, most importantly, an
accurate knowledge and understanding of the circuit
behaviour.
Concentrators generally yield a variable metallurgical
recovery, to the extent that it has become common practice to
model the behaviour of the concentrator as a function of key
operating parameters. To do that, in-house databases can be
used with the data comprising for example, historical
operational performance data of the plant, planned surveys,
geometallurgical data, and ore characteristics. The work by
Compan, Pizarro, and Videla (2015) exemplifies this with a
regression model proposed for the Chuquicamata plant which
treats a copper sulphide ore by milling and flotation.
An attempt was made to produce an empirical model of
the Kansanshi plant similar to that of the Chuquicamata
plant. To this end, key input parameters were identified
before the structure of the model was proposed. The data was
pre-processed to enable curve-fitting by nonlinear regression.
This was to determine the values of the parameters of the
model and calibrate them to the Kansanshi operation.

      
 
The Kanshanshi plant is fitted with a wide array of sensors
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for monitoring its general performance. For example, a
camera-based system is used to measure the particle size
distribution of the feed to the SAG mill, and weightometers
are installed on the belt conveyors of all major units to supply
mass flow data. Flow meters, densitometers, pressure
readers, and level sensors are also used in the flotation
section. On-stream analysers and laboratory analyses provide
assays of key plant process streams for process control and
metallurgical accounting purposes respectively. Figure 1
illustrates a typical signal from a weightometer measuring the
SAG mill load.
Overall, 29 signals are collected from the SABC section
and 49 signals comes from the flotation section. It became
clear that, to produce a useful and flexible model of the plant,
the number of input parameters should be cut down to a
reasonable minimum.
King (2012) described in a comprehensive manner the
most important phenomenological models that can be used in
the description of a wide variety of mineral processing units.
These units include SAG mills, ball mills, hydrocyclones and
flotation, which are all relevant to Kansanshi. A critical
review of the models applicable to each unit reveals that, of
the 78 signals streamed from the Kansanshi sulphide ore
circuit, 13 may be used to model the performance of the plant
with reasonable accuracy. These 13 parameters are listed in
Table II.
By consulting King (2012), the choice of the key
parameters above was also supported by the following
references: Austin et al. (1984), Compan et al. (2015), Hu
(2014), Klimpel (1995), Napier-Munn et al. (1996); Pease et
al. (2006) and Yahyaei et al. (2014).

    
   



The work by Compan, Pizarro, and Videla (2015) was
selected to serve as the basis for the development of a
regression model for use in determining the copper recovery
of the Kansanshi sulphide ore circuit, since the Chuquicamata
plant recovers sulphide copper minerals such as chalcocite

;*3:<=-'7,01<=6/=8.<=5;*971=/:6,=8.<==,;11=1672=!<;*.86,<8<:
)<8!<<9= =7937:&=792=-=39<=#$-
          

Empirical model of recovery response of copper sulphide circuit at Kansanshi Mine
Table II

9038=07:7,<8<:5=6/=8.<=:<46+<:&=:<50695<=,62<1=6/=8.<=5310.;2<=6:<=4;:43;8="795795.;
7:7,<8<:

%<753:;9*=;958:3,<98

&,)61=792=39;85

Weightometer
Camera
Camera
Camera
Set point
Flowmeter
Densitometer
On-stream analyser
Analytical Laboratory
Analytical Laboratory
Camera
Flow meter
Level sensor

Q (t/h)
W1 (t)
W2 (t)
W3 (t]
J (t)
F (m3/h)
Cw (% solids)
TCu (% TCu)
AsCu (% AsCu)
AiCu (% AiCu)
v (mm/s)
a (m3/h)
f (mm)

SAG mill throughput
−22 mm feed size fraction
−63 +22 mm feed size fraction
−125 +63 mm feed size fraction
Ball mill load
Flotation feed flowrate
Flotation feed density
Flotation feed grade – total copper
Flotation feed grade – acid soluble copper
Flotation feed grade – acid insoluble copper
Bubble velocity
Air flowrate
Froth level

and chalcopyrite, which are also found in the Kansanshi
sulphide ore type. The following model was proposed for the
Chuquicamata (Compan, Pizarro, and Videla 2015):

[1]

where C0 to C9 are the model coefficients that needed to be
determined by the nonlinear regression of the Kansanshi data
collected between June 2016 and May 2017. Thirty percent of
this data was used in the calculation of the model
coefficients, while the remaining 70% served to assess the
predictive ability of the model proposed in Equation [2]. The
outcome of this endeavour is presented in the next section.

<53185=792=2;54355;69

[2]

          

[3]
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where RCu is the final copper recovery after flotation; Cu is
the copper feed grade; Fe and CuS are, respectively, the iron
and copper sulphide feed grades to the plant; Mo, Cp, and Dg,
are the molybdenite, chalcopyrite, and digenite grades in the
ore feed; and Wi and P80 are the work index and product size
of the ore after milling.
A look at Equation [1] shows that the majority of the
input parameters in the Chuquicamata response function are
grades of mineral species in the ore feed. The other
parameters, including the work index Wi and product size
P80, are all physical properties of the ore. No parameter
relating to operating conditions of milling and flotation is
included, although the model should take into consideration
these two processes. This can probably be ascribed to the fact
that the parameters in Equation [1] are among those
monitored on the plant.
The general problem with empirical models is that they
are developed based on available information. This, in a
sense, tempts one to overlook critical parameters in building
the model; hence the limitationof these models. The
advantages, however, of this type of model offers are
primarily their simple structure, flexibility, and quick
manipulation when estimates are needed, among others.
This brings us to discuss the structure of the empirical
model of recovery response proposed for the Kansanshi
copper sulphide ore circuit. The following equation was
proposed for testing on the Kansanshi data at our disposal:

The results of the regression analysis are presented in this
section. The adequacy of the model and that of the regressed
coefficients are also discussed. A proposal is made for a
simplified model based on the contribution of each
parameter.
As a starting point, Equation [2] was curve-fitted against
the copper recovery data in the least squares sense. Initial
guesses were allocated to the coefficients C0 to C9 then the
sum of squared differences between the theoretical and actual
copper recovery values was calculated. A computer algorithm
was finally involved to iteratively adjust the values of the
coefficients until the sum of squared differences converged to
a global minimum. Table III summarizes this result, with
each coefficient value allocated its 95% confidence interval.
Figure 2 illustrates the results of the curve-fitting
performed on the recovery data spanning June 2016 to
September 2016. The theoretical and actual time-series
curves are superimposed for the time duration. The
coefficient of determination R2 of Equation [2] was
calculated. This statistic was found to be R2 = 0.557,
meaning that 55.7 % of the data considered can be explained
by Equation [2].
Based on the regressed coefficient values in Table III as
well as their respective confidence intervals at a 95%
significance level, it was decided to set the coefficients C2, C3,
C5 and C6 at to zero. The decision to eliminate these
coefficients was based primarily on their poor level of
accuracy with respect to their average regressed values. By
doing so, Equation [2] was simplified to the following form:

Empirical model of recovery response of copper sulphide circuit at Kansanshi Mine
Table III

(713<5=6/=46<//;4;<985=/6:=:<46+<:&=:<50695<=,62<1
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C0
C1
C2
C3
C4
C5
C6
C7
C8
C8

70.4
328 × 10−8
−223 × 10−4
141 × 10−5
0.13
−0.056
157 × 10−12
12.6
0.78
0.25

 =469/;2<94<=;98<:+71
± 12.1
± 14 × 10−8
± 87 × 10−4
± 74 × 10−5
± 0.02
± 0.032
± 61 × 10−12
± 0.2
± 0.09
± 0.03

again the data from 1 October 2016 to 31 May 2017, a
striking similarity is evident, as shown in Figure 3. To
confirm this observation, the coefficient of determination R2
of Equation [3] was calculated. This statistic was found to be
R2 = 0.694, indicating that 69.4% of the data considered can
be explained by Equation [3]. Compared with Equation [2]
(coefficient of determination R2 = 0.557) it is clear that
Equation [3] is preferable, especially considering its simple
format.
It is clear that some long negative peaks are not well
reproduced by the model; however, the general trend,
including the slight cyclical nature of the actual copper
recovery data, is followed to an acceptable extent. The other
concern is that the coefficient of determination may require
further improvement. For that to be done, relevant operating
parameters perhaps not yet available or not shortlisted in
Table II should be explored for inclusion into the model.
To further improve on the predictive ability, the inclusion
of the percentage acid-soluble copper (AsCu), the ratio of
acid-insoluble copper to total copper (AiCu/TCu), and the
difference between total copper (TCu) and total copper mean
for the data-set (TCu) into the empirical model was explored.
In doing so, Equation [3] was modified to the following form:

Table IV
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It should be noted in Equation [2] that input parameter
Cw (flotation field density) is now absorbed into coefficient
C7. This is because this particular parameter representing
(see Table II) did not vary significantly over the year for
which operation data was collected. Furthermore, for the sake
of simplicity, the lower the number of input parameters, the
better for the model. This, of course, needs to be balanced
with an acceptable level of accuracy within the capabilities of
the various measuring and monitoring instruments used at
the plant. That is why a new exponent parameter k was
introduced around parameter W3 to add flexibility to the
curve-fitting procedure.
With a simplified definition of the empirical model of
recovery response of the Kansanshi copper sulphide circuit, a
new regression analysis was initiated. This time, seven
coefficients were regressed and their uncertainties still
calculated at a significance level of 95%. The outputs from
the curve-fitting algorithm are reported in Table IV.
It will be noted that the parameters in Table IV are more
accurately predicted than those in Table III based their errors
at 95% significance level. In addition to this, when validated
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C0
C1
C4
C7
C8
C9
k

<*:<55<2=+713<
76.1
106 × 10−7
0.911
21.213
0.076
0.36
0.5323

 =469/;2<94<=;98<:+71
± 8.6
± 9 × 10−7
± 12
± 0.007
± 0.005
± 0.03
± 0.0034
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[4]

A new regression analysis was performed based on
Equation [4]. This time, 10 coefficients were regressed and
their uncertainties still calculated at a significance level of
95%. The outputs from the curve-fitting algorithm are
reported in Table V.
The result of this analysis was also validated against the
data between 1 June 2016 and 31 May 2017. Here, a
coefficient of determination R2 = 0.904 was noted for
Equation [4]. In addition, when validated again the data
between 1 June 2016 and 31 May 2017, a striking similarity
is evident, as shown in Figure 4. The improved coefficient of
determination R2 = 0.904 simply means that Equation [4]
describes 90.4% of the data well with the remaining 9.6%
being attributed to uncertainties inherent to the plant data
collected as well as the structure of the model. However, an
improvement is noted from R2 = 0.694 for Equation [3] with
a more complex structure for Equation [4].
Finally, empirical models are generally useful and simple
to use while their format is based on the experience of the
researchers involved. One shortcoming, though, is that they
need constant refinement and calibration. Therefore, they
should be used with caution outside the average operating
conditions under which they were developed. More realistic
models are needed for application in wider operating ranges.
Phenomenological models built around the population
balance model (Austin, Klimpel, and Luckie, 1984; King,
2012) are good examples of realistic models of mineral
processing operations. Further work is necessary to produce
such type of a model for the Kansanshi copper sulphide ore
circuit. A simplified version of the anticipated model may
then serve the purpose better than Equations [3] and [4] in a
wider operating range. The drawback may be the complex
format of this type of model and the need to define an
increased number of input parameters. For as long as the
phenomenological model or its simplified version are not
available, the proposed empirical model should be used.

The objective of this research was to develop a predictive
model for copper recovery in the Kansanshi copper sulphide
ore circuit. All available data collected online from the
operation was reviewed to shortlist important input
parameters to the model, and the literature was studied to
determine an initial form of the empirical model.
The model building ensued once only 13 operating
parameters of the circuit were retained; the information from
the signals corresponding to each parameter was then
extracted for the period from 1 June 2016 to 31 May 2017.
This time-series data was curve-fitted using the empirical
model initially proposed and the relevant statistics were
produced in the process. From the statistics, it was clear that
some regressed fitting coefficients added little to the accuracy
of the model. These were eliminated and, consequently, the
empirical model took a simplified format that included only
ten fitting coefficients and seven input parameters. The input
parameters are the copper head grade (TCu), percentage acidsoluble copper (AsCu), acid-insoluble copper (AiCu) at the
flotation section, the SAG mill throughput, the ball mill load,
and the tonnage of feed material to the SAG mill in the size
fraction −125 +63 mm. The regression analysis revealed that
the simplified empirical model accounts for approximately
90% of the copper recovery data. The significant
improvement in model prediction ability with the inclusion of
acid soluble copper provides strong evidence of the influence
of mineralogy on flotation recovery. The influence of acidsoluble copper grade on model predictive ability was expected
because soluble copper minerals do not float under sulphide
flotation conditions. This indicated that there is room for
improvement in the model; this may be achieved by the
inclusion of parameters not currently measured or those that
were not shortlisted in the development of the initial model.
Despite some limitations, the model has the potential to serve
the purpose of quickly estimating the expected recovery
under given operating conditions. This timely information
may help make sense of the actual recovery and identify
avenues for corrective action guided by production targets.
Work is currently underway aimed at developing a model
of the behaviour of the Kansanshi copper sulphide ore circuit.
This computer model will be based on a more theoretical
description of unit processes using MODSIM®, a specialized

Table V
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C0
C1
C4
C7
C8
C9
C10
C11
C12
k
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27.4
1.301 × 10−5
3.550
1.883
1.521
0.11
62.87
45.1
6.526
0.2896
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Empirical model of recovery response of copper sulphide circuit at Kansanshi Mine
module simulator for mineral processing operations. This will
become an additional, yet more comprehensive, tool to assist
the process engineers in efficient operation of the plant.

496!1<2*<,<985
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get the next conference that you register for at no cost.
5. The author with the most number of papers published in the SAIMM Journal in the previous financial year
would be recognised at the Annual General Meeting and will receive a free ticket to the SAIMM Annual Banquet.

How it works:
1. Collect your membership card from the SAIMM
2. Visit the SAIMM Website partner page to view all the deals available
3. Present it to the selected providers on the page behind this to qualify for the discount or offer.
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Techno-economic evaluation of BASF’s
new high-temperature solvent
extraction reagent
by J.J. Taute* and S.J. Archer†

BASF Mining Solutions has developed a new-generation copper solvent
extraction reagent that offers significant benefits over standard extractants
currently available to the industry. As the name suggests, the new hightemperature (HT) extractant can be used at a higher operating temperature,
but also exhibits significantly lower degradation rates, greater copper-toiron selectivity, and is totally nitration-proof compared with the standard
extractants. Pilot-plant trials have also shown that lower aqueous-inorganic entrainment can be achieved. This paper investigates the technoeconomic benefit of using the HT extractant as an alternative to the
standard extractant in a high-temperature application. The results of the
technical evaluation showed that the use of the HT extractant reduces the
extractant addition requirements and bleed volume from copper
electrowinning; this smaller bleed requirement further reduces acid and
limestone consumption, leading to a reduction in valuable metal losses. The
results of the economic evaluation showed that the use of the HT extractant
represents significant cost savings over that of the standard extractant.

:"4513
copper solvent extraction, reagents, high temperature, selectivity,
entrainment

69541*29746
Current solvent extraction (SX) reagents
employed for the extraction of copper from
typical pregnant leach solutions (PLS) at
ambient conditions function well with minimal
long-term effects on the extractant’s
performance (Taute et al., 2015). This
performance, however, deteriorates at elevated
temperatures due to the degradation of the
reagent’s hydroxyoximes. The degradation
mechanism, acid-catalysed hydrolysis of the
oxime, is accelerated by high temperature.
This has a knock-on effect where the increase
in degradation products increases the organic
viscosity, leading to increased entrainment,
crud formation, and ultimately to an increase
in SX reagent consumption (Bender,
Emmerich, and Nisbett, 2013).
SX reagents also show an increase in the
co-extraction of iron as the ferric concentration
in the PLS increases. Co-extracted iron is
transferred to electrowinning (EW) during
stripping of the loaded organic and can
adversely affect EW current efficiency. Iron in
the EW circuit is typically managed by
          

# &'$%;..
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BASF’s new-generation HT extractant has
various properties that exhibit significant
advantages over the existing range of
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bleeding the electrolyte; however, this can lead
to excessive consumption of EW reagents such
as acid, cobalt, and mist-eliminating
surfactants. The electrolyte bleed can also
affect upstream consumption of reagents, such
as lime, due to the high acid concentration
recycled to leach.
High PLS temperatures and iron
concentrations are typically encountered when
processing sulphide ores. Numerous
technologies have been developed for the
leaching of primary sulphide ores (Dreisinger,
2016). Table I is an adapted list from
Dreisinger (2016). It is evident that while
there are as many conditions as there are
processes, the high temperature of the
resulting PLS is ever-present.
BASF has developed a new generation of
SX reagents that have a much greater stability
than currently available reagents at higher
temperatures. During extensive laboratory
investigations and various customer pilotplant trials, the new high-temperature (HT)
extractant exhibited higher copper-to-iron
selectivity andwas nitration-proof. As the HT
extractant is still in the research and
development phase, a full-scale plant trial will
be conducted in 2018. To evaluate the
difference in operating costs when using a
standard SX reagent compared with BASF’s
new HT extractant, a desktop study was
conducted and is presented in this paper.

Techno-economic evaluation of BASF’s new high-temperature solvent extraction reagent
Table I

*0+)71:;0:82)76/;9:2)6404/7:3;+859780;0739;,54-;5:7376/:5;.
&:82)76/;9:2)6404/"
Activox
Albion
Anglo American – UBC
Mintek bioleach
BIOCOP
CESL
Dynatec
Mt Gordon
Platsol
Sepon
Total pressure oxidation (TPOX)
Medium-temperature pressure oxidation (MTPOX)
High-temperature lite (HT-LITE)
Cobre Las Cruces
Galvanox
Rapid oxidative leach (ROL)

hydroxyoximes extractants (standard reagents/extractants)
available to the market:






Increased resistance to degradation
Nitration-proof
High copper-to-iron selectivity
Comparable kinetics
Lower entrainment, thereby reducing impurity transfer
in copper SX circuits.


Accelerated degradation testing was performed by batchwise
contacting of the organic solution containing the extractant
with a synthetic strip electrolyte. For comparison purposes,
the stripping conditions used were more aggressive than
these typically employed. Thus, they are not representative of
the actual degradation in SX circuits.
Figure 1 shows the results of tests that were individually

'3:

!:-+:589*5:;

Pilot plant
Pilot plant
Pilot plant
Pilot plant
Commercial
Demo plant
Pilot plant
Commercial
Pilot plant
Commercial
Commercial
Commercial
Commercial
Commercial
Pilot plant
Pilot plant

90–110
85
150
35
65–80
140–150
150
90
220–230
80
200–230
160
195
90
80
80

5:33*5:;89- 
10–12
1.0
10–12
1.0
1.0
10–12
10–12
8.0
30–40
1.0
30–40
22
22
1.0
1.0
1.0

performed to illustrate the degradation rate of non-modified,
modified, and HT extractants. As expected, the aldoximes
were more susceptible to degradation, followed by the
ketoxime. All the extractants, except for the HT extractants,
exhibited similar degradation behaviour, with an initial high
loss of extractant followed by a decrease in loss over time.
The shape of these extractant curves suggests that as the
concentration of degradation products increases with time,
these products start to interact with the oximes and thus
reduce the degradation rate.
It is evident from Figure 1 that the degradation rates of
the HT extractants (RGT-1 and RGT-2) are substantially
lower than those of the standard extractants. The RGT-2
extractant even stopped degrading once an initial loss of 7%
was reached after 100 days. The RGT-1 extractant
degradation also appeared to have stopped after a loss of
between 20% and 25%.

7/*5:;.7-*089:1;1:/58189746;4,;:(958298693;83;8;,*629746;4,;97-:;89; ;*376/;3"69):972;:0:29540"9:;:61:5; ;. 
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7/*5:;4++:5947546;3:0:29779";4,;9):;!;:(95829869;24-+85:1;79);8;39861851;646-417,7:1;8014(7-::94(7-:;:(95829869;!8*9:  ;.

High temperatures not only increase the rate of
degradation of standard extractants but also increase the
organic viscosity, due to the increase in concentration of the
degradation products. This increase in viscosity would lead to
an increase in entrainment, crud formation, and ultimately an
increase in SX reagent consumption (Bender et al., 2013).


The degradation by nitration of the oxime molecule of
standard SX extractants is given by Equations [1] and [2].
The nitronium molecule, a highly reactive species, will force
electrophilic substitution (a), followed by loss of a proton (b),
and results in the nitrated species (c).
Catalytic formation of the nitronium ion:
[1]
The nitration mechanism of oximes is expressed as
follows:

[2]


Extractant selectivity for copper over iron is very important in
circuits with high PLS iron concentrations, for reasons
already mentioned. Blended and unblended HT extractants
have a high copper-to-iron selectivity compared with
standard non-modified aldoxime/ketoxime blends, as shown
in Figure 2 (pilot-plant trial).
Table II provides the PLS composition and average
copper-to-iron selectivity achieved over the trial period
shown in Figure 2. The copper-to-iron selectivity was two to
three times higher for the HT extractant than it was for the
standard, non-modified aldoxime-ketoxime blend.


Extraction and stripping kinetics at 25°C were investigated
for various blends of HT extractants (RGT-1 and RGT-2) and
compared with the standard extractant LIX® 984N (see
Figure 3). The BASF quality-control test for LIX® reagents
(BASF, 2018) was used to generate the kinetic data. Figure 3
shows that the extraction kinetics for the HT blended
extractants were comparable with LIX® 984N because they
too have relatively high copper extractive strength (Bender et
al., 2013).

Nitration results in various degradation products:

Nitrated organic species also cause higher organic
viscosities, which can adversely affect organic behaviour,
leading to poor phase separation and higher entrainment
losses. Nitrated oximes also extract copper although the
loaded copper cannot be stripped. To counter this destructive
mechanism nonylphenol, which is preferentially nitrated, is
added to the organic, thereby protecting the oxime. All
current aromatic hydroxyoximes can undergo this form of
attack, with the nitration rate depending on the substituent
groups (Virnig et al., 2003).
The HT extractants do not have a chemically favourable
site for nitration, therefore, the nitronium ion cannot nitrate
the new-generation reagents, making them completely
nitration-proof (Bender Emmerich, and Nisbett, 2014).
          

Table II

&;24-+4379746;861;8:58/:;24++:5947546
3:0:29779";24-+857346;,45;!;861;39861851
:(958298693;!8*9:; ;.
:3257+9746

'679

#80*:

Cu (g/L)

g/L

4.10

Fe (g/L)

g/L

4.30

–

1.5

°C

35

PLS properties:

pH
Temperature
Selectivity (Cu:Fe):
HT extractant

–

443

Standard extractant

–

176
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 Nitrated oximes
 Nitrated nonylphenol
 Nitrated aldehydes and/or ketones.

Techno-economic evaluation of BASF’s new high-temperature solvent extraction reagent

7/*5:; %(95829746;861;3957++76/;76:9723;89;;:61:5; ;. 
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Aqueous-in-organic entrainments for both the HT extractant
and a standard modified aldoxime reagent were determined
during a week-long pilot-plant campaign. Entrainment was
determined by measuring the manganese concentration in
the spent wash liquor and is given in Figure 4. Manganese is
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not extracted and can only transfer via aqueous entrainment
of PLS to the loaded organic. In the wash stage, the loaded
organic is contacted with a wash liquor and most of the
entrained aqueous, which contains manganese, reports to the
spent wash liquor. Entrainment of manganese in the HT
extractant was approximately 20% to 30% less than in the
standard modified aldoxime reagent (Bender et al., 2014).
          

Techno-economic evaluation of BASF’s new high-temperature solvent extraction reagent
-+*579";95863,:5;76;24++:5;A;2752*793
The transfer of impurities such as iron, chloride, nitrate, and
manganese from the PLS to the electrolyte occurs by means
of two mechanisms: physical and chemical transfer. Physical
transfer occurs in the following ways:
 Aqueous entrainment of the PLS in the loaded organic
 Micro-emulsions (tend to form when the organic phase
contains surfactants and modifiers along with the
copper extractant)
 Crud (which contains leach solution) moving with E1
loaded organic to the strip circuit
 Misdirected flow of the E1 aqueous into the E1 organic
weir.
In many cases, the physical transfer of impurities into the
EW circuit via the entrainment of E1 aqueous in loaded
organic is far greater than the chemical transfer.
In terms of chemical transfer, there is no clear evidence
that oxime-based copper extractants transfer chloride,
nitrate, or manganese by chemical loading; however, this is
the case for Fe(III). Unless the organic has been
contaminated with a cationic functionality (such as an
amine), transfer of chloride by chemical loading is very low.
Although Fe(III) is co-extracted, it occurs to a lesser extent
because the oxime-based extractants have a high selectivity
for copper over iron. Kinetic experiments have shown rapid
iron extraction and that freshly loaded iron strips faster and
more efficiently than loaded iron that has been through the
stripping circuit numerous times. This phenomenon is termed
‘iron-staining’.
It is well known that copper will crowd iron from the
typical oxime copper extractants; however, the rate of
crowding is slower than the rate of iron loading. This
necessitates a longer E1 mixer residence time for more
efficient crowding. In general, the chemical loading of iron

from copper leach solutions by oxime copper extractants is
governed by the following:
 The pH of the leach liquor: higher pH favours iron
extraction


Copper loading on the organic: a high copper loading
will crowd iron from the organic

 Addition of a modifier, particularly with an aldoxime:
esters and BASF’s low-viscosity modifiers reduce iron
loading
 Impurities in the organic phase: certain species that are
soluble in the organic phase (sulfonates or organic
acids), may enhance iron loading. Clay treatment
removes some of these species and, therefore,
enhances copper-to-iron selectivity (Dudley et al.,
2006).
In some copper SX plants there will be excessive transfer
of impurities to the electrolyte, even if the plant is well
designed and operated, and even when using an organic
having good physical properties. Typical examples are leach
solutions derived from:
 Leaching copper oxide ores with seawater or saline
water
 Leaching ores with a high manganese content
 Leaching certain copper oxide ores in northern Chile
where the soil has a high nitrate content
 Bioleaching of copper sulphide ores that have a high
pyrite content
 Leaching of primary sulphides or roaster calcines
containing high iron levels
 Plants where certain organic contaminants are present
in the process water used in the plant.
In the abovementioned cases, the best solution is to
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Techno-economic evaluation of BASF’s new high-temperature solvent extraction reagent
install a scrub or wash stage for processing the loaded
organic. The scrub or wash stage will:
 Remove entrained iron, nitrate, chloride, or manganese
by a displacement wash using a dilute acid solution
 Reduce chemical iron transfer by approximately 50% to
60%. If the pH of the wash aqueous is lower than that
of the E1 aqueous and the copper content is higher
than the E1 aqueous, both Fe stripping by acid and
crowding by copper will occur.

%2464-72;:80*89746;<;548390:82);A%=;+0869;283:
39*1"
The new HT extractant is currently not available
commercially, therefore it was decided to conduct a desktop
case study to compare its operating costs with those of a
standard non-modified extractant.

  
The desktop case study used data and information gathered
from a recent copper–cobalt project in the Democratic
Republic of Congo. The project processes a sulphide ore,
which is concentrated by flotation and then roasted in a
sulphating roast before being leached. SX is employed to
selectively extract the copper from the resulting PLS, which is
then stripped and electrowon to produce London Metal
Exchange (LME) Grade A copper, as shown in Figure 5.

 
The comparison of the HT extractant with the standard, nonmodified extractant required a process design basis to be
compiled for the circuit described in Figure 5. It should be

noted that this comparison considered only the differentials;
areas such as comminution, flotation, and roasting were
excluded. Capital cost (CAPEX) differentials were assumed to
be negligible as the same unit operations were employed for
both reagents, with a few unit operations differing only
marginally in size. A more detailed flow sheet (see Figure 6)
was used for this comparison, highlighting the operating cost
(OPEX) differentials that could be expected, such as:
 Reducing PLS and electrolyte heat-transfer
requirements
 Minimizing organic reagent top-up
 Reducing the electrolyte bleed requirement, thereby
reducing the neutralization in leach as well as reducing
valuable metal losses.
Table III provides a summary of the key design
parameters used to compile the mass balance for both the HT
and standard extractant. The following assumptions were
used as the basis for the comparative evaluation.
 The excess acid in the leach circuit that is not
neutralized by the oxide float concentrate is further
neutralized with limestone. Calcined material has no
neutralizing potential due to the upfront sulphating
roast.
 The PLS has a ferric-to-ferrous ratio of 1.
 The copper-to-iron selectivity ratio for the HT
extractant is 2.5 times higher than that of the standard
non-modified reagent.
 Aqueous-in-organic entrainment for the HT extractant
is 20% less than for the standard non-modified
reagent.

7/*5:;042;,04;178/58-;3)476/;17,,:5:697803
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Techno-economic evaluation of BASF’s new high-temperature solvent extraction reagent
 Organic-in-aqueous entrainment for both reagents is
50 mg/L with no reagent recovery from the raffinate
ponds.

 The reagent degradation rate for the HT extractant is
2.7 times lower than for the standard non-modified
reagent.

 A high wash-stage advance organic:aqueous (O:A)
ratio was used to ensure a minimal effect on the
overall water balance.

 A total of 3% of the copper and cobalt recycled to leach
via the electrolyte bleed is lost during solid–liquid
separation.

Table III

542:33;1:37/6; 8373;*3:1;,45;24-+7076/;9):;-833; 80862:3
579:578
Copper recovery
Leach recovery
Cu SX 1 Cu recovery
Cu SX 2 Cu recovery
Overall plant Cu recovery
Annual copper production

'6793

4-7680

:37/6

%
%
%
%
kt/a

97
81
99
95
35
Leach

Leach feed
Leach feed composition
Feed rate
Typical feed head grade (solids)
Cu
Fe
Leach circuit operating parameters
Leach discharge pH
Leach operating temperature (max)
Reducing agent (sodium metabisulphite)
Neutralization reagent (limestone)
Leach performance
Cu leach efficiency
Leach configuration

% (m/m)
t/h

Sulphide
68
17

Oxide
32
18

% (m/m)
% (m/m)

26
3

13
1

–
°C
kg /t feed
kg/t feed

1.5
80
16.9
52.3

%
–

97
Acid leach, neutralization, reductive leach
Copper solvent extraction

Concentration
Extractant degradation
Extractant entrainment loss
Total consumption (SX 1 and SX 2)
Cu:Fe selectivity
Diluent
Consumption
Extraction circuit
Number of stages
Advanced O:A
Cu extraction overall efficiency
Wash circuit
Cu:Fe selectivity (pre-wash)
Wash efficiency
Advance O:A
Cu:Fe selectivity (post-wash)
Aqueous-in-organic entrainment
Stripping circuit
Delta Cu
Number of stages

m3/h
g/L
g/
g/L

% (v/v)
kg/t Cu
kg/t Cu
kg/t Cu
–

112.8
39.0
20.5L
5.0
HT extractant

Standard extractant

35
1.8
2
3.8
700

35
0.7
2
2.6
1 700
Shellsol 2325
7.0

kg/t Cu

–
%

–
%
–
–

SX 1 (primary)
3
2.5
81

SX 2 (secondary)
2
1.2
99

HT extractant
1 700

Standard extractant
700
50
81

3 549
804

g/L
–

          

2 642
1 022
15
2
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PLS
PLS flow rate
Cu
Co
Ferric
Extractant concentration

Techno-economic evaluation of BASF’s new high-temperature solvent extraction reagent
1.5 g/L since the bleed is affected by both the chemical and
physical transfer of iron from the washed organic into the
electrolyte. Table V illustrates the calculated chemical and
physical iron transfer to electrolyte based on the properties of
the SX reagents used. The total iron transfer for the HT
extractant was 35% less than for the standard extractant.
This relates to a 35% lower electrolyte bleed rate, as shown
in Table VI.
Table VI shows that the electrolyte bleed flow rate for the
standard extractant is greater than that for the HT extractant,
resulting in higher reagent consumptions and metal losses,
and consequently greater annual bleed costs. The organic
costs were calculated based on consumption resulting from
degradation, entrainment to raffinate, and diluent make-up.
The net annual cost resulting from bleeding electrolyte and
topping up organic is significantly lower for the HT
extractant; however, the once-off first-fill cost (extractant
and diluent cost on start-up) for the HT extractant is higher
than the standard non-modified extractant.

Table IV

:8/:69;861;-:980;+572:3;*3:1;76;2802*0897463
$852);.
9:-

'679

#80*:

Acid

US$/t

253

Limestone

US$/t

90

Diluent

US$/m3

1 200

FC1100

US$/t

22 040

Reagents

Metal
Copper

US$/t

6 000

Cobalt

US$/t

46 284

Table V

):-7280;861;+)"37280;7546;95863,:5;24-+857346
9861851;:(95829869

732*33746

!;:(95829869

Chemical iron transfer (kg/d)

34.7

Physical iron transfer (kg/d)

13.8

5.7

Total iron transfer (kg/d)

48.5

31.6

To illustrate the long-term OPEX savings when using the HT
extractant instead of the standard extractant, a five-year
reagent cost calculation was done. Table VII shows the
comparative cost and differential cost (saving) of the bleed,
organic, and overall cost, including the first-fill cost over a
five-year period. The total OPEX saving over five years is just
over US$ 1.2 million.
Various sensitivity analyses have been conducted on the
calculations to determine the impact of the various reagent
costs on the total saving. The saving of US$329 082
(calculated in Table VI) is roughly 14% per annum. The
following prices and factors will have the largest impact on
the overall savings:

25.9

The provisional costs used for this case study assumed that
the HT extractant is 40% more expensive than the standard
non-modified reagent. The major reagents and metal prices
used for the evaluation are provided in Table IV. Reagent
prices include delivery to site. It should be noted that the
copper and cobalt prices have increased significantly from
those used for this evaluation.

 HT extractant price

 

 Acid price

The SX circuit was modelled using BASF’s Isocalc® software
and the mass balance was calculated using SysCAD. The
electrolyte bleed for each reagent was determined by
maintaining the spent electrolyte’s iron concentration at

 Copper-to-iron selectivity
 Aqueous-in-organic entrainment (physical iron
transfer)

Table VI

%0:29540"9:; 0::1;17,,:5:69780;2439;24-+857346
9861851;
:(95829869
EW bleed (m3/h)

1.35

Bleed cost (US$/a)

0.88

7,,:5:69780;

−0.47

–
Acid

538 559

350 533

Limestone

244 380

159 060

Cobalt recycled

5 603

3 647

FC 1100

782

509

Copper recycled

74 463

48 466

Total bleed cost (US$/a)



1192

!;:(95829869

863 785

562 214

Organic reagent cost (US$/a)

1 449 699

1 422 188

−27 511

Net cost (US$/a)

2 313 484

1 984 402

−329 082

First fill: extractant + diluent (US$)

1 438 276

1 878 178

439 902
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Table VII

:8/:69;2439;3876/;24-+857346;4:5;,7:;":853
9861851;
:(95829869

!;:(95829869

7,,:5:69780;

−1 507 858

Bleed cost (US$)

4 318 927

2 811 070

Organic cost (extractant + diluent) (US$)

7 248 495

7 110 942

−137 553

Bleed + organic cost (US$)

11 567 422

9 922 012

−1 645 410

First fill + bleed + organic cost (US$)

13 005 698

11 800 191

−1 205 508

 Cobalt price (except in the DRC).
Should the price difference between the HT extractant and
the standard extractant be lower than the estimated 40%,
then the annual saving would increase proportionally (3%
annual saving for every 10% decrease in HT extractant
price). Similarly, if the acid price increases, the saving on
using the HT extractant would be higher: roughly 1% more
for every US$50 increase in acid price. A change in the
copper-to-iron selectivity could have a positive or negative
impact on the annual saving. An increased copper-to-iron
selectivity ratio would mean less iron is chemically
transferred, thus reducing the electrolyte bleed rate and
increasing the annual saving. The opposite would be true if
the copper-to-iron selectivity ratio is lower. Should the
average aqueous-in-organic entrainment increase, physical
transfer of iron will increase, resulting in a higher electrolyte
bleed rate. This will reduce the annual saving by roughly 3%
for every 100 mg/L of additional aqueous entrained.

4620*37463
The HT extractant offers a viable alternative to the standard
oxime-based extractants, for the following reasons.
 The HT extractant degradation rate is significantly
lower than that of the standard oxime extractant. A
lower degradation rate means a lower extractant
consumption rate.
 The HT extractant cannot be nitrated, which would be a
substantial benefit for certain plants that operate with
high nitrates in the PLS. This would also result in a
significant drop in extractant consumption.
 The HT extractant offers a step-change improvement in
copper-to-iron selectivity, which results in less
chemical transfer of iron to electrowinning.
 Pilot-plant trials showed that aqueous-in-organic
entrainment is significantly lower when using the HT
extractant, which results in less physical transfer of
iron to electrowinning.
 The case study showed that the electrolyte bleed rate
can be reduced by 35% when using the HT extractant,
which results in an OPEX saving of approximately 14%
(> US$300 000 per annum). This saving would result
in first-fill extractant cost payback of less than 18
months on the higher priced HT extractant. The case
study also showed that a loaded organic wash stage is
          

necessary to minimize physical and chemical iron
transfer, even when using the HT extractant. This
would require additional CAPEX, but the payback
period is less than 12 months.
It should be noted that the HT extractant is still in the
research and development phase. A commercial plant trial is
scheduled for Q3 2018.

@2640:1/:-:693
The authors would like to acknowledge and thank Jaco
Scheepers for the SysCAD mass balances done as part of this
work.
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BACKGROUND
The Ninth International Conference on Deep and High Stress
Mining (Deep Mining 2019) will be held at the Misty Hills
Conference Centre, Muldersdrift, Johannesburg on 24 and
25 June 2019. Conferences in this series have previously
been hosted in Australia, South Africa, Canada, and Chile.
Around the world, mines are getting deeper and the challenges of stress damage, squeezing ground, and rockbursts
are ever-present and increasing. Mining methods and support systems have evolved slowly to improve the management of excavation damage and safety of personnel, but
damage still occurs and personnel are injured. Techniques
for modelling and monitoring have been adapted and enhanced to help us understand rock mass behaviour under
high stress. Many efficacious dynamic support products have
been developed, but our understanding of the demand and
capacity of support systems remains uncertain.

OBJECTIVE
To create an international forum for discussing the challenges associated with deep and high stress mining and to
present advances in technology.
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E-mail: camielah@saimm.co.za, Website: http://www.saimm.co.za
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Structural characteristics of strata
overlying of a fully mechanized longwall
face: a case study
by J. Wang, J. Ning, L. Jiang, J-Q. Jiang, and T. Bu

In coal mining in China, the cutting height of the shearer in longwall faces
is increasing. Owing to the increase of extraction height, the caved roof
strata area is enlarged, and new issues are being encountered, such as
determination of a suitable working resistance for the shield and control of
the roof. Through field observation and theoretical analysis of the first
longwall face with a height of 6.0 m in the Bayangaole mine, a three-stage
structural model was developed. Stage I is defined as the period in which
the lower immediate roof (LIR) caves into the goaf and is broken into
irregular shapes of various sizes. Stage II is defined as the period in which
the upper immediate roof (UIR) breaks and impacts the LIR. In stage III,
the main roof breaks into blocks and then impacts the UIR. With respect to
these three stages, a suitable method was identified for calculating the
working resistance of the shield support for a super-great mining height
longwall face (SGMHLW).
>< ;712
Strata behaviour, strata movement, working resistance, super-great
mining height longwall face.

,587;1408:;5=951=9037;451
The coal seams in the Shendong coalfield,
located in the northwest of China, are
characterized by low dips and large
thicknesses and are thus suited for full
thickness extraction. Since the mid-1990s, the
Shendong coalfield has been developed into
one of the largest in the world (Ning, Liu, and
Tan. 2014; Ning et al., 2017). Recent
developments in mining equipment have made
it possible extract entire seams up to 5.0 m
thick in a single cut. This method, termed the
‘super-great mining height longwall face’
(SGMHLW) method, has been widely adopted
in the Shendong coalfield (Table I) (Ju and Xu,
2013; Peng, Li, and Zhou 2015; Zhang, Fan,
and Ma 2011). According to some studies,
sudden support-closure incidents often occur
when using the SGMHLW method. The key to
solving this engineering issue is to have a
clear understanding of the structural
characteristics and movement laws of the
overlying strata. For instance, the load on the
supports is related to the movement of the roof
stratum as a response to the mining activities.
To date, extensive studies have been
conducted to obtain a clear understanding of
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the mining-induced cave-in response of the
strata (e.g. roof movement and failure
responses). These studies have used different
methods, such as numerical simulations,
theoretical analyses, physical modelling, and
on-site investigations (Ghose and Dutta, 1987;
Yasitli and Unver 2005; Trueman, Lyman, and
Cocker 2009; Shabanimashcool, Jing, and Li
2014; Tan, Li, and Ning 2017; Jiang, Sainoki,
and Mitri 2017). Based on field observations,
Peng and Chiang (1984) suggested that the
first cave-in event involves shear fracture of
the main roof before that of the face, while the
subsequent and periodic cave-in events
involve cantilever instead of Voussoir beam
collapse. Song (1988) proposed that the rock
blocks in the main roof stratum rotate and
interlock with each other to form a jointed
Voussoir beam when the stratum deflects
downwards. Sofianos (1996) developed a
model of Voussoir beams in the hard roof
through numerical simulations. These studies
indicated that roof cave-in is a dynamic
process involving rock fracturing,
disintegration, and movement. However, all
these studies were conducted with a mining
height of less than 6.0 m, i.e. under normal
mining height extraction conditions.
In recent years, considerable attention has
been given to the strata failure and movement
pattern induced by the mining of thick coal
seams, for example, the longwall top coal
caving (LTCC) and SGMHLW methods (Gong
and Jin 2008; Yu, Zhao, and Kuang 2015; Yu,
Zhao, and Xiao 2017). Owing to the high
output and high efficiency of the SGMHLW
method compared with the LTCC method at
present, it is popular for mining thick coal

Structural characteristics of strata overlying a fully mechanized longwall face: a case study
Table I
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Bayangaole mine
Bulianta mine
Bulianta mine
Halagou mine
Shangwan mine
Shangwan mine
Nalinmiaoer mine
Daliuta mine

311101
22303
32301
22401-2
51201
12206
62105
22614

+:5:53=)<:3)8=-=
6.0
7.0
6.1
5.6
5.3
6.8
6.2
5
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Medium hard
Soft and weak
Soft and weak
Soft and weak
Medium hard
Soft and weak
Soft and weak
Soft and weak

12 782
17 612
10 022
7 587
11 856
14 652
11 207
9 176

This study
Ju et al. (2013)
Peng et al. (2015)
Peng et al. (2015)
Zhang et al. (2011)
Peng et al. (2015)
Peng et al. (2015)
Peng et al. (2015)

Note: Mean roof load was the shield support load at the onset of roof weighting

seams in China. Recently, a significant number of studies
have been performed under SGMHLW extraction conditions.
Literature reviews show that with the increase in extraction
height, the mining-induced strata failure area is enlarged and
the strata behaviour differs from that with a normal
extraction height (Unver and Yasitli, 2009; Singh and Singh,
1999; Alehossein and Poulsen, 2010). Owing to complex
geological conditions, roof fracturing, induced movements,
and roof management are still unclear, in particular when the
mining height is greater than 6.0 m.
Determination of the shield capacity has been a research
objective in many countries, resulting in a number of
methods for its calculation (Coulthard, 1999; Verma and Deb,
2013; Lawson et al., 2017; Batchle,r 2017; Prusek, Płonka,
and Walentek, 2017). As early as the 1980s, most
researchers suggested that external loading on supports was
related to the weight of the roof strata (Henderson, 1980).
Currently, the determination of external loading on the shield
supports is still a critical issue for roof management. There
are four main methods for determining shield capacity: the
detached roof block method, shield-leg pressure
measurement method, design of powered support selection
model, and yielding foundation model (Smart and Redfern,
1986; Gilbride, Richardson, and Agapito 1998; Trueman,
Lyman, and Cocker, 2009; Islavath, Deb, and Kumar, 2016).
All these methods have been commonly used by support
manufacturers and coal operators. In summary, these
theories and methods are used for calculating loads on shield
supports based on the strata movement and failure responses
induced by mining in a longwall face with a mining height
less than 6.0 m. The determination of shield support capacity
is still challenging because of the limited understanding of
the behaviour of the roof strata and of the mechanisms
responsible for external support loading when the mining
height is greater than 6.0 m.
Owing to the limited studies, some issues, such as the
movement of the overlying rock strata induced through the
SGMHLW mining method and the unique formulae for
determining external loadings on the supports, require more
in-depth investigation and understanding. The present
analysis is based on the mining conditions of panel 311101
in the Bayangaole Colliery, China. In this study, first, the
time-weighted average resistance (TWAR) of the shield
support was measured to understand the roof behaviour.
Secondly, field observation was used to simulate the mining-



1196







"*#+!=..$

induced overburden failures with the advance of the longwall
face. Finally, a simplified theoretical model was established to
describe the structural characteristics and movement of the
roof. From these studies, a mathematical formula was
developed to estimate the shield working resistance.

92<=2841 =
    

The Bayangaole Colliery is located in the Shendong coalfield,
Ordos City, Inner Mongolia Autonomous Region, China. The
coal-bearing geological sequence has an average thickness of
730 m and contains eight coal seams, five of which can be
mined with a total thickness of 24 m. The mine is currently
extracting seam No. 3 and all the panels in this mine are
using the retreat longwall extraction method.
Panel 311101, at an average depth of 614 m, was used as
the target panel for this case study. As the first longwall face
in the mining area of coal seam no. 3, Panel 311101 adopts
the SGMHLW method. Its designed cutting height is 6.0 m.
The roof of the longwall face is supported by ZZ15000/16/25
standing-shield hydraulic supports with a rated working
resistance of 15 000 kN (Figure 1). A total of 150 shield
supports were used in this panel, and were numbered from 1
to 150. Seam no. 3 has a mean thickness of 6.0 m and a
mean dip angle of 1.5°, ranging from 0° to 3°. The panel is
approximately 260 m along the dip, and 2 550 m along the
strike. The simplified stratigraphic column of this panel,
obtained by core logging, is shown in Figure 2. The roof

':347<=.&%):<61=8 (<=. . =42<1=98=8)<=9 9539;6<=-:5<
          

Structural characteristics of strata overlying a fully mechanized longwall face: a case study
SLPMS was produced by UROICAC Ltd., China. It consists of
a host, control computer, data line, power supply equipment,
and substation, among other components. The analysis
software was installed on the control computer software to
automatically calculate the TWAR of the shield supports and
record the shield-leg pressures at one-minute intervals.

     
To simplify the analysis, this paper illustrates one case
(shield leg pressures of the shield support no. 100) to
describe the change rule of shield leg pressures. Figure 4
shows the recorded shield leg pressures of the shield support
no. 100 when the longwall face advanced 20 and 60 m. As
shown in Figure 4, when the longwall face advanced 20 m
(the nonweighting period), the shield leg load was
approximately 7 500 kN. However, when the longwall face
advanced 60 m (weighting period begins), the shield leg load
reached the early warning value of 12 000 kN. It can be
deduced that the load on the shield support increased
considerably because of the beginning of the weighting
period. In the figure, the early warning value was set
according to engineering experience (in Table I). During the
period marked ‘overhaul’ the longwall face did not advance
because of faulty equipment.

':347<=& (:096=3<;6;3:096=0;64-5

strata are composed mainly of sandy mudstone, fine
sandstone, and siltstone; these have a mean uniaxial
compressive strength (UCS) of over 30 MPa. The floor is
mainly sandy mudstone, with a mean UCS of 45 MPa. The
overburden rocks are designated as medium-strong type.

[1]

    
  

where Pt is the average support resistance during period ti,
and Tt is the time that a mining (supporting) cycle takes.
Figure 5 shows a typical support leg resistance variation
in a mining cycle. In an earlier study by Peng (2015),
Equation [1] was used to calculate the TWAR. Figure 6
shows the TWAR for a face advance distance of 500 m. As

      
To measure the shield leg pressures from shield to shield and
cycle to cycle, a real-time shield-leg pressure monitoring
system (SLPMS) was utilized, as shown in Figure 3. This

Main station

Substation 1#
Substation 2#

Power

Substation 100#
Substation 149#
Substation 150#
(a) Field layout of SLPMS

Host

Data cable
Ground surface
Underground

Control computer
Report form
Communication
substation Substation 1#

Power Supply
Equipment

Hydraulic support

Substation 149#

Substation 150#

Hydraulic support

Hydraulic support

(b) Full profile of SLPMS
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000 kN. Interestingly, at stage C, along the curves cd, c'd',
and c''d'' the TWAR shows the greatest increase: the
increment is 7 000–9 000 kN and is at least twice as large as
that in the other stages. The in situ measurements
demonstrated that the dynamic load coefficient (DLF: the
ratio of shield-leg pressure during the nonweighting period
to the shield leg pressure during the weighting period (Ju and
Xu, 2013) presented a periodic alternation between
short/gentle and long/strong, and stage C was accompanied
by a large DLF, up to 2.5, which indicated a violent
movement of the overburden.

':347<=& 9604698:;5=;/==:5=9=-:5:53=0 06<
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the longwall face advances, three stages are observed,
distinguished by changes in the slope of the curves. These
stages correspond to stages in the movement of the roof
strata. In the following text, these three stages are named A,
B, and C. At stage A, along curves ab, a'b', and a''b'', the
TWAR increases slowly, and its maximum value is 3 000–3
500 kN. At stage B, along the curves bc, b'c', and b''c'', the
TWAR increases rapidly, and its maximum value is 4 000–5
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A deep hole multiposition extensometer (DMPX), produced
by UROICAC Ltd., China, was used to identify the longwall
mining-induced strata movement. The DMPX is a specially
constructed instrument that measures the different
movements of selected overburdened strata layers in a
borehole relative to a fixed point. In addition, a digital
panoramic imaging device (DPID; UROICAC Ltd, China) was
used to determine the longwall mining-induced strata failure.
The DPID is a specially constructed instrument used for
inspecting roof strata conditions, such as mining-induced
macro-fractures, inside a borehole. These monitoring devices
were also used by Ning et al. (2017) to investigate mininginduced overburden failures.
The DMPX was applied at a borehole, and four anchors
were installed to monitor the overburden movement. Figure 7
shows the locations of the anchors. The displacement
measured at the borehole with the advance of panel 311101
is shown in Figure 8. Hi (i = 1, 2, 3, 4) is defined as the
displacement of the rock strata at anchor i. The horizontal
distances from panel 20107 to the boreholes is denoted as D,
which is taken as negative when the working face does not
advance across the location of boreholes and positive when
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sandstone) fractured. At this time, the working surface
hydraulic support pressure increased, leading to roof
weighting. This implies that the fracturing of fine sandstones
led to roof weighting. Similarly, when D = 60 m, fractures
were observed in the borehole wall 15–41 m above the top of
the coal seam (Figures 9b–d), indicating that the strata
monitored by anchors no. 2, 3, and 4 were fractured as one
unit. At this time, roof weighting also occurred.
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the working face advances across the location of boreholes.
As shown in Figure 8, when D = 0 m < D < 20 m, the
overlying strata were observed to move. When D = 38.2 m,
H1 rapidly increased to 986 mm, which was approximately
one-sixth of the thickness of coal seam no. 3. This suggests
that the strata monitored by anchor no. 1 moved as one unit.
When D = 40 < D < 50 m, H2, H3, and H4 began to similarly
increase. When D was approximately 60 m, H2, H3, and H4
increased rapidly and reached a maximum of approximately
696, 713, and 709 mm, respectively. This suggests that the
strata monitored by anchors no. 2, 3, and 4 moved as one
unit when the longwall face was approximately 40–60 m
from the borehole.
The above analysis was validated through the monitoring
of mining-induced macro-fractures (the DPID was used to
measure the magnitudes of fractures, voids, and dislocations
in the borehole wall). Figure 9a shows the fractures in the
borehole wall recorded 7–8 m above the top of the coal seam
for D = 40 m. It could be deduced that when panel 311101
advanced 38.5 m, the strata monitored by anchor no. 1 (fine

In brief, the field monitoring provided valuable and reliable
data, indicating that the strata behaviour induced by
SGMHLW is very violent and the dynamic load is much larger
than when mining thinner seams. Owing to the considerable
extraction height, the mining-induced strata failure area is
enlarged and the progressive failure can be divided into
different stages. This is described in the following sections.

       

To understand the progressive failure of the overlying roof
induced by the SGMHLW operation, a simplified theoretical
model was developed based on the field measurements and
cantilever beams (Diederichs and Kaiser, 1999). Hereafter,
model A represents the first occurrence of roof weighting and
model B the subsequent periodic roof weighting.

    
Based on the field measurements and theoretical research,
the progressive failure of overlying strata in model A is
divided into three stages:
 Stage I: In this stage, the lower immediate roof (LIR)
caves into the goaf and is broken into irregular shapes
of various sizes. LIR refers to the weak overlying layer
which is located above the coal seam and has a similar
thickness as the seam. As the longwall face advances
from the set-up entry, the LIR bends and sags. When
the face moves beyond the critical span of the LIR, it
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breaks into fragments of different sizes and then caves
into the goaf, as shown in Figure 10.
 Stage II: In this stage, the upper immediate roof (UIR)
is broken and impacts the LIR. As the face continues to
advance, the UIR sags downward. Once the longwall
face moves beyond its critical span, the UIR is fractured
and split into two rock beams (A and B), as shown in
Figure 11. These two rock beams rotate with respect to
each other to form a Voussoir beam above the minedout void. Owing to the large mining height, the panel
void cannot be completely filled by the caved-in
materials. The Voussoir beam continues to deflect
downwards, ultimately resulting in a buckling failure.
At that moment, rock beam B impacts the shield
support via the LIR while rock beam A falls directly into
the caved zone. The cave-in of the UIR involves similar
processes to those in the conventional immediate roof
that directly caved into the gob; however, it also
involves instability before the balance of the Voussoir
beam is broken. Owing to this special property, the
dynamic impacts of the UIR cave-in event are harmful
to the stability of the longwall shield supports.
 Stage III: In this stage, the main roof is broken into
blocks and then impacts the UIR. Once the
advancement of the working face has reached the
critical span of the main roof (Figure 12), the first
cave-in occurs as the main roof is broken into two rock
beams owing to the occurrence of tensile fractures at its
mid-span. When the main roof fractures, the broken
roof beam quickly sags, generating dynamic impacts
because of the large bed separation between the main
roof and UIR. At this stage, owing to the impact force
induced by the sudden sagging of the main roof, the
longwall support load immediately increases, increasing
the dynamic load coefficient. The caved height in the
roof is the highest in the middle of the caved zone,
where the panel void is fully filled by the caved-in
materials.

    
Field experience shows that after the first roof weighting, the
longwall face enters into the second phase of overburden
movement. In this phase, the main roof breaks periodically

behind the face after every critical advance so that a periodic
weighting is placed on the longwall shields. The periodic
cave-in is a progressive process which starts when the
excavation reaches a critical length. During each occurrence
of model B, the overburden movement can also be divided
into three stages. During stage I, the LIR caves immediately
behind the longwall supports. During stage II, the UIR hangs
in the form of cantilever beams and is periodically broken at
certain intervals. In stage III, shear fracture occurs in the
main roof ahead of the face, and dynamic impacts are
generated (Figure 13).

<8<7-:598:;5=;/=;7:53=7<2:28950<=/;7==<87908:;5=)<:3)8=


At the beginning of stage I, both the LIR and main roof
deform gently, and thus maintain stability. Then, the LIR
caves into the goaf following the advance of the shield
supports. Therefore, the LIR cannot maintain its selfsupporting stability. In this case, at least half of the LIR
weight needs to be supported by the shield canopy (Ning et
al., 2014). Consequently, the equation for calculating
working resistance for stage I can be expressed as follows:
[2]
where mz and Lz are the thickness and critical span of the LIR
(m), respectively, z is the unit weight of the LIR (kN.m-3), Lk
is the shield canopy length (m), and P1 is the calculated
working resistance of the shield support for stage I.


At this stage, the main roof continues to deform gently and
its movement has little influence on the UIR movement.
Consequently, the force acting between the main roof and LIR
can be ignored. Therefore, the roof load applied to the shield
support is composed of two parts: the acting force on the
support induced by the LIR, Q1, and the impact load induced
by the movement of the UIR, Q2. As suggested by Song
(1988), Q1 can be expressed as follows:
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[3]

[4]

where GB is the weight of the rock beam B (kN), h0 is the
average displacement of the LIR covered by the shield canopy
(m), x1 is the horizontal distance from the UIR beam endfracturing to the longwall face, Lz is the first critical span of
the UIR (m), and Fsd is the impact force induced by the UIR
movement (kN).
At this stage, the potential energy of gravity is
transformed into the elastic potential energy of the shield
support. According to the energy conservation law (David,
Robert, and Jearl, 2014), the relationship is written as
follows:
[5]
Based on Equations [4] and [5], the impact force induced
by the UIR movement can be established as follows:

The impact force transmitted to the shield support by the
LIR can be expressed as follows:
[7]
where mz' is the UIR thickness (m), z' is the unit weight
of the UIR (kN.m-3), and  is the load transmitted coefficient,
which can be obtained from Ning, Liu, and Tan (2014).
At this stage, when the LIR rotation reaches the
maximum allowable sagging, the movement of the UIR
induces the impact force, namely:
[8]
where KA is the bulk factor of the LIR.
At this stage, the shield support external load can be
expressed as follows:
[9]


At this stage, the working resistance P3 should be calculated
from three factors: The first factor is the weight of the LIR,
that is, Q1; the second is load force induced by the UIR
movement, that is, Q3. The third is the impact force induced
by the movement of the main roof, that is, Q4. In this case,
the weight of the LIR, Q1, can be calculated using Equation
[3]. The load force Q3 induced by the movement of the UIR
should be determined from two factors: one being the weight
of the UIR over the shield canopy area, and the other the
weight of the UIR overhangs. As suggested by Song (1988),
Q3 can be expressed as follows:
[10]
where Ls' is the rear overhang of the UIR (m).
To obtain the impact force Q4 induced by the movement
of the UIR, a simplified model was also developed (Figure
15). In this model, the broken main beam impacts the lower
strata (the UIR and LIR are regarded as rigid bodies with
vertical motion) rotating around point ‘o’. In Figure 15, o2 is
regarded as the centre of gravity of the broken beam. In
Figure 15, state D represents the downward-deflected main
roof and state E represents the occurrence of impact. State F
represents the end of the main roof movement. At states D
and E, the velocities of the LIR, UIR, and main roof are zero.
Therefore, at those states, the corresponding kinetic energy is
zero.
After the main roof is broken at mid-span, the
displacement of the roof over the shield canopy area
increases by h1. Here, the potential energy change of the
main roof (Ejp), UIR (E s p), LIR(E x p), and shield support
(E v ) can be expressed as follows:

[11]
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where Ls is the rear overhang of the LIR (m).
To identify the impact force induced by the movement of
the UIR, Q2, the yield foundation model was introduced. In
this simplified model, the shield support is regarded as a
spring (as shown in Figure 14). In Figure 14a, o1 is regarded
as the centre of gravity of beam B. GB and GA are regarded as
the weight of beams B and A, respectively. Here, status A
represents the beginning of the sagging of the UIR. Status B
represents the occurrence of instability in the Voussoir beam.
Moreover, once status B occurs, the LIR is suddenly impacted
and the impact load is transferred to the longwall supports
via the Voussoir beam. Status C represents the end of impact
in the LIR. Accordingly, in this study, we assumed that (i) at
the time of statuses B and C, the velocity of the UIR tended to
be zero; (ii) the UIR is regarded as a rigid body with vertical
motion, and it transmits impact force to the shield support;
(iii) the shield is regarded as a linear spring; and (iv) there is
no energy dissipation during the UIR movement.
At statuses B and C, the UIR velocity is zero. Thus, the
kinetic energy variation is also zero. The potential energy
change of rock beam B Esp, UIR Exp, and shield support
Ev, can be expressed as follows:

[6]

Structural characteristics of strata overlying a fully mechanized longwall face: a case study
over the shield canopy area increases by h0. At this stage,
 ), LIR (E sp
 ), and
the potential energy change of the UIR (E jp

shield support (E v) can be expressed as follows:
[15]
where G2 is the LIR weight in model B (kN), Lz is the periodic
 is the impact force
broken length of the LIR (m), and F sd
induced by movement of the UIR (kN).
After the movement of the UIR, the change in potential
energies of the UIR and LIR is transformed into elastic
potential energy of the shield support. According to the
energy conservation law (David, Robert, and Jearl. 2014), the
 induced by the sudden movement of the
impact force F sd
UIR can be obtained by:

':347<=.&%874084796=-;1<6=;/=-9:5=7;;/=98=2893<=,,,=;/=-;1<6==

where G1 is the weight of the main roof (kN), h1 is the bed
separation between the main roof and UIR (m), L0 is the first
critical span of the main roof (m), and h1 is the
displacement of the roof over the shield canopy area (m).
According to the energy conservation law (David, Robert,
and Jearl 2014), the impact force induced by the sudden
movement of the main roof can be obtained by
[12]
where Fjd is the impact load induced by the sudden
movement of the main roof (kN).
The impact load transmitted to the shield support by the
LIR can be expressed as follows:
[13]
where mE is the thickness of the main roof (m) and E is the
unit weight of the UIR (kN.m−3).
At this stage, the shield support external load can be
expressed as follows:
[14]

 
In model B, the overburden movement is also divided into
three stages.

[16]
The impact force Q5 transmitted to the shield support can
be expressed as:
[17]
At this stage, the shield support external load P5 can be
expressed as:
[18]


At this stage, the shield support external load P6 is composed
of three parts: the weight of the LIR, Q1; the load force
induced by the movement of the UIR, Q3; and the impact
force induced by the movement of the main roof, Q6. The
weight of the LIR, Q1, and the load force induced by the
movement of the UIR, Q3, can be calculated using Equations
[3] and [4], respectively.
To obtain the impact force (Q6) induced by the periodic
movement of the UIR, a simplified model was developed
(Figure 17). In Figure 17, o4 is regarded as the broken main
 ),
roof. The change in potential energy of the main roof (E jp



UIR (Esp), LIR ( xp), and shield support ( v) can be
expressed as:

[19]


At stage I, the shield support external load P4 is composed of
two parts: the weight of the LIR over the shield canopy area
and the weight of the LIR overhangs. It can be calculated
using Equation [3].


At this stage, the shield support external load is composed of
two parts: the weight of the LIR (Q1) and the impact load
(Q5), induced by the periodic break of the UIR. To obtain the
impact force (Q5) induced by the periodic movement of the
UIR, a simplified model was developed (shown in Figure 16).
In Figure 16, o3 is the weight centre. Before the UIR is
broken, the bed separation between the UIR and LIR is h2. At
the end of the UIR movement, the displacement of the roof
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where G3 is the weight of the LIR in model B (kN), h1 is the
bed separation between the UIR and main roof in model B
(m), L1 is the periodic broken length of the main roof (m),
h1 is the displacement of main roof in model B (m), x2 is
the horizontal distance from the main roof beam endfracturing to the longwall face in model B (m), and F jd is the
impact force induced by the movement of the main roof in
model B.
According to the energy conservation law (David, Robert,
and Jearl. 2014), the impact force F jd induced by the
movement of the main roof in model B can be expressed as:
[20]
The impact force Q5 transmitted to the shield support can
be expressed as:
[21]
At this stage, the shield support external load P6 can be
expressed as:
[22]
In conclusion, the abovementioned two models should be
considered when calculating the shield support external load
when using the SGMHLW method. Therefore, the working
resistance of the shield support can be expressed as:
[23]





Based on the stratigraphy of panel 311101, the working
resistance of the shield supports can be calculated. As shown
in Figure 1, the LIR of panel 311101 is sandy mudstone with
a height of 4.0 m, which will cave and fall into the goaf
following the advance of the coal extraction and shield
support. The UIR of this panel is siltstone less than 7.0 m
thick. The main roof is composed mainly of fine sandstone
and sandy mudstone, and its thickness is 30.5 m. Based on
experience in mining engineering, the LIR unit weight is
22.5 kN/m3 and its bulk factor KA is 1.2. The UIR and main
roof unit weights are 22.8 and 23.8 kN/m3, respectively.
          

;50642:;52
In China, the SGMHLW mining method has been successfully
practiced in the Ordos coalfield. To understand the strata
behaviour induced using the SGMHLW method, an in situ
investigation and theoretical research were conducted on
panel 311101 of the Gaojialiang mine. The results presented
in this paper are summarized as follows.
1. With the advance of the longwall face, the SLPMS of
"*#+!=..$
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Field experience shows that cave-in events occur so that
a roof weighting is placed on the longwall shields. The
variations in response of the longwall shields can be used to
predict the critical spans or breaking length of overlying
strata. According to the analysis of the shield support TWAR
(as shown in Figure 5), the increasing rate of resistance can
be divided into three main types which could refer to the
breaking of the LIR, UIR, and main roof. Therefore, the
critical spans of the LIR (Lz), UIR (Lz ), and main roof (L0) in
model A are 23.5, 38.2, and 60.0 m, respectively. The critical

spans of the UIR (Lz) and main roof (L1) in model B are 16.2
and 34.7 m, respectively. A laser measuring instrument was
installed at the end of the support of the working face to
measure the rear overhang of the LIR (Ls), which was
determined to be approximately 2.0 m. According to the
support parameters, the shield canopy length is
approximately 5.0–6.4 m. Field investigations show that in
model A, h1 and h1 are 0.35 and 0.20 m, respectively. In
model B, h0 and h1 are 0.25 and 0.65 m, respectively. A
multiposition borehole extensometer was installed in panel
311101. For each extensometer, three anchors were installed
in the LIR, UIR, and main roof to measure the displacements.
The field measurements showed that h1 = 0.2 m and h1 =
0.1 m.
According to the three types of structures that exist in
panel 311101 and the equations presented in the previous
sections, the working resistance for each of the three stages
was calculated, and the results are reported in Table II. At
stage II of models A and B, the working resistances of the
shield support are 4 720 and 4 517 kN, and the
corresponding dynamic load coefficients are 2.2 and 2.4,
respectively. At stage III of models A and B, i.e. when the
main roof undergoes violent movement, the working
resistances of the shield support are 12 782 and 10 398 kN,
and the corresponding dynamic load coefficients are 2.7 and
2.3, respectively. Therefore, the working resistance of the
shield support with the advance of the longwall face is
1.141 MPa (12 782 kN), according to Equation [23].
Table III lists the estimated working resistance of the
shield support using the equations provided by Song (1988)
and Qian et al. (2010). As shown in Table III, the measured
working resistance of panel 311101 is approximately
12 084 kN, while the working resistances estimated by using
the equations provided by Song (1988) and Qian et al.
(2010) were 7 294.1 and 8 500.4 kN, respectively, which are
much lower than those obtained from the measurements in
this study. However, the working resistance estimated using
Equation [23] is 12 782 kN, which is very close to the
measured value. Obviously, the methods that Song (1988)
and Qian et al. (2010) provide cannot be used for a SGMHLW
operation. Thus, the 6.0 m height chock shields with working
resistance of 13 000 kN were used in the next panel, that is,
panel 311102 of the Gaojialiang coal mine.

Structural characteristics of strata overlying a fully mechanized longwall face: a case study
Table II

)<;7<8:096=964<=;/=24((;78=7<2:28950<

Stage I
Stage II
Stage III

+;1<6== 

+;1<6== 

2 153
4 720
12 782

1 875
4 517
10 398

Table III

;-(97:2;5=<8<<5=;7:53=7<2:28950<2
09604698<1= =97:;42=-<8);12
+<9247<1=
9604698<1==
%;53
8):2=:5<28:398:;5 8):2=:5<28:398:;5 .$$
Working
resistance (kN)

12 084

12 782

Difference (%)

-

5.8

:95=
.

7294.1 8 500.4
–39.6

–29.7

Note: Difference with regard to working resistance measured from
SLPMS

the shield support progressed in three stages: slow,
rapid, and high-speed growth. In addition, the shield
suffered from two impact loadings induced by the
overburden movement. The numerical simulation also
confirmed that the progressive failure of the strata
could be divided in three stages.
2. Based on the data obtained from the in situ
investigation and numerical simulation, a simplified
theoretical model was built to describe the structural
characteristics of the overlying strata. In this model,
the progressive failure of the overlying strata was
divided into three stages. In addition, the working
resistance of the shield was determined at every stage,
and then a reasonable working resistance was
identified for the shield support under SGMHLW
conditions. The reasonable working resistance is
defined as P = max (P1, P2, P3, P4, P5, P6,). The
appropriate working resistance for the 6.0 m height
chock shields of the longwall face of panel 311101
in the Bayangaole coal mine was determined at
12 782 kN.

05;6<13-<582=
This study was supported by National Key R&D Program of
China2018YFC0604703), the National Natural Science
Foundation of China (No. 51574154, 51274133, 51474137,
51574155), the Shandong Province Science and Technology
Development Plan, item (2014GSF120002), and the Tai’shan
Scholar Engineering Construction Fund of the Shandong
Province of China.

</<7<50<2
ALEHOSSEIN, H. and POULSEN, B.A. 2010. Stress analysis of longwall top coal
caving. International Journal of Rock Mechanics and Mining Sciences,
vol. 47, no. 1. pp. 30–41.
DAVID, H., ROBERT, R., and JEARL, W. 2014. Principles of Physics. 10th edn.
Wiley, New York.
BATCHLER, T. 2017. Analysis of the design and performance characteristics of
pumpable roof supports. International Journal of Mining Science and
Technology, vol. 27, no. 1. pp. 91–99.
COULTHARD, M.A. 1999. Applications of numerical modelling in underground



1204







"*#+!=..$

mining and construction. Geotechnical and Geological Engineering,
vol. 17, no. 3. pp. 373–385.
GONG, P.L. and JIN, Z.M. 2008. Mechanical model study on roof control for fullymechanized coal face with large mining height. Chinese Journal of Rock
Mechanics and Engineering, vol. 27, no. 1. pp. 193–198 [in Chinese].
GHOSE, A.K. and DUTTA, D. 1987. A rock mass classification model for caving
roofs. Geotechnical and Geological Engineering, vol. 5, no. 3. pp. 257–271.
GILBRIDE, L.J., RICHARDSON A.M., and AGAPITO J.F.T. 1998. Use of block models
for longwall shield capacity determinations. International Journal of Rock
Mechanics and Mining Sciences, vol. 35, no. 4–5. pp. 425–426.
HENDERSON, P.G. 1980. Experience in longwall mining at Coalbrook Collieries.
Journal of the South African Institute of Mining and Metallurgy, vol. 80,
no. 1. pp. 22–33.
ISLAVATH, S.R, DEB, D., and KUMAR, H. 2016. Numerical analysis of a longwall
mining cycle and development of a composite longwall index.
International Journal of Rock Mechanics and Mining Sciences, vol. 89.
pp. 43–54.
JU, J.F. and XU, J.L. 2013. Structural characteristics of key strata and strata
behaviour of a fully mechanized longwall face with 7.0 m height chocks.
International Journal of Rock Mechanics and Mining Sciences, vol. 58,
no. 1. pp. 46–54.
JIANG, L.S., SAINOKI, A., and MITRI, H.S. 2016, Influence of fracture-induced
weakening on coal mine gateroad stability. International Journal of
Rock Mechanics and Mining Sciences, vol. 88. pp. 307–317.
doi: 10.1016/j.ijrmms.2016.04.017
LAWSON, H.E., DOUGLAS, T., LARSON, M.K., and HABTE, A. 2017, Effects of
overburden characteristics on dynamic failure in underground coal
mining. International Journal of Mining Science and Technology, vol. 27,
no. 1. pp. 121–129.
NING, J.G., LIU, X.S., TAN, Y.L., ZHANG M., and ZHANG L.S. 2014, Fracture
structure model of weakly cemented roof in shallow seam. Journal of
Mining and Safety Engineering, vol. 31, no. 4. pp. 569–574 [in Chinese].
NING, J.G, WANG, J., TAN, Y.L., ZHANG L.S., and BU T.T. 2017, In situ
investigations into mining-induced overburden failures in close multipleseam longwall mining: A case study. Geomechanics and Engineering,
vol. 12, no. 4. pp. 814–820.
PENG, S.S., LI, H.M., and ZHOU, Y. 2015. Ground Control in the Ordos Coal Field.
China Science Press, Beijing.
PENG, S.S. and CHIANG H.S. 1984. Longwall Mining. Wiley, New York.
PRUSEK, S., PŁONKA, M., and WALENTEK, A. 2016. Applying the ground reaction
curve concept to the assessment of shield support performance in longwall
faces. Arabian Journal of Geosciences, vol. 9, no. 3. pp. 1–15.
SMART, B.G.D. and REDFERN, A. 1986. The evaluation of powered support from
geological and mining practice specifications information. Proceedings of
the 27th US Symposium on Rock Mechanics (USRMS),Tuscaloosa,
Alabama, 23-25 June 1986. American Rock Mechanics Association,
Alexandria, VA. pp. 367–377.
SONG, Z.Q. 1988. Practical ground pressure control. China University of Mining
and Technology Press, Xuzhou.
SOFIANOS, A.I. 1996. Analysis and design of an underground hard rock voussoir
beam roof. International Journal of Rock Mechanics and Mining Sciences,
vol. 32, no. 2. pp. 153–166.
SINGH, R., and SINGH, T.N. 1999. Investigation into the behaviour of a support
system and roof strata during sublevel caving of a thick coal seam.
Geotechnical and Geological Engineering, vol. 17, no. 1. pp. 21–35.
SHABANIMASHCOOL, M., JING, L., and LI, C.C. 2014. Discontinuous modelling of
stratum cave-in in a longwall coal mine in the arctic area. Geotechnical
and Geological Engineering, vol. 32, no. 5. pp. 1239–1252.
TRUEMAN, R., LYMAN, G., and COCKER, A. 2009. Longwall roof control through a
fundamental understanding of shield–strata interaction. International
Journal of Rock Mechanics and Mining Sciences, vol. 46, no. 2.
pp. 371–380.
TAN, Y.L., LIU X.S. NING, J.G., and LU Y.W. 2017. In situ investigations on
failure evolution of overlying strata induced by mining multiple coal
seams. Geotechnical Testing Journal, vol. 40, no. 2. pp. 244–257.
VERMA, A.K. and DEB, D. 2013. Numerical analysis of an interaction between
hydraulic-powered support and surrounding rock strata. International
Journal of Geomechanics, vol. 13, no. 2. pp. 181–192.
YASITLI, N.E. and UNVER, B. 2005. 3D numerical modeling of longwall mining
with top-coal caving. International Journal of Rock Mechanics and Mining
Sciences, vol. 42, no. 2. pp. 219–235.
YU, B., ZHAO, J., and KUANG, T.J. 2015. In situ investigations into overburden
failures of a super-thick coal seam for longwall top coal caving.
International Journal of Rock Mechanics and Mining Sciences, vol. 4,
no. 78. pp. 155–162.
YU, B., ZHAO, J., and XIAO, H.T. 2017. Case study on overburden fracturing
during longwall top coal caving using microseismic monitoring. Rock
Mechanics and Rock Engineering, vol. 50, no. 2. pp. 507–511.
UNVER, B. and YASITLI, N.E. 2006. Modelling of strata movement with a special
reference to caving mechanism in thick seam coal mining. International
Journal of Coal Geology, vol. 66, no. 4. pp. 227–252.
ZHANG D.S., FAN G.W., and MA L.Q. 2011. Aquifer protection during longwall
mining of shallow coal seams: a case study in the Shendong Coalfield
of China. International Journal of Coal Geology, vol. 86, no. 2.
pp. 190–196. 
          

http://dx.doi.org/10.17159/2411-9717/2018/v118n11a11

Silicomanganese production at Mogale
Alloys
by N.A. Sithole*, N. Rambuda†, J.D. Steenkamp*,
D.A. Hayman*, and C. Hockaday*

Mogale Alloys operates two alternating current (AC) submerged arc
furnaces (SAFs), and two direct current (DC) open bath furnaces. These
furnaces are capable of producing two products, silicomanganese (SiMn)
and ferrochrome (FeCr), with a total production capacity of 110 000 t/a.
This paper focuses on the silicomanganese process specific to Mogale
Alloys, with a two-furnace operation facility that produces 55 000 t of
SiMn per annum.

B.)=;8<
silicomanganese, submerged arc furnace, Mogale Alloys.
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Mogale Alloys is situated in Krugersdorp in the
West Rand District Municipality in South
Africa’s Gauteng Province. The Krugersdorp
facilities were initiated by Palmiet Chrome
Corporation in February 1963 to produce
charge chrome (Basson, Curr, and Gericke,
2007). Mogale Alloys bought the Palmiet
Chrome facilities in 2005 from Samancor
Chrome. The Afarak Group currently owns
90% of Mogale Alloys.
SiMn is produced in two 20 MVA
submerged arc furnaces (SAFs), which were
originally built for chromite processing, and
ferrochromium (FeCr) in two DC open bath
furnaces rated at 40 MVA and 10 MVA. When
this paper was compiled, the 10 MVA furnace
was not operational due to the high cost of
production, and one of the 20 MVA SAFs was
recently converted to produce FeCr due to
market constraints. Mogale Alloys has 290
permanent employees with four contracting
companies on site. The paper presented here
focuses on the production of SiMn at Mogale
Alloys.
The high-level process flow at Mogale
Alloys is summarized in Figure 1, which
details the raw material input and the products
produced by the two 20 MVA furnaces. SiMn
is produced by carbothermic reduction of
manganese-bearing raw materials from four
different sources, namely Wessels, Mamatwan,
and UMK ores, and BHP sinter feed. The
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carbon sources are bituminous coal from
Forzando and Msobo, local suppliers in
Mpumalanga.
Figure 2 depicts the location of raw
material suppliers relative to Mogale Alloys.
Quartz is sourced from South African
producers located in Marble Hall in Limpopo.
The SiMn is primarily produced for the
export market. Slag is disposed of off-site. Offgas is vented to the atmosphere after cleaning.
The chemical composition of the SiMn
produced at Mogale Alloys is typical of ASTM
grade B (ASTM Standards A483/A483M - 10,
2010) shown in Table I. The product size
ranges, in comparison with the ASTM
specifications, are summarized in Table II.
Three product sizes are produced, the two
larger size fractions being sold and the smaller
fraction used to line the casting beds.

Silicomanganese production at Mogale Alloys
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Table I

!.3>9A:CA::=.C9=53=<>@>=?CA@C0=7A:BC+::=.<C
AB;A7BCA??6A:C3;=869@>=?C>?C1CA?8C+*!0
7;A8B<C4=;C<>:>9=5A?7A?B<BC,+*!0C*@A?8A;8<
+(CC+(0CC1#C1-

Mogale Alloys
ASTM Grade A
ASTM Grade B
ASTM Grade C

0?

*>

C5A

65.7
65.0–68.0
65.0–68.0
65.0–68.0

17.2
18.5–21.0
16.0–18.5
12.5–16.0

1.73
1.5
2.0
3.0

C5A *C5A
0.066
0.20
0.20
0.20

0.014
0.04
0.04
0.04

;=9B<<C8B<9;>3@>=?
A basic schematic of the operations at Mogale Alloys is
provided in Figure 3.

  
 
The feed to the furnaces comprises a blend of the various
ores and quartz as listed in Table III. The compositions of
these raw materials have a large influence on the product

composition. Therefore, the recipe is adjusted to produce
SiMn containing 65% Mn, 17% Si, 14% Fe, and a maximum
of 2% C with an 80% metal recovery. The quartz provides
silicon to the metal and also fluxes the slag system.
Most of the manganese ores (Wessels, Mamatwan, UMK,
and BHP sinter) are sourced from the Hotazel area in the
Northern Cape Province (Figure 2). The selection of the
different types of ore is governed by the manganese content,
ratio of manganese to iron (Mn/Fe), reducibility, price, and
carbonate content. To manage the risk of non- or delayed
delivery, different suppliers are used to allow for a constant
supply of raw materials. The various factors are optimized to
reduce production costs and meet product specifications.
From Table III it can be seen that the manganese contents of
the ores and sinter are fairly similar, but that the iron content
varies significantly, as indicated by the Mn/Fe ratios.
Another variable is the carbonate content of the ore. The
problem with carbonate-rich ores, seen in Table III with low
manganese-to-carbonate ratios, is that they consume large
amounts of fixed carbon, and increase the partial pressure of
carbon monoxide (PCO) in the system because of the
Boudouard reaction, shown in Equation [1] (Olsen,
Tangstad, and Lindstad, 2007). This reaction typically
proceeds at temperatures exceeding 800°C.

Table II

*>B<C=4C0=7A:BC+::=.<C3;=869@<#CA?8C<@A?8A;8C<>B<CA?8C@=:B;A?9B<C>?C@2BC+*!0
<3B9>4>9A@>=?C4=;C<>:>9=5A?7A?B<BC,+*!0C*@A?8A;8<C+(CC+(0CC1#C1+*!0C
3;=869@C,55200–100
200–50
100–25
50–5
< 50
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40 kg lump, max.
40 kg lump, max.
10% max. retained on 100 mm sieve
10% max. retained on 50 mm sieve
10% max. retained on 50 mm sieve
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=@@=5C<>BC@=:B;A?9B
3;=869@C,5510% max. passing 100 mm sieve
10% max. passing 50 mm sieve
10% max. passing 25 mm sieve
10% max. passing 5 mm sieve
15% max. passing 5 mm sieve

0=7A:BC+::=.<C

-80+50
-50+5
-5
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Table III
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Mn
Fe
MgO
Al2O3
SiO2
CaO
Mn/Fe ratio
Mn/Carbonate
Particle size (mm)

B<<B:<

0A5A@)A?

43.2
15.9
0.69
0.74
5.5
5.3
2.9
7.2
50 - 80

38
4.4
3.6
0.33
4.6
14.
8.6
2.1
6 - 75

[1]

0
37.0
5.8
3.3
0.34
5.8
15
6.5
2
6 - 75

C<>?@B;

6A;@

45.
5.
4.5
0.61
6.6
17
8.4
5 - 60

0.2
0.5
98
0.5
30 - 70

slag basicity B3 is adjusted by the quartz according to
Equation [2] (Olsen, Tangstad, and Lindstad, 2007).

Therefore, the Mamatwan and UMK ores are maintained at
less than 65% of the feed ore. Wessels ore contains less
carbonate material than the other two ores, but is the highest
contributor towards the iron content in the process. Wessels
ore is more cost-effective than the BHP sinter and Mamatwan
ore. Although both the manganese-bearing ores and the
reductants contain silicon, the primary source of silicon in the
blend is quartz, with the typical composition indicated in
Table III. The addition of quartz is required for the silicon
content in SiMn, but the system is fluxed by the SiO2. The

The carbon required for the reduction of manganese and
silicon is provided by bituminous coal. Bituminous coal is
less costly than anthracite, and more readily available in
South Africa (Wellbeloved and Kemink, 1995). However,
technical difficulties arise as a result of the high volatile
matter content, which causes a phenol build-up in the
effluent from the wet scrubbers (Wellbeloved and Kemink,
1995).
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Silicomanganese production at Mogale Alloys
Table IV
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MgO
Al2O3
SiO2
CaO
Cfixed
Ash
Total
Particle size (mm)

/=;A?8=

0<=&=

0.6
2.3
4.1
4.0
51
17
79
30 - 60

0.1
3.9
6.1
0.2
52
16
78
25 - 60

Manganese-containing feed material is a combination of
raw ore, sinter, and recycled by-products of the process such
as alloy fines and metal-rich slag. The alloy fines have the
same composition as the tapped metal product (Table I). The
composition of the metal-rich slag is not analysed.

   
The flow of raw materials, from delivery by truck to feeding
into the furnace, is summarized schematically in Figure 4.
The raw materials are delivered by suppliers and are
placed in stockpiles in the receiving yard. The material from
the stockpiles is transported by trucks and discharged into
hoppers that store the raw material in day bins. From the day
bins, the raw materials are released into weighing hoppers
where the feed is mixed. The conveyor system then
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Table V

0A<<C&A:A?9BCA9;=<<C@)=C46;?A9B<C&A<B8C=?CA
4BB8C;B9>3BC>?C1

Operating power (MW)
Mn ore (kg per batch)
Reductant (kg per batch)
Flux(quartz) (kg per batch)
Slag (kg per batch)
Metal (kg per batch)
Off-gas (kg per batch)
Recycle (kg per batch)
Electricity usage (MWh/t metal)

/6;?A9BC

/6;?A9BC

13.75
1600
657
524
869
828
1406
320
3.5-4

13.75
1600
657
524
869
828
1406
320
3.5-4

transports the mixed feed into the primary bins. Two separate
primary bins are used for furnaces P2 and P3. Feeding is
done manually using the two vehicles shown in Figure 5.
The contents of the primary bin are poured into the
charge car and the feed material is discharged inside the
furnace through the opening. The rabbling cars then come in
and push the material closer to the electrodes.

  
  
Figure 6 depicts a schematic flow diagram of one of the
furnaces. The feed rates of the input and output material are
presented Table V. The data is for furnace 3, based on a
single 3100 kg batch of feed material. The furnaces are
operated at the same capacity and are controlled to yield the
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Silicomanganese production at Mogale Alloys
Table VI
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2
3


,0+-

$
,0-

%
,5-


,5-

!
,05-

$*
,5-


,5-

!2BA;@2
,05-

20
20

13.75
13.75

1.2
1.2

3.1
3.1

1.822
1.822

9.8
9.8

8.292
8.292

0.2546
0.2546

same amount of metal with minimal amounts of slag in the
output. This will result in an average slag-to-metal ratio of
1.05 for furnace 3.

 
The 20 MVA furnaces at Mogale Alloys are capable of
switching between SiMn and FeCr production (Basson, Curr,
and Gericke, 2007). FeCr processes require higher
temperatures than SiMn, around 1800°C, and higher
resistances to reach these temperatures. Coke is used for FeCr
production and the slag to metal ratio is higher. These
furnaces are semi-open SAFs operated with three Söderberg
electrodes positioned in equilateral arrangement. Various
modifications have been made to the furnaces over the years
as ownership changed. The furnaces are identical in
dimensions, and both furnace facilities were modified in
2010 to change the electrode diameter from 1 m to 1.2 m
before the Afarak group bought the facilities.
From a theoretical perspective, an increase in electrode
diameter at the same conductivity increases its current
carrying capacity (Dougall and Gasik, 2013). Figure 7 and
Table VI present the dimensions of the current furnace
layout.
Table VI lists the design power rating (PR), operating
power (OP), electrode diameter (ED), electrode pitch circle
diameter (PCD), PCD power intensity (PITPCD), outer diameter
of steel shell (ODS), internal diameter of hearth refractory
(IDH), and hearth power intensity (PIThearth). The electrode
PCD power intensity is related to the operating power and the
PCD, according to Equation [3].
[3]
The hearth power intensity (PIThearth) is related to the
operating power (OP) and the internal diameter of hearth
refractory (IDH), according to Equation [4].
[4]
The layout in Figure 7 and parameters tabulated in Table
VI all work together to transform electrical energy to meet the
energy requirements of the reactions and heating of products.
In order to produce SiMn, heat transfer is required to facilitate
the temperature-dependent reactions. The furnace burden
height H is significantly higher than the electrode tip where
the arc forms, hence the furnace burden covers the electrodes
and the arc, which is why the furnaces are termed
‘submerged-arc’. However, the bulk of the energy transferred
is through ohmic (resistance) heating due to the short arc
(Saevarsdottir and Gasik, 2013). Ohmic heating requires the
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current to flow through a medium that resists (electrical
resistance) current flow in order to produce heat. In the SiMn
furnace the slag is the resistant medium where the heat is
generated (Saevarsdottir and Gasik, 2013). The transformer
power rating is related to the production capacity – enough
power must be available to meet the company’s yearly
production targets (Saevarsdottir and Gasik, 2013). This
power value is estimated the from mass and energy balance
of the process (Saevarsdottir and Gasik, 2013). Parameters of
the furnace bath are then considered along with the required
electrode resistance and current (Saevarsdottir and Gasik,
2013), because the electrodes are the means of transferring
power from the transformer to the process materials. The
furnace freeboard is the gap between the furnace roof K and
the top of the burden H. It is designed according to the
amount of gas and dust generated by the process. Therefore a
high gas volume generation will require a large combustion
chamber.



  

The purpose of an electrode is to deliver the current to the
slag. Multiple calculations are carried out to derive
parameters such as the electrode current, voltage, and
diameter (Gasik, 2013). The electrodes are selected to meet
current demands using their maximum current-carrying
capacity, which is determined by the electrode material and
diameter. The maximum current-carrying capacity of an
electrode is the upper limit of the furnace operating current,
which should be greater than the full load current. An
optimal selection of current density also minimizes arcing.
Arcing is an indication of an unbaked electrode at the
pressure ring and contact pads, since the steel casing can
only handle a 25 kA current. The PCD is used to distribute
the heat evenly across the furnace hearth, since the
electrodes create hotspots. A smaller PCD causes the electrode
hotspots to be in close proximity, which increases the process
temperature at the centre of the furnace. At Mogale Alloys the
SiMn furnaces are designed such that one electrode is in line
with the tap-hole in order to minimize metal freezing during
tapping.
Söderberg self-baking electrodes require careful control to
ensure that the operation runs as expected. This due to the
softening and baking that electrode paste undergoes before it
can adequately carry current to the correct location in the
furnace. Softening and baking are dictated by the
temperature profile in the electrode column (Nelson and
Prins, 2004). Self-baking electrodes are prepared by welding
cylindrical casings and inserting the electrode paste cylinders
as shown in Figure 8a. During normal operation, the
electrode cylinder paste melts in the casing at the top and
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starts baking at temperatures around 450–500°C further
down the shaft. Above these temperatures, even further
down the shaft, the electrode solidifies, forming graphite, and
becomes electrically conductive. The steel casings (Figure 8b)
then melt and are incorporated into the charge mix. Selfbaking electrodes are preferred since they are cheaper, and
require less preparation than prebaked electrodes, despite the
fact prebaked electrodes have a superior current-carrying
capacity (Jones, 2014). This is due to the size limitation on
prebaked electrodes; once they exceed 700 mm in diameter
they become very costly and difficult to source (Reynolds and
Jones, 2005).
For effecting control, various factors need to be taken into
account, such as the electrode submerged length, electrode
paste additions, baking zone, hard and soft paste levels,
slipping rate, and temperature profile (Nelson and Prins,
2004). The estimated length of the electrode submerged into
the burden is obtained manually, by allowing the furnace to
melt out for a period of 8 hours, with no feeding, until the
electrode tips are uncovered. A rope is then dropped from the
top of the electrode, just under the pressure ring, until it
reaches the electrode tip. The measurements are then taken
and used to determine the slip length. Electrode slipping is
done hourly, and monitoring of the electrode is done by the
foreman on every shift, which lasts for 8 hours. Operating
the furnace with short electrodes will result in an increased
coal demand in the charge, while operating with long
electrodes will require less coal in the feed charge. Both

scenarios will cause the alloy grade to be poor, hence good
electrode management is required.
Figure 9 is a schematic drawing of the Söderberg
electrode set-up in a submerged arc furnace. The top and
bottom pressure rings are used to hold the electrode in place,
and the bottom ring contains the contact shoe, through which
the current is supplied to the electrode. The jacks can be
either pneumatic or hydraulic, and are used for electrode
clamping and slipping. The solid and liquid level
measurements are used to determine the number of electrode
paste cylinders to be added to maintain the liquid level in the
appropriate range. Electrode paste additions are used to
calculate electrode consumption ratios. Figure 10 shows a
schematic drawing of the electrode casings that have been
welded together, the solid cylinder, and molten paste.
The solid level is measured by dropping a tape, which has
a metal weight at the end, inside the steel casing so that it
touches the top part of the unmelted cylindrical electrode. The
liquid level is then measured by dropping the tape into the
gap between the fins of the casing and solid electrode
cylinder to obtain the distance between the molten paste and
the top of the steel casing. High or low liquid levels will cause
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Silicomanganese production at Mogale Alloys
the electrode to break, hence monitoring is important to
reduce the downtime associated with electrode breakage.
‘Green break’ is the term used to describe what happens
when liquid starts to leak from the casing due to overslipping and the electrodes are not allowed to bake properly.
To prevent green breaking, the liquid paste level
measurements, together with the furnace control system,
are used to ensure proper baking and slipping in furnaces
P2 and P3.

  
Furnace control is achieved using the FurnStar Minstral
submerged-arc furnace control system, which employs a
resistance algorithm patented by Mintek (Mintek, 2011). In
summary, the system uses resistance values to achieve its
control objectives. Resistance values can be set to between
0.9 and 1.2 mΩ, with the transformer size determining the
power intensity of the furnace. There are two control
variables that are used, current and resistance (Mulholland,
Brereton-Stiles, and Hockaday, 2009). Current-based control
is simple, familiar, and yields the same results as resistancebased control when furnace conditions are stable
(Mulholland, Brereton-Stiles, and Hockaday, 2009).
However, resistance-based control is deemed better in
unsteady furnaces, because it decouples the electrodes and
does not move unaffected electrodes due to resultant
interactions (Mulholland, Brereton-Stiles, and Hockaday,
2009).
At Mogale Alloys the primary current is used as a
reference controlling parameter since it can limit the power
input, unlike transformer capacity or electrode diameter
(Barker, 1980).
Table VII

*655A;.C=4C3;=869@>=?CB44>9>B?9>B<C&A<B8C=?CBA92
&A@92C4B8C>?@=CBA92C46;?A9BC>?C1
%44>9>B?9.

/6;?A9BC

/6;?A9BC

1.05
1.9
0.41
0.33
98

1.05
1.9
0.41
0.33
98

Slag /metal ratio
Ore efficiency (ore /alloy)
Carbon efficiency (C/ore)
Quartz efficiency (quartz /ore)
Availability (%)



  

The mass balance data in Table V was used to calculate
various efficiencies (given in Table VII). The carbon
efficiencies were calculated using the mass percentage of
fixed carbon (Table IV) multiplied by the mass of reductant
(Table V). Table VIII lists the compositions of the tapped
metal and slag obtained by the efficiencies shown in Table
VII.
The aim of production is to meet the metal product
specifications and the required capacity while keeping
production costs low. This can be seen by the low slag-tometal ratio that is close to unity in Table VII and the low
standard deviation values in Table VIII.
The slag-to-metal ratio is low enough to meet product
specifications without energy being wasted on extra waste
material. The average MnO content in Table VIII is within the
expected 10–20% loss for the discard slag process (Gasik,
2013). There are no excessive losses of MnO to the slag that
characterize a system with too much slag (Olsen and
Tangstad, 2004). The availability of the both furnaces is
high, and production is carried out year-round with minimal
downtime. The standard deviation for most of the
constituents is low, except for MnO and CaO in the slag. Due
to the nature of the operations, there is a time delay between
receiving production information and changing the feed
material. For a cost-efficient process, MnO in the slag must
be kept low, but the deviations arise when the recipe
changes, which causes the furnace to receive more MnO than
can be reduced by the available reductant.

   
The furnaces are tapped every 2 hours. Each furnace is
tapped from a single, single-level tap-hole, with the metal
and slag both being tapped from the same tap-hole. Tapholes are drilled open, using drill-and-mud-gun technology.
Tap-holes are lanced open only when difficulties with drilling
are experienced, i.e. when the metal/slag is frozen in the
tapping channel. The metal and slag flow along a 1 m long
launder into a refractory-lined ladle, seen in Figure 11a. Due
its higher density, the metal settles at the bottom of the ladle,
and slag overflows into a slag pot (see Figure 11a). The slag
that remains on top of the metal is skimmed off into the
metal-rich slag bay, by letting the slag trickle out of the ladle
(see Figure 11b). Lastly, the metal is poured onto a launder
that skims more slag while guiding the metal into the casting
pit (see Figure 11c).

Table VIII

2B5>9A:C9=53=<>@>=?<C,5A<<C -C=4C@A33B8CA::=.CA?8C@A33B8C<:A7C,9A:96:A@B8
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Mn

65.7

0.29

MnO

16

2.5

C

1.73

0.17

SiO2

46.4

0.75

Si

17.2

0.47

MgO

5.04

0.42

Fe

14.7

0.33

CaO

26.6

2.2

Total

99.3

-

FeO

0.42

0.39

Al2O3

4.60

0.54

Total

99.1

-

B/A

0.68

0.06
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The SAFs at Mogale Alloys are semi-open to the atmosphere,
with half of the open area covered using three furnace covers
placed in an equilateral formation (Figure 12). The furnace
roof is completely separated from the furnace shell by a 1.5 m
gap and the gaps between the furnace covers are utilized for
charging, rabbling, and also for visual inspection of the
burden (Figure 12). The burden level must at all times be just
above the furnace seal and level throughout. To ensure this,
the burden is rabbled conducted on a regular basis to achieve
two main objectives: levelling of the burden, and improving
burden permeability. Levelling is needed to minimize heat
losses, as well as losses of Mn and SiO vapour and fines.
Ensuring burden permeability is important to avoid furnace
blowouts, which occur primarily as a result of the flow of
gases through the burden being hindered.
Other causes of furnaces blowout include high slag levels

in the furnace, electrode position, a large amount of fines,
and poor slag basicity control resulting in a viscous slag.

+::=.C
The metal is cast onto casting beds lined with SiMn fines, as
indicated in Figure 13b. The SiMn fines are also used as an
embankment around the casting pits to contain the liquid
alloy. Alloy from both furnace ladles is cast in one casting
bed. It is then allowed to cool and solidify (Figure 13a) before
being excavated and moved by front-end loader to the
crushing plant, while the next casting bed is used. As a layer
of alloy is allowed to solidify before the next layer is cast
onto it, the layers remain separate. As a result, when the
material is removed, the alloy breaks easily into pieces. The
front-end loader moves the alloy from the casting bed to the
alloy stockpile (Figure 13c).
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The stockpiled material is fed to the alloy processing
plant, where it is crushed and screened into different product
sizes. The process flow sheet for the alloy processing plant is
given in Figure 14. The stockpiled alloy from the casting beds
is fed into the primary jaw crusher and then to a grizzly
screen. The +80 mm oversized fraction is reduced in the
secondary jaw crusher and returned to the grizzly screen. The
–80 mm undersized fraction is fed to a multi-deck screen,
which produces –80+50 mm, –50+5 mm, and –5 mm
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fractions. The 80+50 mm and –50+5 mm products are stored
in bunkers. The –5 mm fines, which are not saleable, are
stockpiled for use on the casting beds and for remelting.

*:A7
After tapping the product, the ladle is taken to the slag area,
where the slag is skimmed off. The slag is cooled using water
as indicated in Figure 15.
Around 20% of the metal is entrained in the slag. This is
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a significant amount, and recovery of the metal is required.
Metal recovery is done off-site by a contractor. Figure 16
details the material flow diagram of the slag handling plant.
The stockpiled slag is transported from Mogale Alloys by
truck to the slag processing plant. The material is fed into a
jaw crusher where it is reduced to –18 mm, then the metallic
lumps are hand-picked. The metal is taken to the metal
product stockpile. Once the remaining slag has accumulated
to 60 t it is fed into a vibrating screen where the metallic
product is recovered into the +8 mm fraction, which goes to
the product stockpile. The –8 mm product is fed into a jig,
which recovers a further10–15% of the metallic product.

$447A<C
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Each furnace has three off-gas removal ducts, one above
each electrode, which lead into a single duct. The ducts from
the two furnaces join before the off-gas is treated (see Figure
17). The off-gas bypasses the raw-gas stack and goes into
trombone coolers where heat is exchanged with the
atmosphere. Large particles are removed using pre-collector
cyclones. The smaller particles flow to the bag filter plant
through the action of a reverse flow fan. The dust recovered
from the baghouse is stored in a silo for collection by a waste
management company and disposal off-site.

Silicomanganese production at Mogale Alloys
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As one of only two producers of SiMn in South Africa,
Mogale Alloys has been producing silicomanganese since
2005. Due to market constraints, SiMn production was
reduced by 50% in 2016, by converting one of the two 20
MVA SAFs at Mogale Alloys to FeCr production.
As plans are underway to convert the second SAF to FeCr
production, the information presented here captures useful
details of SiMn production at Mogale Alloys.
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Technical and economic assessment of
subsurface rock mass deformation and
pore pressure monitoring using a
network of wireless devices
by C. Holck*, O. Fredes*, E. Widzyk-Capehart*, J. Yarmuch†,
J. Read‡, and R. Castro†

Steepening of slopes provides the means to reduce waste extraction and
increase ore recovery in open pit mines; however, it may also adversely
affect safety by posing a higher risk of slope failure. The implementation
of slope monitoring programmes is recommended to manage this risk
inherent in steeper slopes. In this paper, the design and evaluation of
monitoring campaigns to measure subsurface deformation and
groundwater pore pressure in open pit mines is presented. The monitoring
programmes were applied to a theoretical case of an open pit mine
designed using DeepMine software (BOAMine SpA, 2015). Mine plans
were developed based on the initial base case scenario with monitoring
programmes considered for four types of monitoring instrumentation: two
established technologies, in-place inclinometers (IPIs) and vibrating wire
piezometers (VWPs); one emerging technology, the ShapeAccelArray
(SAA); and a novel technology under development, the Enhanced
Networked Smart Markers (ENSMs). Technical and economic appraisals of
the monitoring programmes and sensitivity analysis of the developed mine
plans showed that using ENSMs spaced every 4 m had the lowest cost per
unit of data gathered.
@>=8*:
open pit optimization, slope stability, subsurface deformation monitoring,
pore pressure, ENSM technology.

&;48=*3149=;
Several open pit mines have already exceeded
their design life and, as they become deeper
and reach depths over 1000 m, they face
higher rock stress levels and tensile
deformations (Stacey and Xianbin, 2004;
Stacey et al., 2003). The more complex the
conditions in modern open pit mines, the more
difficult it is to achieve long-lasting, stable pit
slopes and to meet the mine’s economic needs:
maximize financial returns, minimize risks to
operational safety, achieve optimal ore
recovery, and minimize waste extraction
(Stacey, 2009). Steepening of slopes provides
the means to reduce waste extraction and
increase ore recovery (Stacey, 2009; Calderon
and Tapia, 2006; Bye and Bell, 2001; Jefferies,
Lorig, and Alvarez, 2008); however, it may
adversely affect operational safety, as steeper
slopes are less stable than shallow slopes
(Steffen et al., 2008; Mphathiwa and Cawood,
2014).
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To manage the risk inherent in steeper
slopes, the implementation of a slope
monitoring program is recommended, as this
provides data to assess the actual performance
of the rock mass and of the slopes affected by
open pit mining. In particular, slope
monitoring is an essential activity with respect
to safety, as it is difficult to assess rock mass
behaviour through other means. Moreover, it
has been shown (Dunnicliff, Marr, and
Standing, 2012) that, during the construction
of geotechnical projects, monitoring campaigns
improve the project’s competitiveness.
However, the implementation of monitoring
campaigns at the early stages in the project life
has not been fully incorporated in the mining
industry yet; the majority of reported cases
address geotechnical monitoring either for
specific instrumentation or for monitoring
programmes in civil engineering applications,
both of which might have different
characteristics from those required for a
monitoring campaign in open pit mines
(Mphathiwa and Cawood, 2014; Marr, 2013;
Cawood and Stacey, 2006).
In open pit slope monitoring, the effort
focuses on two main variables: slope
deformation and groundwater pore pressure.
Nowadays, surface displacement monitoring
instruments are sophisticated devices,
including automated wireline extensometers,
universal EDM total stations, 3D digital
photogrammetry and laser scanning, and
ground-based and satellite-based radar.
Together, they can provide a real-time 3D
record of any surface movements that may be
taking place behind the walls of the pit.

Technical and economic assessment of subsurface rock mass deformation
On the other hand, in-ground displacement monitoring
instruments are less sophisticated, yet they can potentially
serve as a predictive tool of slope failures with weeks of
advance notice by registering ground movement before it
propagates to the surface (Lynch and Malovinchko, 2006;
Little, 2006; Hawley et al., 2009.
The pore water pressure can also adversely affect slope
stability; nonetheless, it is the only geotechnical parameter
that can be managed with relative ease. Proper water
management that successfully couples pore pressure
monitoring (commonly using vibrating wire piezometers)
with dewatering campaigns has been proven to be an
efficient measure to maintain stable conditions of the pit’s
walls as slope angles are increased (Beale et al., 2013; Read
et al., 2013; Dunnicliff, 2012; Preene, 2012; Sperling et al.,
1992; Dunnicliff, 1998; Brawner, 1982).
In this paper, a design of monitoring campaigns is
presented to measure, from the beginning of mine
construction, subsurface deformation and groundwater pore
pressure in a theoretical open pit mine. The mine was
designed using DeepMine software (BOAMine SpA, 2015)
and, based on the initial scenario (base case), different mine
plans incorporating two established technologies: in-place
inclinometers (IPIs) and vibrating wire piezometers (VWPs),
an emerging technology, the ShapeAccelArray (SAA), and a
novel technology under development, the Enhanced
Networked Smart Markers (ENSM), were developed. The
technical and economic appraisals of the monitoring
programmes and the sensitivity analysis of the developed
mine plans were undertaken based on the usage of the
selected instrumentation to determine the best possible
monitoring alternative.

/=;94=89;6?4>1+;=7=69>:

structures. VWPs are capable of measuring pore water
and fluid pressures in fully or partially saturated soils.
More information about VWP technology and its
application can be found in a number of works
(Applied Geomechanics, 2008; Soil Instruments, 2015;
Brawner, 1982; Read et al., 2013; Gillespie, East, and
Cobb, 2004; Preene, 2012).
 ShapeAccelArray (SAA) is a sensor that can be placed
in a borehole or embedded within a structure to
monitor deformation. It consists of a continuum of
cable-like segments with embedded triaxial microelectromechanical system (MEMS) accelerometers. Each
segment has a known length. By sensing the gravity
field at each segment, the bend angles between each
segment can be calculated. Using the calculated bend
angles and known segment lengths, the shape of an
SAA can be determined. SAAs can be used to
determine 3D shape when installed vertically and 2D
shape when installed horizontally. 3D shape can be
determined when the SAA is installed up to 60 degrees
from the zenith. SAAs have a maximum length of 100
m, but several arrays can be installed in a single
borehole to cover greater depths. Some drawbacks of
this device are that each particular array has a different
accuracy due to the nature of the calibration process,
gathered data can exhibit significant drift (due to
incorrect voltage supply) and, when installed in
inclined boreholes, a SAA cannot distinguish torsion
from tilting of the array, which can lead to
measurement of displacements that do not exist
(Swarbrick and Clarke, 2015; Bradley and Prado, 2014;
Lipscombe et al., 2014; Dasenbrock, Levesque, and
Danisch, 2012).

  

 

The Enhanced Networked Smart Markers (ENSMs)

A general overview of the most widely applied
instrumentation techniques in geotechnical monitoring is
shown in Figure 1.
The technologies considered in the evaluation were
selected based on their characteristics.
 The in-place inclinometer (IPI) is designed to measure
lateral displacement within a borehole. Most
commonly, multiple IPIs are installed at varying depths.
In this manner, the profile of the displacement can be
monitored. The IPI itself consists of one or two
(uniaxial or biaxial) MEMS tilt sensors mounted in a
stainless steel housing. Each sensor incorporates an
onboard microprocessor which performs an automatic
temperature compensation of the tilt data. The sensors
are powered and the data is read by a logger such as
the Campbell Scientific CR1000. Argus software can be
used to produce a near real-time profile of displacement
that is constantly updated (Machan and Bennett; 2008;
Eberhardt and Stead, 2011; Chaulya and Prasad,
2016).
 The vibrating wire piezometer (VWP) is designed to be
embedded in soil, rock, fills, and concrete to measure
groundwater elevations and water pore pressure when
installed in the ground, embankments, concrete
structures, pipelines, wells, and other similar



1218







0 "/)?..!

#9638>?.-322<8?=(?:38(<1>?<;*?9;68=3;*?6>=4>1+;91<7?2=;94=89;6
2>4+=*:?$9*<5>+<84? ? .
          

Technical and economic assessment of subsurface rock mass deformation
monitoring system is a novel sensing technology being
developed specifically to monitor subsurface rock mass
deformation and, simultaneously, groundwater pore pressure
in open pit mines. The ENSM monitoring system is composed
of three main parts: the sensors, an antenna, and the reader
station (Figure 2). This technology has the capability of
transmitting the data wirelessly between the individual
sensors, which has been proven in sensor installations in the
field (Widzyk-Capehart et al., 2015).
The ENSM has the potential to overcome some limitations
of the currently available technologies: savings related to the
installation procedure due to the possibility of installing
different sensing devices in the same borehole and at the
same location (installation point), the elimination of cables
and the risk of them being damaged by ground movement,
more data from a single hole, and diverse data collocated
spatially and temporally in a single hole (Widzyk-Capehart et
al., 2016).
This system can be deployed behind a slope wall and can
use its wireless communication capabilities to monitor the
slope’s performance remotely and in near real-time, thus
providing mine designers and operators with valuable data
towards improving mine operation safety and slope design
(Widzyk-Capehart et al., 2016, 2015).

B+>=8>491<7?29;>?57<;?<;*?*>:96;
The mine plan for a theoretical copper ore deposit was created
using the DeepMine software.

It was assumed that the final pit would have an overall
slope angle of 50° in the good quality rock mass area and an
angle of 40° in the low quality rock mass (Figure 3). This
initial configuration was assumed to be stable along the
entire pit perimeter (from a geomechanical perspective).
In addition, the following assumptions were made:
 The rock mass was initially fully saturated, meaning
that the water table was located at surface level
 Optimized slope designs include a dewatering
campaign
 A single instrumentation borehole could house devices
to measure both deformation and pore pressure at the
same time and, if required, at the same position
 Detailed mine design was not the main focus of this
research: ramps, berms, and other structures inside the
pit were not included in the design and the analyses
were made considering the outline of the pit only.

 
The model was built taking into account economic conditions
in the copper ore market as of August 2015 and the
predictions made by the Central Bank of Chile for the year
2016 (Central Bank of Chile, 2015). A discount rate of 8%
was considered for the evaluation and all economic
parameters were considered deterministic and invariable for
the duration of the mine life.
The mine’s maximum annual extraction capacity was set
at 40 Mt/a. Five different destinations for the extracted
material were defined to allow the DeepMine software to


Table I
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0°
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Good quality rock mass
Good quality rock mass
Poor quality rock mass
Poor quality rock mass
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The mine plan was developed under the assumption that the
open pit mine was constructed in a region with two different
rock types. The slope angles in the high-quality (highstrength) rock mass would be steeper than in the poor quality
(lower strength) rock mass (Table I).

Technical and economic assessment of subsurface rock mass deformation
perform coherent mine plan calculations: a concentrator
plant, a leaching plant, a sulphide ore stockpile, an oxide and
oxide/sulphide transition ore stockpile, and a waste dump.


Taking into consideration the mine's extraction rate and
processing capacities of both plants, the software simulated a
300 m deep pit with 16 years life-of-mine (LOM), 12 phases
(named V1 to V12), and a US$210.51 million net present
value (NPV) open pit mining project. The mine plan
considered the extraction of 355.03 Mt of material (Figure 4),
processing 88.16 Mt of sulphide ore and 95.31 Mt of oxide
and oxide/sulphide transition ores. This simulation was
defined as the initial scenario (base case) for further
sensitivity analysis.
The base case design was optimized by steepening the pit
slope to increase the project's NPV. However, an increase in
slope angle also increased the risk to operations and the
probability of slope failure. Therefore, to mitigate the
increase in risk and probability of failure, the mine plan
incorporated a slope monitoring campaign as a mean to
assess slope performance and future slope stability.

>:189549=;?=(?4+>?2=;94=89;6?1<25<96;
The borehole layout was assumed to be the same for the
implementation of each selected technology. However, the
inclination of the boreholes varied due to special installation
requirements for some of these technologies, which led to
two different campaign types (subsurface and groundwater
pore pressure campaigns) being required for comparison
purposes. The borehole characteristics for each type of
campaign and technology are listed in Table II.
With the steepening of the pit slopes, it was necessary to
determine in which areas of the open pit slopes stability
could have been compromised as a result of the more
aggressive design. These areas would be selected for
monitoring from the point of view of both safety and
profitability. Based on this analysis, the following decisions
were made.
 To assess the initial rock mass conditions, it was
decided to instrument the southwestern part of phase
V1 (Figure 5a), as phase V1 exposed the first slopes of
the mine and enabled the understanding of the initial
conditions of the lowest quality rock mass in terms of
deformation and ground water presence.

#9638>?/9;>?58=*3149=;

Table II
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Shallow angle boreholes campaign





Steep angle boreholes campaign







Boreholes dipping at approx. 60° and move
farther from the pit wall as depth increases.

2 m spacing configuration





-

-

4 m spacing configuration



-

-

Phase V1



Phase V4



Phase V8



Phase V9
Installation depth
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Boreholes follow the pit wall inclination.

SAA, IPI, and VWP cannot withstand nearby blasting.










≥100 m

≥100 m*

≥100 m

0 "/)?..!

*Only the lowermost 100 m of the borehole can be
instrumented.
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 The southern part of phase V4 (Figure 5b) was to be
monitored, as this sector corresponded to one of the
shallowest slopes in the pit. Thus, the data acquired
from this sector could influence steepening of
neighboring phases developed after the extraction of
phase V4, such as, phases V5, V6, V9, and/or V10.
 To assess long-term slope stability, phases V8, V9,
V10, and V11 should be instrumented and their
behaviour monitored, since these phases unveiled the
final pit wall. From those alternatives, the northern side
of phase V8 was selected as a critical sector (Figure 5c),
as it was the first phase to unveil the final pit wall and
this portion of the final wall was the longest standing
one: nine years from the moment it started to be
unveiled and four years from the time it was totally
exposed until mine closure (year 2030). Phase V8 also
unveiled the steepest side of the pit’s final wall, which
made it a less conservatively designed pit slope than
other areas of the pit.
 Pit walls uncovered by the extraction of phase V4 and
phase V9 presented complex convex pit wall
geometries, including bullnoses, which are geometries
characterized by a stress relaxation due to a lack of
confinement and which might create slope stability
problems. Thus, to avoid potentially hazardous
conditions, both sectors were selected as critical.
However, only surface monitoring was advised for the
inspection of the bullnoses in phase V4, as they
remained in service for less than one year and did not
cover the entire depth of the pit at this stage.
Conversely, the bullnoses in phase V9 - eastern wall
(Figure 5d) remained in service until the end of
operations (more than three years) along the entire
depth of the final pit. Thus, subsurface deformation
monitoring was advised for this critical sector.

alternative (campaign), the cost of: drilling the boreholes, the
instruments, and their installation were incorporated in the
NPV calculations as variable costs, distributed over time to
incorporate the effect of temporality and scheduling for every
monitoring campaign installation (Table III).
The shallow angle boreholes campaign considered two
alternative technologies: (1) IPI and VWP and (2) ENSM,
while the steep angle boreholes campaign considered three
instrumentation alternatives: (1) IPI and VWP, (2) SAA
coupled with VWP, and (3) ENSM.
From Table III, it can be seen that the IPI plus VWP
campaign and SAA plus VWP campaign were the least
expensive: US$5.30 million in the shallow angle boreholes
campaign; US$4.60 million and US$6.09 million in the steep
angle boreholes campaign. However, these two campaigns
had to be deployed after the slope to be monitored was
completely developed (due to technical limitations of these
technologies). Therefore, there were no potential economic
benefits rendered by a reduction in waste extraction or an
increase in ore recovery when applying those campaigns,
since these technologies could only be used to monitor final
pit walls.
Economic assessments of subsurface monitoring
campaigns due to slope angle increases are summarized in
Table IV and Figures 6 and 7.
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The costs associated with each instrumentation campaign
studied in this paper were incorporated into the NPV
calculations for all variations in the slope angle. For each

Five subsurface deformation monitoring campaigns were
designed with the aim of achieving the highest possible
revenue by steepening of slopes while considering subsurface
deformation monitoring and the surface monitoring
campaigns commonly deployed in the major open pits in the
world. These campaigns were designed as an integral part of
the mine planning and slope design process. This allowed
focusing on the monitoring effort in the most relevant zones
for a particular open pit project.
The results obtained clearly show that the proposed
campaigns were technically feasible, with ENSMs installation
being the most technically advantageous. Moreover, an
economical evaluation was undertaken considering the effect
of steepening the slope angle by 1° at a time on the
instrumented mine project’s NPV. This assessment

Technical and economic assessment of subsurface rock mass deformation
Table III
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2014
2017
2021
2022
2027
2029
Sum

-4>>5?<;67>?%=8>+=7>:?1<25<96;

?2?)'-/

?2?)'-/
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?2?)'-/

?2?)'-/

&,&?573:?0$,

-?573:?0$,

1.71
1.56
3.46
2.08
0.00
0.00
8.81

1.59
1.45
3.17
1.90
0.00
0.00
8.11

0.00
0.00
0.00
0.00
3.21
2.09
5.30

1.29
1.12
3.01
1.49
0.00
0.00
6.91

1.20
1.04
2.76
1.37
0.00
0.00
6.37

0.00
0.00
0.00
0.00
2.90
1.70
4.60

0.00
0.00
0.00
0.00
4.06
2.03
6.09

Table IV
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0° steepening
(base case)

2.89% NPV decrease
for the 2 m spacing
2.66% NPV decrease
for the 4 m spacing

0.87% NPV decrease for
IPI plus VWP

2.25% NPV decrease for
the 2 m spacing
2.06% NPV decrease
for the 4 m spacing

0.76% NPV decrease for
IPI plus VWP
1.02% NPV decrease
for SAA & VWP

1° steepening

1.02% NPV decrease
for the 2 m spacing
0.80% NPV decrease
for the 4 m spacing

1.00% NPV increase for
IPI plus VWP

0.38% NPV decrease for
the 2 m spacing
0.20% NPV decrease for
the 4 m spacing

1.12% NPV increase for
IPI plus VWP
0.86% NPV increase for
SAA plus VWP

2° steepening

3.16% NPV increase
for the 2 m spacing
3.39% NPV increase
for the 4 m spacing

-

3.80% NPV increase for
the 2 m spacing
3.98% NPV increase for
the 4 m spacing

-

feasibility of this wireless data transmission was proven after
field testing of these devices in two mine-scale trials for
sixteen months.
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incorporated the potential benefit of a lower waste stripping
ratio, which showed the economic viability of all studied
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A new geotechnical monitoring technology, the Enhanced
Networked Smart Markers (ENSM), promises to overcome
some drawbacks of the existing technologies by enabling
through-the-rock wireless data transmission. The technical
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An investigation of the behaviour of
double oxide film defects in aluminiummagnesium cast alloys
by M.A. El-Sayed




Double oxide films (bifilms) are significant defects in light alloy castings
that occur when, during melt handling, the oxidized surface of the melt is
folded over onto itself and then entrained into the liquid metal,
encapsulating a portion of the local atmosphere. These defects create
crevices in the final castings and have been shown to decrease tensile and
fatigue properties, and also to increase their scatter, making casting
properties unreproducible and unreliable. This paper reports on two
different experiments performed to study the behaviour of such defects in
Al alloys. In the first experiment and as a proxy for a bifilm, air bubbles
were held in an Al-5Mg alloy melt for varying periods of time before the
melt was allowed to solidify. The composition of the gas content of the
bubbles was subsequently analysed using mass spectrometry to ascertain
how it changed with time. In the other experiment the influence of the age
of bifilms on the mechanical properties of Al-5Mg castings was assessed
by holding castings in the liquid state for different times before
solidification, followed by mechanical property testing and SEM and EDX
studies of the fracture surfaces of tensile test bars. This research could
provide a better understanding of the behaviour of double oxide film
defects, and may lead to the development of new techniques by which
these defects could be eliminated, or at least deactivated, in light alloy
castings.
962.'/
aluminium alloys, oxide films, entrainment, mechanical properties.
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One of the major structural defects affecting
the reproducibility of mechanical properties of
aluminium castings is the double oxide film
defect (El-Sayed and Essa, 2017; El-Sayed and
Ghazy, 2017). This type of defect is usually
created as a result of poor filling system
design. Owing to the very high reactivity of
liquid Al-Mg alloy with oxygen in the air, the
surface of the liquid metal can be considered to
be permanently coated with an oxide film
(Weigel and Fromm, 1990). As a consequence
of surface turbulence, the oxidized metal
surface can become folded over onto itself, but
not fused, and then submerged into the bulk
liquid, with a portion of the mould atmosphere
being entrapped within it (Campbell, 2003; AlSayed, 2016; El-Sayed, Hassanin, and Essa,
2016).
Oxidation refers to the combination of
oxygen (O) with a metal (M), forming a
metallic oxide, according to the following
general formula:
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This reaction is reversible, and the
direction that it takes depends upon the
concentration of oxygen. When the oxygen
concentration (or pressure) exceeds a certain
value, the direction is to the right, with free
metal and oxygen combining to form the
oxide, and to the left at lower oxygen
concentrations (Pilling and Bedsworth, 1923).
Impey, Stephenson, and Nicholls (1990)
studied the oxidation kinetics of pure
aluminium and Al alloys with Mg contents of
up to 5% in dry air at 750°C. They reported
that the addition of magnesium (from 1–
5 wt%) increased the rate of oxidation of the
aluminium alloy. The authors suggested that
for magnesium contents above 1.5 wt%, the
most stable oxide is MgO, since it is in
equilibrium with the lowest oxygen pressure.
For magnesium contents in the range 0.02–1.5
wt%, the most stable oxide is MgAl2O4, and
below this range, Al2O3.
A bifilm has no bonding between its inner
faces and typically would form a crack in the
solidified casting. Such cracks could be opened
further during solidification, either under the
negative pressure arising from the contraction
of the solidifying metal or by the diffusion of
hydrogen to fill the gap between the two layers
of the bifilm, which has been held responsible
for the formation of hydrogen porosity in Al
casting (El-Sayed, Hassanin, and Essa, 2016).
Submerged oxide films were also recognized
as acting as nucleation sites for Fe-rich
intermetallics (Campbell, 2006; El-Sayed and
Griffiths, 2014). Therefore, the presence of
this defect was reported to increase the scatter
of the tensile and fatigue properties of the
castings produced (Basuny et al., 2016).
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An investigation of the behaviour of double oxide film defects in aluminium-magnesium
It was suggested in a previous investigation (Nyahumwa,
Green, and Campbell, 1998) that in pure Al melts, the
transformation of the alumina constituting the bifilm from alumina to -alumina would take about 5 hours. The
associated volume change might initiate cracks in the film,
forming a pathway by which the liquid aluminium can come
into contact with, and react with, the gas inside the oxide film
defect. This could result in the consumption of the
atmosphere inside the bifilm and possibly contribute to its
deactivation, which may minimize the detrimental effect on
the mechanical properties of the castings.
Raiszadeh and Griffiths (2006) carried out an experiment
in which a bubble of air, acting as an analogue for a double
oxide film defect, was held in a melt of commercial purity Al
for several hours, and real-time X-ray radiography was used
to monitor the change in the bubble volume with time. Their
results showed that the oxygen in the trapped air should be
initially consumed to form Al2O3, then the nitrogen would
react to form AlN. These reactions, as suggested, occurred as
the skin of the air bubble was ruptured and resealed, rather
than by diffusion of the interior gases through the oxide skin
of the bubble. In addition, hydrogen dissolved in the melt
might pass into the air bubble, increasing its volume, which
supported the idea that double oxide film defects could play a
role in the initiation of hydrogen porosity in Al cast alloys.
It should be noted that the amount of Mg in the Al alloy
has a considerable effect on the type of the oxide formed.
Silva and Talbot (1989) reported that at 725°C for an Al melt
containing above 1.5 wt% magnesium, the most stable oxide
is MgO, whereas in Al alloys with Mg contents in the range
0.02–1.5 wt% the most stable oxide is MgAl2O4. Below
0.02 wt% Mg, alumina is expected to form. The oxygen and
nitrogen reactions with the surrounding melt for different Al
alloys are described by the following four equations eactions
(Raiszadeh and Griffiths, 2006; Aryafar, Raiszadeh, and
Shalbafzadeh, 2010; Yang et al., 1996; Griffiths, El-Sayed,
and El-Sayed, 2016):
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[5]

During casting of aluminium alloys, hydrogen is formed
by the reaction of the melt with water vapour (Talbot, 1975).
It is believed that hydrogen is the only gas that is soluble in
aluminium and its alloys (Davis, 1993). Hydrogen molecules
dissociate into the monatomic form and then are transported
into the bulk liquid by diffusion. The ambient atmosphere is
the main source of water vapour. However, fluxes, crucibles,
refractories, and charge materials can also contain some
moisture which can add hydrogen to the melt (El-Sayed,
Shyha, and Basuny, 2018; El-Sayed, 2018.
The aim of this work was to study the change in the gas
content with time of a bifilm defect held in an Al-5Mg alloy
melt for different periods before solidification, and the
corresponding influence on the mechanical properties of the
castings. The consumption rates of the gases inside air
bubbles held in a liquid Al alloy were studied, using mass
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spectroscopy, as an analogy for the behaviour of double
oxide film defects. The reaction rates of oxygen and nitrogen
in the bubble with the adjacent liquid metal, and the rate of
hydrogen diffusion from the melt into the bubbles, were
measured. Moreover, the tensile properties of castings
comprising oxide films of different ages were evaluated and
the fracture surfaces on tensile test bars were characterized
using SEM and EDX analysis. The main objective of this
study was to learn whether oxide film defects could be
eliminated, or at least their deleterious effects reduced.

" #6.5)6341072.:7
In order to characterize the development in the composition
of an air bubble with time, as an analogue for a bifilm, a
bubble was trapped inside an Al-5Mg alloy melt by
submerging a steel bar containing a blind hole 6 mm in
diameter and 5 mm in depth into the liquid metal. The steel
bar was connected to a stirrer and was rotated at 540 r/min
(equivalent to 1.4 m/s at the position of the hole). The steel
bar was left within the melt, subjected to stirring, for various
periods ranging from 2 to 24 minutes. This would allow the
air inside the hole in the bar to be in direct contact with the
Al melt, enabling the air to react with the adjacent melt and
hydrogen dissolved in the liquid metal to pass into the
bubble. More details about the experimental procedure are
described elsewhere (Griffiths, Caden, and El-Sayed, 2014,
2013; El-Sayed et al., 2013).
After the completion of the given holding time, the
stirring was paused and the melt rapidly solidified (in
approximately 30 seconds), trapping the air bubble with its
contents. Afterwards, a cubic sample with an edge length of
15 mm was machined out of the solidified casting comprising
the bubble trapped inside the hole in the steel bar. The
gaseous content of the bubble was subsequently analysed
using a pore gas analyser (PGA), (constructed by Hyden Ltd.,
Warrington, UK) containing a mass spectrometer, to measure
the quantities of H, O, N, and Ar in the bubble. After the gas
in the bubble had been analysed, the surface of the solidified
sample from the bubble’s interior was removed and examined
using SEM in order to verify the existence of different
reaction products on the surface of the solidified Al alloy
entrapped within the hole in the steel rod.
A reference air bubble, containing ambient atmosphere,
was formed by sealing the bottom of a blind hole made from
a Cu tube of the same dimensions. It was analysed in the
pore gas analyser in order to determine the preciseness of
this technique. A comparison of the results from the reference
bubble with the nominal percentages of different gases in the
ambient atmosphere suggested a variability in the results of
the PGA of less than 2%.
Another set of experiments was performed to assess the
influence of the time spent by the Al melt in the liquid state
before solidification, during which the interior atmosphere of
the entrained bifilms was allowed to react with the
surrounding melt and hydrogen dissolved in the melt could
be diffused into the bifilms, on the mechanical properties of
the castings produced. In these experiments, an investment
casting technique was employed to produce Al-5Mg alloy
castings that contained oxide films with different nominal
ages; 0, 10 and 20 minutes. Three experiments were carried
out in each about 10 kg of the alloy was melted and held at a
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temperature of about 1073K (800°C), under a vacuum of
about 8 kPa for 60 minutes. Such a process was anticipated
to eliminate most of bifilms from the melt (Raiszadeh and
Griffiths, 2010).
After the holding period under vacuum, the surface oxide
layer was removed and the melt was poured from a height of
about 1 m into preheated investment shell moulds. The
surface turbulence associated with pouring from such a
height was enough to cause entrainment of the oxidized
surface of the melt during filling and hence introduce fresh
bifilms into the melt. More details about the experimental setup can be found elsewhere (El-Sayed et al., 2011).
After pouring, one mould was left to freeze directly, while
the two others were placed in a resistance-heated furnace at a
temperature of about 800°C (1073K) to prevent solidification.
These moulds were subsequently removed after different
holding periods of 10 and 20 minutes, and allowed to
solidify. The hydrogen content of the melt was evaluated
during holding, using a Severn Science Hyscan H-measuring
device.
Fifteen tensile test bars were obtained from each mould
and tested using a Zwick 1484 tensile testing machine
(Zwick GmbH & Co. KG, Ulm, Germany) at a strain rate of
1 mm min-1. Tensile results were evaluated using a Weibull
statistical analysis approach to assess the influence of the
holding treatment on the mechanical properties of the
castings. The fracture surfaces of the failed test bars were
examined using a scanning electron microscope (SEM) fitted
with an Oxford Inca energy-dispersive X-ray (EDX) analyser
for microanalysis, which was used to confirm the presence of
oxide film defects on the fracture surfaces.

There was an accompanying slower consumption of nitrogen
at a rate of 5.7 × 10-8 mol min-1, and a further slower
diffusion of hydrogen into the bubble at an approximate rate
of 2.8 × 10-8 mol min-1. There was a noticeable increase in
the rate of hydrogen diffusion into the bubble after the
oxygen inside the bubble had been consumed (which took
about 4 minutes). After 24 minutes’ holding, the composition
of the bubble principally comprised nitrogen and hydrogen.
At this time, the bubble had reached about 46% of its initial
volume (Figure 2b).
Nyahumwa, Green, and Campbell (1998) and Raiszadeh
and Griffiths (2006) suggested that the internal atmosphere
of oxygen and nitrogen in a bifilm could be consumed by
reaction with the adjoining molten metal. By the same token,
soluble hydrogen in the melt may diffuse into the bifilm gap
(Griffiths and Raiszadeh, 2009). As the Gibbs free energies

;6/*04/713'7'5/&*//5237
Experiments were carried out to investigate the influence of
holding an Al-5Mg alloy melt in the liquid state for a given
time before solidification on the behaviour of its entrained
bifilm defects. As a proxy for a bifilm defect, an air bubble
was trapped in liquid Al-5Mg alloy for various periods of time
and subjected to stirring, and the change the gaseous content
was studied. These results can be interpreted to help
understand the change in the composition of the atmosphere
of a bifilm defect floating within an Al melt. Additionally, the
change in the morphology of the bifilms with time, and the
corresponding impact on the mechanical properties of the
castings, were investigated in detail.
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Figure 1 shows a typical output from the pore gas analyser,
presenting the results of analysis of the gas composition in
an air bubble that had been held for 2 minutes and subjected
to stirring at 540 r/min (1.4 m s-1 angular velocity) inside an
Al-5Mg alloy melt. The largest peak was associated with
nitrogen, as anticipated, followed by oxygen, hydrogen, and
argon, with traces of water vapour.
Figure 2a shows the change in the gaseous content with
time for an air bubble kept inside an Al-5Mg alloy melt at
993K (720°C) and subjected to stirring. The corresponding
change in the volume of the bubble with time is shown in
Figure 2b. As shown in Figure 2a, most of the oxygen
content in the air bubble was lost within the first four
minutes of holding, at a rate of about 9 × 10-8 mol min-1.

An investigation of the behaviour of double oxide film defects in aluminium-magnesium
of formation (for the reaction of one mole of O2 at 1000K
(727°C)) to form MgO and Al2O3, are –986 and –940 kJ mol-1
respectively, whereas that for AlN is –423.6 kJ mol-1 N2 at
1000K (727°C) (Chase, 1985; Brandes and Brook, 1999), the
liquid alloy would first consume all of the oxygen in the
atmosphere of a bifilm, producing MgO, and then nitrogen
might begin to react to form AlN. The Gibbs free energy for
the reaction of one mole of N2 at 1000K (727°C) to form
Mg3N2 is 0150206.61 kJ mol-1 N2 (Chase, 1985), indicating
that for Al-5Mg alloy, AlN is the nitride more likely to form,
rather than Mg3N2.
In the current experiments, it was shown that both
oxygen and nitrogen were consumed with time (with oxygen
being consumed first). On the other hand, as the melt
remained longer in the liquid state, the hydrogen content of
the bubbles increased, which was in accordance with
previous results (Raiszadeh and Griffiths, 2006; El-Sayed et
al., 2013). Notably, as the oxygen content of the bubble
atmosphere reached about 2%, the nitrogen content of the
bubble started to diminish. In other words, the beginning of
nitrogen consumption was independent of the complete
consumption of oxygen; this corroborates the work of
Raiszadeh and Griffiths (2006), who hypothesised that
nitrogen in a static air bubble held within an Al melt starts
reacting with the surrounding liquid metal once the oxygen
concentration in the bubble reaches around 5% by volume.
It should be also noted that no change was detected in
the quantities of either argon or water vapour in bubbles of
different ages, as shown in Figure 2a, these values being
constant at about 5.2 × 10-8 and 2.8 × 10-8 moles,
representing about 1.3% and 0.7% respectively of the bubble

volume. Therefore, only the changes in the amounts of
nitrogen, oxygen, and hydrogen were considered in this
study.
Figure 3a shows a SEM micrograph of the surface of a
sample from inside a bubble that was held within an Al-5Mg
melt for 24 minutes before solidification. EDX spectra at
locations X1 and X2, presented in Figures 3b and 3c,
indicated the existence of AlN and MgO respectively. This
suggests that the oxygen and nitrogen within the trapped air
bubble were consumed by reactions with the surrounding
melt, producing MgO and AlN, respectively. The existence of
such species on the sample surfaces was confirmed by the
corresponding EDX spectra. The oxygen peak noticed at
location X1 (Figure 3b) indicates the presence of an
underlying MgO layer. This further confirms the suggestions
that oxygen was consumed first to create a magnesia film,
and nitrogen would have then seeped through the cracks in
the film to react with the melt forming an AlN layer on the
MgO film.
According to Weigel and Fromm (1990), liquid
aluminium is likely to be always covered with a layer of
oxide because of its extreme reactivity. If broken, this layer is
expected to re-form almost immediately. Any discontinuities
in the oxide film could allow O2 from the atmosphere to
diffuse across the film into the melt, allowing oxidation to
continue (Sleppy, 1961).
The magnesia layer is expected to be porous and
permeable, since the Pilling-Bedworth ratio (PBR) of MgO is
about 0.84 (Pilling and Bedworth, 1923). Such permeability
would create leakage paths for oxygen (and subsequently
nitrogen) to flow outwards through the initially formed oxide
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An investigation of the behaviour of double oxide film defects in aluminium-magnesium
layer and react with the adjacent melt, leading to the
complete depletion of the former. Accordingly, most of the
oxygen inside the air bubble was depleted in only about 4
minutes. The AlN layer, on the contrary, is anticipated to
constitute a continuous protective layer with a PBR of 1.26
(Pilling and Bedworth, 1923). However, a significant
pressure on the oxide and nitride layers (between the melt
and the bubble) would be induced by the spinning action of
the air bubble in the melt (which simulated the movement of
a bifilm within a flowing liquid metal). This may lead to the
tearing of the oxide and nitride layers. Such cracks would act
as leakage paths, enabling the nitrogen (and remaining
oxygen) to react with the molten metal.

  


      

As suggested in previous research to be more appropriate
than a normal fit, the two-parameter Weibull distribution was
used of in order to analyse the tensile properties of the Al5Mg alloy castings (Green and Campbell, 1993). The slope of
the line fitted to the log-log Weibull cumulative distribution
data (known as the Weibull modulus) is indicative of the
spread of properties; a higher Weibull modulus implies a
narrower spread of properties.
Figures 4a and 4b illustrate the Weibull plots of the UTS
and percentage elongation, respectively, of the test bars cut
from castings that were held in the furnace for 0, 10, and 20
minutes before solidification. The R2 values of approximately
0.95 show that these values were obtained from relationships
that were a good linear fit to the data obtained (Tiryakioglu,
Hudak, and Okten, 2009). The castings maintained at 1073K
(800°C) for 10 minutes prior to cooling obviously
experienced enhanced Weibull moduli of their UTS and
percentage elongation, as indicated by the steeper slopes of
the trend lines compared to the castings solidified
immediately or held in the liquid state for 20 minutes before
solidification.
Figure 5a depicts plots of the Weibull moduli of both the
UTS and the percentage elongation of the Al-5Mg alloy
castings against the holding time before solidification. The
Weibull modulus of the UTS has a value of 22 for samples
allowed to solidify without holding, rising to 31 after holding
for 10 minutes and dropping again to 24 after 20 minutes’

holding. The percentage elongation data shows the same
behaviour, with a Weibull modulus of 9.7 at zero minutes,
13.8 at 10 minutes, and 8.4 at 20 minutes.The moduli, in
other words, were a maximum at 10 minutes’ holding time
prior to cooling. Figure 5b depicts a plot of the amount of
hydrogen in solution in the liquid metal versus holding time;
a steady rise in the hydrogen content of the alloy with
holding time is evident.
Figure 6a shows a SEM micrograph, with the
corresponding EDX analysis, of an oxide layer found on the
fracture surface of a specimen from the casting solidified
immediately after pouring. Another SEM image of a pore on
the fracture surface of a specimen from an Al-5Mg alloy
casting that was held in the liquid state for 20 minutes prior
to solidification is shown in Figure 6b, in which a number of
oxide fragments were found located over the dendrites inside
the pore. The EDX analyses suggest that the oxide layers are
MgO.
Almost all of the magnesia films found on the fracture
surfaces (not inside the pores) of the test bars were
associated with castings that had solidified immediately after
pouring. Castings held in the liquid state for 10 or 20 minutes
prior to cooling were devoid of any bifilms on the fracture
surfaces of the test bars. Many MgO fragments, nevertheless,
were detected inside pores on the fracture surfaces of these
castings. This suggests that the holding treatment may
modify the morphology of bifilms in Al castings and cause
them to form pores. This could be indicative of the effect of
the holding treatment on the removal of oxide films, or at
least changing their morphologies to form hydrogen porosity
in light metal alloy castings.
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Correlating the change in the composition of air bubbles
with time with the change in the Weibull moduli of the
castings, it could be suggested that oxygen was consumed
initially from inside the bifilm defects, and then nitrogen as a
result of reaction with the adjacent Al melt. This would
decrease the size of bifilm defects and hence reduce their
harmful effects on the mechanical properties of Al castings.
Also, hydrogen would spread out into the bifilm, initially
slowly (during the consumption of oxygen), but then at a
faster rate during the consumption of nitrogen.
In the test bars solidified after pouring, the UTS and
percentage elongation Weibull moduli were relatively low (22
and 9.7, respectively), perhaps due to the presence of many
bifilm defects in the castings, as shown in Figure 6a, which
resulted in a reduction in the reproducibility of casting
properties. Holding the castings in the liquid state for 10
minutes before solidification seems to cause a reduction of
the internal atmosphere of the bifilms by reaction of oxygen
(and subsequently nitrogen) with the surrounding melt. As
the volume of the internal atmosphere decreased, the size of
the defects, and their effect on mechanical properties, was
correspondingly reduced, resulting in an increase in the
Weibull moduli to values of about 31 and 13.8, respectively.
With further holding up to 20 minutes, the double oxide film
defects expanded because of the diffusion of hydrogen into
their atmospheres, which increased the number and size of
oxide-related hydrogen-contacting porosity on the fracture
surfaces, as shown in Figure 6b, and correspondingly
decreased the Weibull moduli to 24 and 8.4, respectively.
This could be a confirmation of previous results (El-Sayed et
al., 2011), which suggested that two contending mechanisms
affect the size and morphology of the bifilms.
To sum up, the change in mechanical properties and the
results of the analyses of air bubbles suggest that once
formed, double oxide films quickly undergo changes in their
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internal atmosphere which change the size and shape of the
films and thus their effect on mechanical properties. These
changes are the rapid consumption of oxygen and a slower
accumulation of hydrogen. Subsequent to the reaction of
oxygen, nitrogen is consumed, which is also a slower
process, although the complete consumption of oxygen does
not seem to be required prior to the formation of AlN. The
consumption of oxygen and nitrogen in the bifilm
atmosphere causes a decrease in the size of the defects and
enhances the properties of the casting, whereas the diffusion
of hydrogen into the bifilms increases their size, resulting in
an adverse effect on the properties.

23&0*/523/
1. The oxygen and nitrogen in an air bubble (which was
considered as a proxy for a double oxide film defect)
confined in an Al-5Mg alloy melt were consumed by
reaction with the surrounding liquid metal to form MgO
and AlN, respectively. This was confirmed by SEM and
EDX analysis of the surfaces of samples obtained from
inside the bubbles that indicated the existence of both
species, with evidence that AlN might be nucleated on a
previously-formed magnesia layer.
2. The longer the time a bubble (or a bifilm) is retained in
the melt, the more hydrogen diffuses into it. This occurred
most speedily at the moment when the bifilm's internal
oxygen had been consumed.
3. Detection of magnesia films on almost all of the fracture
surfaces of the test bars from different Al-5Mg alloy
castings, irrespective of the holding time, suggested that
the failure of Al castings is dominated by the presence of
such defects. SEM examination of the fracture surfaces
showed that porosity was often associated with oxide film
defects.
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4. Holding of an Al-5Mg alloy casting at 1073K (800°C) for
10 minutes before solidification enhanced the Weibull
moduli of the UTS and percentage elongation of the
castings by approximately 41% and 42% respectively.
This is suggested to be caused by the gaseous content of
oxide film defects becoming exhausted, which decreases
the size of the films and accordingly their influence on
mechanical properties.
5. The amount of hydrogen diffused into bifilms is suggested
to increase by extending the holding period to 20 minutes,
perhaps resulting in the formation of oxide-related
hydrogen-containing porosity. This caused a reduction in
the Weibull moduli of the UTS and percentage elongation
by about 23% and 39% respectively.
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ABOUT THE VENUE
The Vineyard is nestled on an eco-award-winning riverside estate, overlooking the eastern slopes of
Table Mountain and conveniently located on the edge of the city. A short distance from the hotel in
any direction allows you to easily explore some of the world’s top tourist destinations.
August and September in the Western Cape is flower season. Explore the Cape’s unique ‘fynbos’
floral kingdom at the world-famous Kirstenbosch Botanical Gardens, where one of the many
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A short distance from the hotel is the Constantia Winelands, which affords guests the opportunity
to discover classic vintages and Cape Dutch homesteads, and within a five-minute walk is the wellknown retail centre, the upmarket shopping precinct of Cavendish, with exclusive local and global
outlets, travel agencies, foreign exchange outlets, and more.

CONFERENCE THEME
This series of heavy minerals conferences has traditionally focused on the industries associated with
ilmenite, rutile and zircon. There are many other economic minerals which have specific gravities such
that they may also be classed as ‘heavy minerals’. The physical and chemical properties of these other
minerals result in them being processed by similar technologies and sharing similar markets with the
more traditional heavy minerals. In this conference we focus on optimization of mining, processing, and
recovery.

CONFERENCE OBJECTIVE
This series of conferences was started in 1997 and has run since that date. The Conference alternates
between South Africa and other heavy mineral producing countries. It provides a forum for an
exchange of knowledge in all aspects of heavy minerals, from exploration through processing and
product applications.
This is a strictly technical conference, and efforts by the Organizing Committee are aimed at
preserving its technical nature. The benefit of this focus is that it allows the operators of businesses
within this sector to discuss topics not normally covered in such forums. The focus on heavy minerals
includes the more obvious minerals such as ilmenite, rutile and zircon; and also other heavy minerals
such as garnet, andalusite, and sillimanite.
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Contact: Yolanda Ndimande, Conference Co-ordinator · Tel: +27 11 834-1273/7
Fax: +27 11 833-8156 or +27 11 838-5923 · E-mail: yolanda@saimm.co.za · Website: http://www.saimm.co.za
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NATIONAL & INTERNATIONAL ACTIVITIES
2019
11–13 March 2019— 7th Sulphur and Sulphuric Acid
2019 Conference
Swakopmund Hotel, Swakopmund, Namibia
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
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Website: http://www.saimm.co.za
24–27 June 2019— Ninth International Conference
on Deep and High Stress Mining 2019
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Website: http://www.saimm.co.za
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Contact: Camielah Jardine
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‘Investing in a Sustainable Future’
Johannesburg
Contact: Camielah Jardine
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Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: yolanda@saimm.co.za
Website: http://www.saimm.co.za

Company Affiliates
The following organizations have been admitted to the Institute as Company Affiliates

3M South Africa (Pty) Limited

eThekwini Municipality

Multotec (Pty) Ltd

AECOM SA (Pty) Ltd

Expectra 2004 (Pty) Ltd

Murray and Roberts Cementation

AEL Mining Services Limited

Exxaro Coal (Pty) Ltd

Nalco Africa (Pty) Ltd

Air Liquide (Pty) Ltd

Exxaro Resources Limited

Namakwa Sands(Pty) Ltd

Alexander Proudfoot Africa (Pty) Ltd

Filtaquip (Pty) Ltd

Ncamiso Trading (Pty) Ltd

AMEC Foster Wheeler

FLSmidth Minerals (Pty) Ltd

New Concept Mining (Pty) Limited

AMIRA International Africa (Pty) Ltd

Fluor Daniel SA ( Pty) Ltd

Northam Platinum Ltd - Zondereinde

ANDRITZ Delkor(Pty) Ltd

Franki Africa (Pty) Ltd-JHB

OPTRON (Pty) Ltd

Anglo Operations Proprietary Limited

Fraser Alexander (Pty) Ltd

PANalytical (Pty) Ltd

Anglogold Ashanti Ltd

G H H Mining Machines (Pty) Ltd

Arcus Gibb (Pty) Ltd

Geobrugg Southern Africa (Pty) Ltd

Paterson & Cooke Consulting
Engineers (Pty) Ltd

Atlas Copco Holdings South
Africa (Pty) Limited

Glencore
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Aveng Engineering
Aveng Mining Shafts and Underground
Axis House Pty Ltd
Bafokeng Rasimone Platinum Mine
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BCL Limited
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BedRock Mining Support Pty Ltd
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Blue Cube Systems (Pty) Ltd
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Polysius A Division Of Thyssenkrupp
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Redpath Mining (South Africa) (Pty) Ltd
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IMS Engineering (Pty) Ltd

Rosond (Pty) Ltd

Ivanhoe Mines SA

Royal Bafokeng Platinum

Joy Global Inc.(Africa)

Roytec Global (Pty) Ltd

Kudumane Manganese Resources

RungePincockMinarco Limited

Leco Africa (Pty) Limited

Rustenburg Platinum Mines Limited

Longyear South Africa (Pty) Ltd

Salene Mining (Pty) Ltd

Lonmin Plc

Sandvik Mining and Construction
Delmas (Pty) Ltd

Lull Storm Trading (Pty) Ltd

Bluhm Burton Engineering Pty Ltd

Perkinelmer

Maccaferri SA (Pty) Ltd

Sandvik Mining and Construction
RSA(Pty) Ltd

Magnetech (Pty) Ltd

SANIRE

MAGOTTEAUX (Pty) LTD

Schauenburg (Pty) Ltd

Maptek (Pty) Ltd

Sebilo Resources (Pty) Ltd

MBE Minerals SA Pty Ltd

SENET (Pty) Ltd

MCC Contracts (Pty) Ltd

Senmin International (Pty) Ltd

MD Mineral Technologies SA (Pty) Ltd

Smec South Africa

MDM Technical Africa (Pty) Ltd

Sound Mining Solution (Pty) Ltd

Metalock Engineering RSA (Pty)Ltd

SRK Consulting SA (Pty) Ltd

Metorex Limited

Technology Innovation Agency

Data Mine SA

Metso Minerals (South Africa) Pty Ltd

Time Mining and Processing (Pty) Ltd

Department of Water Affairs and Forestry

Minerals Council of South Africa

Timrite Pty Ltd

Digby Wells and Associates

Minerals Operations Executive (Pty) Ltd

Tomra (Pty) Ltd

DMS Powders

MineRP Holding (Pty) Ltd

Ukwazi Mining Solutions (Pty) Ltd

DRA Mineral Projects (Pty) Ltd

Mintek

Umgeni Water

DTP Mining - Bouygues Construction

MIP Process Technologies (Pty) Limited

Webber Wentzel

Duraset

Modular Mining Systems Africa (Pty) Ltd

Weir Minerals Africa

Elbroc Mining Products (Pty) Ltd

MSA Group (Pty) Ltd

Worley Parsons RSA (Pty) Ltd

Bouygues Travaux Publics
CDM Group
CGG Services SA
Coalmin Process Technologies CC
Concor Opencast Mining
Concor Technicrete
Council for Geoscience Library
CRONIMET Mining Processing SA Pty Ltd
CSIR Natural Resources and the
Environment (NRE)
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BUT IT DOESN’T HAVE TO BECOME AN

ORE-DEAL
Axis House are leading Reagent Technology Management
H[SHUWVZLWKDGLYHUVHDQGKLJKO\TXDOLÀHGWHDPZKRZLOOKDYH
you covered with cutting edge mineral processing reagents.
• FULLY EQUIPPED LABORATORY
• ACCURATE BENCHMARKING OF
ALTERNATE REAGENT SUITES
• GLOBAL FOOTPRINT

Don’t let your minerals get
caught up in the
wrong gangue.

29

30

79

27

Cu
Copper

Zn
Zinc

Au
Gold

Co
Cobalt

63.546

65.38

96.97

58.933

Visit us today info@axishouse.co.za | www.axishouse.co.za | +27 11 463 4888

We’ve Got Your Back

From Data... to Knowledge... to Action...
As a trusted partner to the world’s largest mining and minerals processing companies
around the world, CiDRA professionals collaborate with their customers to apply highly
KPɈLYLU[PH[LKWYVJLZZVW[PTPaH[PVUZVS\[PVUZ[OH[[HRLLɉJPLUJ`YLJV]LY`HUK[OYV\NOW\[
to new heights.
>OLUP[JVTLZ[VYLX\PYPUN[OLTVZ[PUUV]H[P]LPU[LNYH[LK[LJOUVSVNPLZ[OH[WYV]PKLTPZZPVUJYP[PJHSPUMVYTH[PVUWYL]PV\ZS`\UH[[HPUHISLMYVTL_PZ[PUN[LJOUVSVNPLZ`V\JHUYLS`VU
CiDRA.

Felix Project Management and Consulting Services cc
2I¿FH  _0RELOH  
HPDLOMRHIHOL[#WHONRPVDQHW_FLGUDFRP

Minerals Processing

