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The quality of lumps may have a significant impact in iron ore mining systems with implications for min-
eral reserve recovery rates. Improving the quality of lump ore, through a simple yet innovative mineral
processing, can maximize recovery of reserves, decrease waste generation, and increase the productivity
and sustainability of mines by allowing transition to lower quality iron ores. An example of the applica-
tion of such principle is described here in which both siliceous and dolomitic banded iron formation rocks
(BIFs) were subjected to chemical, physical, and mineralogical characterization before undergoing bene-
ficiation processes in pneumatic jigs and log washer equipment. These processes were found to increase
product quality and reduce the levels of contaminants, including SiO2, Al2O3, and fines. The gain in quality
led to a reduction in the cut-off grade, from 60% to 58% Fe, while maintaining products specifications.
Consequently, a 20% increase in the lump ore reserves was achieved, contributing to the sustainability
of the mining system.

� 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Economically, a mine can contribute to sustainable develop-
ment by maintaining or enhancing the wellbeing of the local pop-
ulation. For example, a mine can provide a number of economic
benefits to a community, including employing residents, utilizing
local services, and contributing funds to regional developmental
projects (Hilson and Murck, 2000). Throughout the conceptualiza-
tion, development, operation, and eventual decommissioning of
mineral resources projects, a wide range of opportunities exist to
contribute to sustainable development (Corder et al., 2010). In
the mining industry, high-level commitments to adopt sustainabil-
ity have been made as part of the corporate values of mining com-
panies. Accordingly, although mineral products are essential to
contemporary societies and economies, simply meeting market
demand for mineral commodities falls far short of meeting soci-
ety’s expectations of the industry (Tuazon et al., 2012). Increased
productivity is essential to improve the sustainability of existing
operations (Gomes and De Tomi, 2011). In this context, it is impor-
tant to develop processes that can maximize recovery of existing
resources. Moreover, processing plants must be able to beneficiate
a variety of ores, ensuring the efficiency of metallurgical processes
in three respects: quality, volume, and cost (Reuter, 1999).
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The present study investigates the impact of the quality of iron
ore lumps on the production process of a mine, focusing on
evaluation of the associated gains in reserve. An application of this
principle to the Pau Branco mine is presented, providing a clear
example of how the introduction of beneficiation methods can
impact upon product quality, cut-off grade, and reserve recovery
rate, thus improving the sustainability of an operational mining
system.

Until the early twenty-first century, iron ore mines developed in
Brazil focused primarily on hematite bodies. These ore bodies typ-
ically had over 60% Fe and low levels of contaminants (such as
Al2O3 and SiO2), and produced lumps (>16 mm) with physical,
chemical, and metallurgical properties favorable for extraction. In
the Quadrilatero Ferrifero Area (QF), Minas Gerais (MG), Brazil,
the typical hematite (i.e., high-Fe) deposits have become depleted,
which has led to the exploitation of poor-quality BIFs (Vale, 2010)
(Fig. 1). Moreover, the increased exploitation of BIFs has necessi-
tated the introduction of new and specific beneficiation processes.
For iron ore lumps, this change in source led to increases in the
amounts of fines (owing to the greater fragility of BIFs compared
to hematite ores) and the contents of Al2O3 (owing to the contam-
inants found in clays), and SiO2 present in iron ores (Santos and
Brandao, 2003). These factors have exerted negative impacts on
the steelmaking process.

Iron production is a long process that involves knowledge of the
ore throughout its life cycle, from the production of pig iron to the
final product, steel. To date, great efforts have been focused on
improving knowledge of iron ore reserves and iron beneficiation
(Souza Neto et al., 1998). This has included (i) improving metallur-
gical processes, (ii) increasing the quality of iron and steel accord-
ing to market requirements, (iii) optimizing facilities, and, in
particular, (iv) lowering the cost of production (Hundertmark,
1996). Iron constitutes about 5% of the earth’s crust, making it
the fourth most abundant element. The main iron ores are hema-
tite (Fe2O3), magnetite (Fe3O4), and BIFs (Fe2O3/Fe3O4 + SiO2). BIFs
from QF, known locally as itabirites, can be subdivided into sili-
ceous, dolomitic, amphibolitic, and hematite rich BIFs; each of
these types exhibits specific behaviors during the beneficiation
and metallurgical processes (Rosière et al., 2003).

Geological features (particularly the mineralogy and petrogene-
sis) of iron ores play an important role in defining the most appro-
priate methods for their processing. Thus, the characterization of
minerals is essential for the optimal use of a mineral resource,
Fig. 1. Development of ore types produced in Quadrilatero Ferrifero Area (Vale, 2010). Fro
QF Area faced the need of introducing new processes as the percentage of BIFs increase
because it provides mining engineers with the information
required to define the process route. Moreover, such characteriza-
tion helps to identify inefficiencies and losses associated with
existing processes accurately, enabling the optimization of the
overall performance of a production system (Araujo et al., 2003).

Improvements in processing methods ensure the continuing
competitiveness of the steel industry, minimizing losses in the
manufacturing process that occur owing to ore quality changes
associated with the transition from hematite to BIFs. Previously,
most BIF bodies were considered as waste generated by the pro-
duction process, resulting in them being rejected and stockpiled
throughout the development of operating mines. However, newly
developed beneficiation plants are capable of undertaking concen-
tration processes for BIFs. For example, for the fraction between
8 mm and 16 mm there are several industrial solutions available,
including jigs, drum scrubbers, and log washers. The alternatives
to increase recovering metal content from poor iron ore lumps
(>16 mm) typically involve grinding: three or four stages of crush-
ing followed by primary and secondary milling stages. These oper-
ations imply high energy consumption. Thus, the amount of energy
required to produce an iron ore grinded product, suitable for sale
as pellet or sinter plant feed is substantially more than an equiva-
lent lump (>16 mm) project (McNab et al., 2009). Besides energy,
other costs impact the grinding and concentration of lumps, such
as wear and other consumables, labor and maintenance, tailings
handling, filtering or storage costs (David, 2007).

2. Example of application: Beneficiation of BIFs lumps from Pau
Branco mine

The methodology adopted in the present study involved the
selection of representative samples of dolomitic and siliceous BIFs
from the Pau Branco mine; the lump reserves distribution for this
mine is presented in Fig. 2.

Pau Branco started operation in 1982, running a hematite plant
with production capacity of 3.2 Mt, as the pit developed focused on
the hematite body exploration, the strip ratio increased to a unsus-
tainable rate, being the bottleneck the hauling fleet and waste
deposition capacities. Accordingly, in 2010, a new plant was
installed, including concentration circuits for fines (<8 mm): jigs,
spirals and magnetic concentrators. Currently, based on the min-
eral processes installed, the Pau Branco mine operation applies a
cut-off grade of 60% Fe for the lumps (>16 mm) and 45% Fe for fines
m hematite big lumps in the 40s to present concentrated fines, the iron ore mines in
d in the composition of the beneficiation plants feeding.
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Fig. 2. Distribution of reserves of dolomitic and siliceous BIF lumps in the Pau
Branco Mine. The lump reserve between 58% and 60% Fe represents 20% of the total.
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(<8 mm). Therefore, mine blocks containing lumps with lower
grades are stocked in waste piles. The present study addressed
the mineralogical, chemical, and physical characterization of these
lumps, in addition to their behavior during processing in jigs, drum
scrubbers, and log washers.

To perform the characterization and the beneficiation tests, a
total of 2000 t of samples was collected, representing each type
of ore. These samples were homogenized, quartered and separated
in three batches: 1500 t was used for industrial tests, 1 t for labo-
ratory tests, and the remaining amount kept as a reserve. The 1 t
samples were crushed in a jaw crusher with a 100 m gap and
screened using 32 mm and 16 mm meshes. The particles with
diameter greater than 32 mm were crushed in a closed circuit.
After sample preparation was completed, the samples were sub-
mitted to a pilot processing plant and processed using both a log
washer and a pneumatic jig. The results were compared to indus-
trial-scale tests involving wet screening and a drum scrubber. The
pneumatic jig tests were performed at PCM (Processamento e Car-
acterização Mineral Ltda, Mariana, MG) and the log washer tests at
CDE Global (Cookstown, Ireland). A flow sheet of the processes
involved in the tests is showed in Fig. 3.

The separation of minerals in jigs is based on the stratification
of particles in an aqueous medium, where ascending and descend-
ing water currents fluidize and compress the grains into relatively
homogenous layers. Eventually, the lighter grains become concen-
trated in the upper layers, whereas the heavier grains tend to settle
in the lower layers. For ores with a good liberation grade (i.e. more
than 75% of the iron mineral particles are free from contaminants)
this concentration method has a high efficiency. Conversely, in log
washers and drum scrubbers, beneficiation occurs by attrition of
particles, where attrition is defined as the disintegrating effect pro-
moted by relatively weak forces; these forces are weak compared
to the strength of comminuting, but strong enough to break uncon-
solidated conglomerates such as clays or to break bonds between
grains (Taggart, 1954). The attrition process can be undertaken
when the clay content is too high for stratification or when the
material to be separated has a high plasticity index. Using those
two methods provides the chance to evaluate the two mechanisms,
stratification and attrition, defining the benefits of each one, com-
pared to the wet screening and drum scrubber currently in use at
Pau Branco mine.

The operational variables tested in the log washer were
adjusted to determine the parameters providing the best perfor-
mance, which were as follows: 12% inclination, 100 rpm to define
a residence time of 180 s and the processing water pressure of
0.3 megapascal was used. These parameter values are coherent
with the Pau Brancós beneficiation plant capacity and were main-
tained throughout sample testing. For each type of ore, 15 batches
were processed; the results presented are averages of the results
for each type.
For the pneumatic jigs, the cut between concentrated and reject
was adjusted to a mass recovery of 85% of the material fed, this tar-
get was established as a economic premise of the project. Ampli-
tude was set to 30 mm, with a frequency of 1 cycle per second.
The width of the filtering layer was set to 100 mm, this value
was indicated by preliminary adjustments to meet the required
mass recovery rate, higher widths would decrease the mass recov-
ery, probably beneficiating the quality of the concentrated.

The industrial tests for wet screening and the drum scrubber
were performed at Pau Branco’s beneficiation plants. For the test
in the drum scrubber, the feeding rate was maintained at 100 t/h,
70 rpm, and a residence time of 3 min. In the wet screening, the
material was fed into a double deck screen with 32 mm and
16 mm mesh, at a rate of 150 t/h to replicate the typical opera-
tional variables values of the plant operation.

Mineralogical characterization was performed by point count-
ing, using reflected light microscopy. The preparation of the sam-
ples included (1) cutting, trimming and grinding at 0.03 mm, (2)
mounting and embedding, (3) grinding and impregnation, (4)
regrinding at 0.015 mm, and (5) polishing. A light-reflected micros-
copy (Leica, model MPS30) with a magnification of 200 times was
used for the particles counting. Fractions below and above 325 #
were used, and at least 500 particles of each phase were identified
and counted. The volumetric percentages were converted into
weight percentages using the theoretical densities of each mineral.
The method utilized for the chemical compositional analysis was
the X-ray fluorescence [XRF] spectrometry by the fused bead tech-
nique. For this analysis, a 0.5–1.0 g portion of finely ground and
ignited iron ore was mixed with lithium metaborate in the ratio
1:10 (sample:borate) and the mixture was fused and cast into a
circular glass bead. The resultant test sample was subsequently
subjected to multi-element analysis by XRF spectrometry. Multi-
element analysis of iron ore lumps provided the overall concentra-
tions of the main constituents of the product.
3. Results and discussion

The dolomitic BIFs, which are composed primarily of hematite
and martitic goethite, were found to exhibit lower levels of silica
and higher loss on ignition (LOI), compared to siliceous BIFs. More
abundant clays were observed in the dolomitic samples, associated
with the presence of earthy goethite with high levels of LOI (Santos
and Brandao, 2003). Moreover, the degree of liberation was found
to be high compared to that for siliceous BIFs. Conversely, the sili-
ceous BIFs were found to be predominantly friable, consisting pri-
marily of martitic and granular hematite and quartz, with minor
goethite (Rosière et al., 2003). The mineralogical characterization
of the samples is presented in Table 1 below.

Figs. 4 and 5 present photomicrographs of the dolomitic and
siliceous BIF samples of the Pau Branco deposit, respectively, illus-
trating the presence of quartz in siliceous BIFs, in addition to their
greater fragility. Moreover, these photomicrographs clearly illus-
trate the greater amounts of goethite associated with clays in the
dolomitic BIFs.

The results of the chemical analyses are presented in Table 2,
and demonstrate the existence of a strong negative correlation
between total iron and silica. It is also clear that LOI contents are
higher in the dolomitic BIFs owing to the greater presence of
goethites and clays.

In the tests conducted in the log washer, total disintegration of
clay particles was observed owing to the considerable attrition
between particles and between the particles and the blades of
the equipment. This is in agreement with the decrease in LOI and
Al2O3 and the consequent increase in Fe content. The quality of
the obtained products is shown in Table 3.



Fig. 3. Flow sheet of the processes involved in industrial scale, pilot plant and laboratory tests. The products from +16 mm wet screening, drum scrubber, log washer and jig
were submitted to chemical, physical and mineralogical characterization.
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In the pneumatic jig, iron content increased owing to the elim-
ination of clay and quartz free particles, which would have had low
densities. However, the stratification process, responsible for the
concentration of Fe was impacted negatively by the generation of
fines from the clay particles. The resulting clay material created a
pulp, which hindered the stratification of the particles. This was
observed primarily during the processing of dolomitic BIFs, where
clay particles were more abundant. Because both sample types
exhibited high degrees of liberation (i.e., over 94%), particles with
high contents of Al2O3, SiO2, and LOI were eliminated, increasing
the Fe content of the final product. In the jig, the final product mass
was small compared to that of the feed (i.e., mass recovery was
relatively low) because of reject generation. However, it may be
possible to grind or crush the rejected material and feed it into
another concentration process, such as spirals, flotation, or mag-
netic concentration.

In all of the tests, increases in Fe content and decreases in Al2O3

and LOI were observed owing to the clays present in the ore types
investigated; decreases in the percentage of fines (<6.3 mm) were
also observed. In the log washer, the fine aggregates were released
and washed following extensive attrition. Conversely, in the jig,
the fines (i.e., the lighter particles) were separated out as reject.
Based on the gains in product quality that could be obtained by
introducing the processes analyzed here into existing plants, and



Table 1
Mineralogical semi-quantitative analyses, showing degree of liberation of quartz in
iron ore samples, defined by optical microscopy.

Ore Siliceous Dolomitic

Especular hematite 0.31 0.15
Lamelar hematite 0.4 0.12

Lobular hematite 48.34 0.61

Martitic hematite 15.41 56.17
Magnetite 5.34 13.05
Goethite 19.86 21.8
Earthy goethite 1.7 2.17
Free quartz 7.23 5.66

Caulinite 0.13 0.12
Gbsite 0.28 0.15
Quartz liberation degree 94.51 99.96

Table 2
Chemical composition and loss on ignition (LOI) for iron ore samples.

Element Siliceous Dolomitic

Fe 58.6 62.3
SiO2 12.2 3.90
Al2O3 0.79 1.11
Mn 0.14 0.09
LOI 2.40 5.90

Table 3
Results from tests conducted for siliceous and dolomitic BIFs in wet screening, drum
scrubber, pneumatic jig, and log washer.

Fe SiO2 Al2O3 LOI <6.3 mm

Wet screening
Siliceous 61.95 5.65 1.70 1.69 6.49
Dolomitic 61.63 3.40 2.10 5.23 5.95

Drum scrubber
Siliceous 62.53 5.02 1.31 1.12 5.97
Dolomitic 62.49 3.05 1.45 4.19 5.65

Pneumatic jigue
Siliceous 64.54 4.48 0.99 1.07 5.68
Dolomitic 62.97 3.20 0.82 3.91 6.44

Log washer
Siliceous 63.39 4.68 0.84 1.09 4.71
Dolomitic 64.03 2.36 0.79 3.71 4.09
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considering the quality of the lithologies and reserves examined, the
cut-off grade for lump ore could feasibly be lowered from 60% to 58%
Fe. Thus, a gain of up to 20% in the volume of lump reserves can be
projected for the Pau Branco mine.

A preliminary economic study showing the NPV of two potential
alternatives, relative to the base case, where the cut off grade is 60%
Fe, is showed in Table 4. Alternative 01, considered the introduc-
tion of a typical crushing installation to reduce the lump size to
�16 mm to be treated in jigs, spirals and magnetic concentration,
with an estimated cost of 3 USD/t processed. In this case, a mass
recovery factor of 70% was considered, meaning that, for each ton
fed, 1.4 t of product is generated. The margin contribution of the
product was 30 USD/t. Scenario 02, considered the use of a log
washer and jig plant to process the lump. In this scenario, a mass
recovery of 90%, 0.5 USD/t, and 75 USD/t of margin contribution
Fig. 4. Dolomitic BIFs lumps (>16 mm) from the Pau Branco deposit. Photomicrograph s
(35�, crossed Nicols).

Fig. 5. Siliceous BIFs lumps (>16 mm) from the Pau Branco deposit. Photomicrograph sho
Bar scale = 0.2 mm (35�, crossed Nicols).
were estimated. In both scenarios a discount rate of 10% and a life-
time of 5 years were considered.

Other mines, within the QF Area, where the same ore types are
present, can benefit from jig and log washer process to also
increase their lump reserves and NPV. Thereby, iron ore mines
howing MA (martite), GO (goethite), and HS (lobular hematite). Bar scale = 0.2 mm

wing QZ (quartz), GO (goethite), HS (lobular hematite), and HM (martitic hematite).



Table 4
Preliminary economic study of alternatives to increase the iron recovery from Pau
Branco mine reserves.

NPV (M USD) CAPEX (M USD) Pay Back
(years)

Alternative 01
(<16 mm)

�1.17 15.00 –

Alternative 01
(>16 mm)

46.25 5.50 0.20
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can increase their reserve recovery rate, decreasing the waste gen-
eration, contributing to the sustainability of the industry.

4. Conclusion

In terms of improving the sustainability of mining operations,
maximizing the recovery of reserves represents a great opportu-
nity for today’s mining industry. In particular, the introduction of
new beneficiation processes offers the opportunity to decrease
the cut-off grade of a mine, helping to maximize reserve volume.

Pau Branco mine, a medium sized iron ore mine in the Quadrila-
tero Ferrifero Area has a production capacity of 4.2 Mt per year. Its
currently installed processes imply a cut off grade of 45% Fe for the
fines (<8 mm), and 60% Fe for the lumps (>12 mm). The cut off
grade impacts the recovery of lumps and the generation of waste.
As the waste disposition capacity is a bottleneck for the process,
the sustainability of the operation is limited by the lump recovery.

In the present study, samples of lumps (>16 mm) of dolomitic
and siliceous BIF ores from the Pau Branco mine were mineralogi-
cal and chemically characterized and tested in log washers and
pneumatic jigs; then, the potential economic gain in reserves
offered by the introduction of these processes was evaluated. For
comparison, the industrial processes involving wet screening and
a drum scrubber were investigated.

In all tests, gains in Fe content were achieved through the elim-
ination of clay particles and quartz. Moreover, the contents of
Al2O3, LOI, and fines (<6.3 mm) were reduced. For dolomitic BIFs,
log washer processing resulted in degradation of the clay particles,
reducing the LOI content and percentage of fines (<6.3 mm). Con-
versely, in the jig, the clay and silica particles were eliminated in
the waste owing to their lower densities. For a mixture composed
of both siliceous and dolomitic BIFs, a combination of log washers
and jigs is recommended, because these equipment types gener-
ated gains in both ore types evaluated.

Based on the gains in product quality found here, a 20% increase
in the volume of lumps reserve (>16 mm) can be estimated,
assuming reduction of the mining cut-off grade from 60% to 58%.
Thus, a percentage of the lump ore that is presently destined to
end up on waste piles can, in fact, be processed, consequently
increasing the NPV by 46.25 M USD, ensuring sustainability of
Pau Branco mine operation.

The results presented here will be applied in a project for the
geometallurgical characterization of lumps, thus helping to opti-
mize the mine system and achieve gains in sustainability through
maximum utilization of reserves, the generation of less waste, and
the reduction of environmental impact and production costs of
both mineral and metallurgical processes. This project will be pre-
sented in a future paper.
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