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A B S T R A C T

San Rafael is the largest underground tin mining operation in the world. The main methods for processing the
ore are gravity separation and flotation. In 2016 a new addition to the plant was an X-ray transmission (XRT)-
based ore sorting island. The objective was to reject waste from a marginal development waste dump, and it is
now also treating low grade material from the underground mine. XRT sorting discriminates particles on a planar
projection of the density of matter attenuating X-ray radiation. Physical separation is achieved by means of an
array of high speed air jets. The feed grade of approximately 0.6% tin is concentrated to 2.8% tin in the product
at recovery of 90% in about 19% mass yield to product. This enriched product fraction from the sensor-based ore
sorting plant feeds into the main plant.

The plant, which is designed for 3600 tonnes per day, went into operation in 2016. The total capital ex-
penditures of 24M$ US were paid back within 4months. The projected contribution to the production of refined
tin for the year 2017 was 6000 tonnes. In summary, the positive impacts were:

– Value added from previously sub-economic waste that can be mined with lower costs.
– Increase of productivity in the main wet sections of the plant.
– Reduction in cut-off grade and increase in reserves.
– Reduction of environmental impacts.

The paper describes the project from concept, through the development phase, including test work confirming
feasibility, to a discussion of operational data and includes shared experiences from operation and maintenance.

1. Introduction

Tin is one of the earliest metals known and used. Because of its
hardening effect on copper, tin was used in bronze implements as early
as 3500 BCE, although the pure metal was not used until about 600 BCE
About 35 countries mine tin throughout the world. Nearly every con-
tinent has an important tin. Tin is a relatively scarce element with an
abundance in the earth's crust of about 2 parts per million (ppm),
compared with 94 ppm for zinc, 63 ppm for copper, and 12 ppm for
lead. Most of the world's tin is produced from placer deposits; at least
one-half comes from Southeast Asia. The only mineral of commercial
importance as a source of tin is cassiterite (SnO2), although small
quantities of tin are recovered from complex sulfides such as stannite,
cylindrite, franckeite, canfieldite, and teallite. Most tin is used as a
protective coating or as an alloy with other metals such as lead or zinc.
Tin is used in coatings for steel containers, in solders for joining pipes or

electrical/electronic circuits, in bearing alloys, in glass-making, and in a
wide range of tin chemical applications. Secondary, or scrap, tin is an
important source of the tin supply (Anderson, 2017).

The metal tin is a low hazard metal with a low melting point at
231.9 °C. The properties of tin are easily altered through alloys, al-
lowing for versatile applications in tin-coating, electrics and electronics,
automotive, machining, tin chemicals but also as filler in plastics.

The first section of the paper describes MINSUR, its history, geology,
mining operation and mill. After that, a quick introduction is given to
the physical separation technology of XRT sorting. Interested readers
can read more in information on this in the literature (Kleine and
Wotruba, 2010; Robben, 2013). Metallurgical results and production
data is presented. Despite other successful test work and project de-
velopment on tin ore from Central European mines, from Northern
Central Asia and Australasia this is the first publication of results from
an operation processing tin ore. The paper elaborates on operation and
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maintenance before summarizing and concluding.

2. About MINSUR’S San Rafael tin mining opeeration

MINSUR SA is a Peruvian mining company that belongs to the Breca
Group of Companies and is fully operated on Peruvian capital. MINSUR
owns and operates three mines, of which two are in Peru. The Peruvian
operations are San Rafael which produces tin and Pucamarca, which
produces gold. The Pitinga Mine is in Brasil and produces tin, niobium
and tantalum.

The mine of San Rafael is located in the La Venecia district in the
municipality of San Rafael. It is situated close to the city of Antauta, at
an altitude between 4500 and 5200m above sea level in the Eastern
Mountain chain of the Andes in Peru. In 2015, San Rafael contributed to
about 6% of the total world production of tin. Through both investment
and a cost reduction strategy, cash-cost per tonne treated at San Rafael
mine was decreased from 147 US$ per tonne to 127 US$ per tonne.

In 2015 about 1MT of ore with an average tin grade of 2.13% were
mined and processed, resulting in 20 kt of tin in concentrate.

2.1. History

The origins of MINSUR date back to the 20th century, when Lampa
Mining Company was the only mining company operating in the Puno
region. Lampa Mining was operating on the two sites of Santa Barbara
and San Rafael. Decades later MINSUR Ltd. was founded and trans-
formed to MINSUR SA, when it was acquired by the Breca Group of
companies. At the time of this transition, copper was the metal pro-
duced at San Rafael. In 1992, tin become the only metal mined, and,
since 1996, has been smelted and refined at the company owned and
operated smelter in Pisco. Fig. 1 shows the location of the San Rafael
Mine in the tin belt of the Central Andes.

2.2. Geology

The San Rafael mine exploits an unusually high-grade, lode-type
Sn–Cu deposit in the Eastern Cordillera of the Peruvian Central Andes.
The lode is centered on a shallow-level, Late Oligocene granitoid stock,
which was emplaced into early Paleozoic metasedimentary rocks. It has
a known vertical extent exceeding 1200m and displays marked vertical
primary metal zoning, with copper overlying tin. The tin mineralization
occurs mainly as cassiterite–quartz–chlorite veins and as cassiterite in
breccias. Copper mineralization occurs predominantly in the veins that
straddle the metasedimentary rock–intrusion contact or are hosted
entirely by slates. Both tin and copper mineralization are associated
with strong chloritic alteration, which is superimposed on an earlier
episode of sericitization and tourmaline–quartz veining. Based on the
distribution of alteration and ore mineralogy, cassiterite deposition and
subsequent chalcopyrite precipitation are believed to have been the
result of a single, prolonged hydrothermal event. It is proposed that this
mixing led to rapid oxidation of Sn (II) chloride species and caused
supersaturation of the fluids in cassiterite, resulting in the development
of localized, high-grade ore shoots. A favorable structural regime that
promoted large-scale mixing of two fluids originating under very dif-
ferent physico-chemical conditions appears to have been the key factor
responsible for the unusual richness of the deposit. (Mlynarczyk and
Williams-Jones, 2002; Kontak and Clark, 2002)

The following cross sections show the general occurrence of the
copper and tin ore bodies (see Figs. 2 and 3).

The veining structure of the ore body in combination with the large
crystallization not only favors larger scale mining activities, but also
enables processing by large particle separation technologies.

2.3. The mill

The concentrator plant produces Cassiterite concentrates through
two main circuits. Fig. 4 shows the functional flow-sheet of the main
San Rafael concentrator. The first circuit applies gravimetric con-
centration technologies. Jigs, spirals and shaking tables are operated in
this section of the plant. The second section applies flotation to con-
centrate the Cassiterite. Total tin recovery surpasses 90% with a plant
utilization of 98%.

Plant capacity is about 2900 tonnes per day. The average con-
centrate grade produced by the plant is 54.7% tin in concentrate. The
average water consumption per tonne is 13.29m3/t. Due to the high
density, large crystallization and brittle nature of Cassiterite, the flow-
sheet at San Rafael is complex and comprises multiple comminution
and concentration circuits. The following paragraphs describe the dif-
ferent sections of the plant in more detail.

After blending on a stockpile the run-of-mine material reaches the
jaw crusher which reduces the size from −610mm to 115mm. The
primary crusher product is then stored in an intermediate buffer bin
with a storage capacity of 2000 tonnes. The secondary crusher section
includes a cone crusher that is operated in conjunction with a screen for
undersize bypass. The secondary crusher is followed by a storage bin
with a capacity of 2500 tonnes. 94% of the product fraction from the
crushing circuit are smaller than 10mm.

The crushed product then enters the milling and jigging circuit,
where coarse Cassiterite is concentrated using two primary and four
secondary jigs. The jig tails pass two screens and feed the primary mill,
which is a rod mill with 3m by 4m dimensions. Mill product is 15–18%
smaller than 200 µm. Mill discharge is pumped to a spiral classification
system, where the fine fraction is fed to the spiral concentrators and the
coarse fraction to another set of jigs. The waste fraction from the jigs is
pumped to the ball mill.

The spiral section of the plant comprises 2mm screens and hydro-
cyclones with a d50 of 700 µm to prepare the feed for the spirals, which
produce a pre-concentrate.

The waste fractions from the above-mentioned processes are

Fig. 1. Location of the San Rafael deposit in the tin belt of the Central Andes.
The dots indicate deposits in the metalligenic belt (Mlynarczyk and Williams-
Jones, 2002).
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pumped to the secondary mill, which operate with two screens in closed
circuit. The product of this milling and classification step is smaller than
500 µm and is pumped to another bank of 10 spirals. The spiral tailings
are combined with the circulating load of the mill and classified in
25mm and 39mm cyclones. Three ball mills and one vertical mill. The
products from the 2.1×3.6m mill and 2.1m×2.4m mills feed forty
MG-2 spirals. The product from the 1.5 m×3m mill feeds six MG-2
spirals and the product of the vertical mill. The spiral products are
cleaned by another stage of fourteen spirals, which clean the product in
conjunction with shaking tables.

The product of the jigs, spirals, shaking tables and tertiary spirals is
screened at 430 µm and the oversize milled to final product size, which
is p85 of 430 µm. The undersize of the 430 micron screen reports to the
flotation circuit, where sulfuric contaminations are removed by inverse
flotation. The used process reagents are xanthates as the collector,
frother and sulfuric acid. The concentrates obtained from this flotation
section contain more than 57% Sn. Discharge from the rougher flotation
is scavenged in the so called ultra-fine flotation circuit applying column
flotation and producing a concentrate containing about 30% Sn.
Tailings from the scavenger flotation are fed back to the rougher

flotation circuit. Concentrates are dewatered using belt filters, ob-
taining a final product humidity of 5–6% and packed in big bags of
1.45 t each for road transport to the smelter in Pisco.

The water with solids sizing of about 79–80% smaller than 74 µm is
thickened in a 36m thickener and deslimed in cyclones 100mm, 60mm
and 45mm diameter. The utrafines resulting from the cyclones are fed
to a bank of cyclones for flotation of sulfides. The concentrate of the
second cleaning flotation cells is pumped to the concentration in the
multi-gravity seperator (MGS). The MGS are multi-gravity concentra-
tion equipment, which that subjects the mineral pulp to great cen-
trifugal forces. Taking advantage of the greater difference of specific
weight, the separation of the valuable mineral of the gangue is
achieved, thus obtaining thus the final concentrate of flotation with a
grade of approximately 38% of tin. The concentrate with a density of
approximately 1600 g/l is filtered in a filter press until it reaches a
humidity of 9%. The concentrate discharges to a small storage hopper,
from where it is loaded into big bags of approx. 1.400 tonnes for
shipment to the Funsur smelter.

Tailings produced account for 95% of the total feed weight of the
plant, and must be stored safely for all time in the future. The tailings

Fig. 2. (a) Longitudinal section of the San Rafael lode; mine levels correspond to the elevation. (b) Cross section of the San Rafael lode through the contact ore body
(N 58 E) (Mlynarczyk and Williams-Jones, 2002).

Fig. 3. Structural contours on the San Rafael lode and intrusion-metasedimentary rock contact (Mlynarczyk and Williams-Jones, 2002).
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are initially thickened in a thickener of 80' diameter, with a large ca-
pacity to recover approximately 45% of the water contained to be sent
to the tailings storage (Bofedal III). Of the remaining thickened solids
with a density of 50–55%, one part is pumped to the PRELL, while the
remaining fraction is sent to the tailings storage facility (Bofedal III). It
is transported in a trough or pipe. The trough is arranged with a slight
slope and flows by gravity at atmospheric pressure. The coarser sand
fraction is separated and sent to the wall. The fine pulp is fed to the
intermediate zone of the tailings pond. The fines and muds from the
cyclone tailings are distributed along the front face of the dam, where
they form a “beach” with approximately 0.5% slope. The following
table shows the metallurgical balance of the concentrator at the San
Rafael Mine after the implementation of the sensor-based ore sorting
solution (see Table 1).

3. X-ray transmission based ore sorting

This section briefly introduces the technology of X-ray transmission-
based ore sorting (XRT sorting). XRT sorting is a type of sensor-based
sorting. The term “sensor-based sorting” (SBS) has been introduced as
an umbrella term for all applications where particles are singularly
detected by a sensor technique and then rejected by an amplified me-
chanical, hydraulic or pneumatic process (Wotruba and Harbeck,
2010). Other terminologies used in the industry are “ore sorting”,
“automated sorting”, “electronic sorting”, “particle sorting” or “optical
sorting”.

SBS is the only mechanized mineral processing where the separating
force is detached from the separation criterion. This makes it unique but
also more difficult to imagine and understand for persons that are fa-
miliar with the topic. The variety of industrially available sensors as

well as the flexibility in programming different sorting algorithms make
the technology very complex, but also extremely versatile in its appli-
cation.

XRT sorting is based on a planar projection of X-ray attenuation of a
particle stream. These particles are distributed either on a chute or fast
conveyor, and they are scanned and evaluated individually while pas-
sing. Hard X-ray radiation is emitted on one side of the material stream,
and an image is recorded by a line scan detector on the other side. Fig. 5
shows the working principle of a belt-type XRT sorter. The particles are
fed to the machine via vibrating feeder, diverted down a shaped chute,
stabilized on the high-speed conveyor, detected by the X-ray system,
analyzed and classified in the sorter control, and rejected depending on
the classification of each individual particles.

The capacity of XRT sorting machines varies with particle size, bulk
density of the feed and specific sorting tasks. The maximum for state-of-
the-art sorting machines is currently around 450 tonnes per hour.

XRT-sorters have been successfully installed for diamond con-
centration, processing of chromite, coal, iron ore, limestone, phosphate
ore, talc, tin ore, tungsten ore and more. The application of XRT sorting
at the Mittersill tungsten mine is well documented and published
(Robben and Mosser, 2014; Manoucheri et al., 2016), as is the recovery
of large diamonds at Lucara Mining’s Karowe mine (Kwantes, 2017).

4. Aim of the project

During peak times of operation, around the year 2000, the San
Rafael Mine contributed almost 50 kt of contained tin in concentrate to
a total of 260 kt of world production. This quantity represented about
20% of world tin production coming from San Rafael Mine. It was
projected that tin production from the mine would decrease by 2 kt
between 2013 and 2018, while a significant decrease by 17 kt was
projected for the period of 2018 to –2020. The negative trend resulted
from a combination of factors. The challenge originates from a rela-
tively low level of market prices at about 20 k$ US per tonne of refined
tin, declining head grades through depletion of rich parts of the deposit
and operating costs.

In order to ensure asset value, MINSUR has initiated amongst other
activities such as increased exploration activities and the tailings re-
treatment project B2 the “ore sorting” project. The aim of the project
development, which started in 2015, was thus formulated to reject low

Fig. 4. Functional flow-sheet of the mill at San Rafael Mine.

Table 1
Metallurgical results of the concentrator at San Rafael Mine.

Fraction Weight [%] Grade of Sn
[%]

Distribution of Sn [%]

Feed 100 1.84 100
Gravimetric concentrate 3.6 40.8 92.5
Flotation concentrate 0.8 28.6
Tailings 95.6 0.15 7.5
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grade material in coarse particle size. The intention was to separate sub-
economic material before entering the more cost-intensive wet pro-
cessing, debottlenecking the wet section and increasing productivity by
increasing the feed grade. In addition, the expectation was to lower the
total cash cost per tonne of tin produced and thus decreasing the cut-off
grade, which would have positive effects on cut-of grade resource in-
teraction and longer life of mine.

As a first target, the treatment of the Cancha 35 was selected as a
priority for the project. Cancha 35, at that time, represented about 1M
tonnes of mine development waste of marginal grade at about 0.76%
contained tin.

5. Amenability of the San Rafael ore and sorting criterion

Cassiterite is a tin dioxide (Sn02) with a specific gravity of
6.8–7.1 gr/cm3 and is therefore predominantly beneficiated using
gravimetric separation technologies. But next to the high specific
gravity, it also has a high atomic density, dominated by the atomic
number (Z) 50 which governs the attenuation of transmitting X-rays.

When first assessing the amenability of the ore from San Rafael
Mine, it became obvious, that three main factors contributed to a po-
sitive evaluation of sensor-based particle sorting for waste rejection.

1. Tin contained in Cassiterite inherits a high absorption of transmit-
ting X-rays, due to the high specific and atomic density.

2. The mineralization of Cassiterite occurs as larger minerals of clus-
ters of Cassiterite in a lighter host rock. This means that the struc-
tures of Cassiterite are large enough to be detected by the XRT
imaging system.

3. There is a significant degree of liberation of sub-economic waste on
the particle level that may be subject to sensor-based particle
sorting.

The following figure shows exemplary XRT raw images and classi-
fied images to display the sorting criterion (see Fig. 6).

With the positive outlook, project development and metallurgical
test work commenced. The proof of amenability was established
through analysis of single particles. MINSUR prepared 20 geological
hand specimens for the analysis, which were classified using the
method called “Condori”. All samples were registered, photographed,
weighed and described by a geologist (columns 4–6; 12). After that,

samples were sent to Germany and scanned by an XRT scanning system,
which represents the same dynamic conditions of the measurement in a
production process. Column 2 contains a photograph of the sample and
column 3 contains the classified XRT image per the respective density
classes. Black, red and yellow classes represent areas of high adsorption
of transmitted X-rays. After the scanning process, all particles were
individually assayed. An excerpt of the assays is shown in columns
7–11. The analysis showed that there was a high degree of correlation
between X-ray attenuation and contained tin. Based on those results,
the decision was taken to proceed with Performance Test work, which is
described in the next paragraph (see Table 2).

6. Performance test work

The analysis on single particles investigates exclusively the detec-
tion efficiency of the XRT-system in relation to recovery of tin. To ob-
tain the necessary process data for feasibility analysis of the project, it is
necessary to conduct performance test work. Performance test work
inherits the efficiencies of all sub-processes of sensor-based particle
sorting covering the efficiencies of material preparation, material
handling and physical separation (platform-, preparation-, presenta-
tion- and separation efficiency) (Robben, 2013). Consequently, there is
no scale up from performance tests on industrial scale equipment to
production scale. The only scale up-factor in plant design is the working
width, which translates proportionally to the capacity in the respective
size fraction.

MINSUR prepared 1.4 tonnes of composite sample from the Cancha
35 stockpile in the size range 10–75mm by double stage crushing and
screening. The sample was transported to the TOMRA Sorting test fa-
cility near Hamburg in Germany. Fig. 7 shows the particle size dis-
tribution of the sample received.

Due to the working principle of XRT sorting, where thickness does
impact the attenuation characteristics, the screen decks used are long-
itudinal slotted screens. This accounts for both the creation of the feed
fractions for the Performance Test and the input for the following
particle size distribution.

Table 3 shows the metallurgical results of the Performance Test
Work. It can be seen that a large proportion of sub-economic waste
could be rejected. In the size fraction 5.6–8mm the feed grade was the
highest with 1.5% Sn manifesting again the brittle nature of Cassiterite.
95% Sn were recovered in 32% of the mass. The tin content was

Fig. 5. Working principle of XRT-sorting.
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increased by a factor of 3 from 1.5% Sn to 4.4% Sn. Due to the fine size,
relatively high capacity, higher feed grade and, in comparison, to the
particle size rough nozzle pitch, the waste for this fraction shows a
slightly increased tin content of 0.12% Sn.

Two different cut-points were tested for the 8–20mm size fraction.
The first test shows about 28% mass reporting to product recovering
about 96% of tin. The grade was increased by a concentration factor of
three as well from 1.2% Sn to 3.5% Sn. With a second setting, mass
yield was reduced to 17% and a concentration factor of 3.8 was ar-
chived, increasing the feed grade from 1.2% to 4.5% Sn in product. This
change in performance cannot only be described by the change in
software settings, but also by the obviously inherently different nature
of the feed sample.

The different feed characteristics are also visible in the feed grades
of the 20–40mm tests, where one sample had 1.2% Sn in feed and the

second 1% Sn. In the first test, about 97% of tin were recovered in 32%
of the mass, increasing the grade from 1.24% Sn to 4.3% Sn. Waste
grade was 0.06%. In the second test, the highest concentration factor of
the campaign is achieved, which is 5.5. The feed grade of 1% was in-
creased to 5.6% Sn, recovering 93% tin in 25% yield.

In the size fraction 40–75mm, about 95% of the tin is recovered in
33% of the mass. The feed grade of 1.5% Sn is increased by a factor of
2.9 to 4.5% Sn.

In conclusion from the Performance Test Work it may be stated that
significant amounts of material of almost 75% of the feed mass could be
removed from all size fractions tested. The average grade is below 0.1%
Sn, which was sub-economic, thus not financially feasible to feed to the
main plant of San Rafael. The product grade, however was significantly
above the required cut-off for mill feed.

Fig. 6. Exemplary raw XRT images (left) and classified images (right) for product (top) und waste (bottom).

Table 2
Sample log, geological desription and X-ray scans.

TOMRA - Germany - Ore Sorting Work conducted in San Rafael: processes, geology and chemical laboratory

Sample Stock 35 Visible inclusions Geological description Weight Sn Fe Cu Zn Pb Visible
Cassiterite

Brown area Eng. Nora Delgadillo (SR) Washed sample [grams] % % % % % [yes/no]

Quartz sample with clorite inclusions,
iron oxide patina

173.17 1.8 0.244 <0.001 <0.003 <0.005 no

Sample of intrusive rock, weak
cloritization of mafic minerals,
feldspar 90%, millimeter quartz

crystals and veinlets

116.44 0 0.3 <0.001 <0.003 <0.005 no

Sample of fine grain of intrusive rock,
weak cloritization of mafic minerals,
feldspar argillization, few millimeter

quartz grains

172.47 0 2,878 <0.001 0.007 < 0.005 no
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7. Ore sorting project

From approval of the project with the feasibility study to completion
of construction of a plant with a nominal capacity of 3000 tpd, it took
14months. In view of the significant economic potential, the project
was put on fast track, and was completed with only 2months’ delay
against the original time line. Engineering was conducted by AMEC. For
construction, mainly local contractors were applied. The sensor-based
ore sorting equipment was purchased from TOMRA Sorting through
their partner Outotec.

The following table shows the capital cost for the plant, including
crushing, screening, sorting, compressor station and material handling
by belt. The total cost of the project of 23.5 million dollars was in line
with the budget (see Table 4).

Seven contractors and up to 600 people were employed at peak
times, with no accidents to be recorded. Supervision of construction and
commissioning was the responsibility of MINSUR. Fig. 8 shows the
simplified flow-sheet of the ore sorting plant. It can be divided into the
three main unit processes size-reduction, classification and sorting.
Double stage crushing operated in closed circuit reduces the top size of
the feed to 70mm. By classification on two main screens the −6mm
fraction is removed, which reports the gravimetric section of the main
plant. The coarse fractions are sorted at +6–11mm, +11–22mm,
+22–38mm and +38–70mm in four parallel streams. By feeding
parallel size fractions, the sensitivity of the system to alterations of the
particle size distribution is increased. This is buffered by bunkers in
front of each sorter and outweighed by the advantage, that parallel size
increase both the detection efficiency and separation efficiency of the
sorting machines.

8. Operation

The ramp up lasted about 6months. In conjunction with the deci-
sion to add a secondary cone crusher, capacity finally increased to
3600 tpd. Due to the high degree of instrumentation and automation of
the plant, it was only operated by instrumentation and automation
specialist. The main challenges experienced during the ramp up phase
were the stabilization of the crushing section and the pneumatic system.

Fig. 9 shows the development of feed tonnage during the first eleven
months of production. The feed during the first month was around
1500 tpd, then gradually increasing to around 3400 tpd.

About 21% of the feed report as undersize to the −6mm fraction.
With decreasing size, both the specific operating costs per tonne treated
rose as well as the challenges in material handling. An increased grade
deportation to this size fraction was experienced due to the brittle
nature of the Cassiterite. The average feed grade of the plant is 0.66%
Sn in April 2017. The grade reporting to the −6mm fraction was
slightly concentrated to 0.90% Sn, while the coarser fractions feeding to
the sorter contained 0.59% Sn. Table 5 displays the Sn grade by size
deportation and weigh distribution of the sensor-based ore sorting plant
feed.

In this section, the metallurgical results of the month of April are
discussed as an example. MINSUR has applied automated sampling
devices extracting increments every two hours. Increments are com-
posited to a day sample and reported. The following table shows the
average metallurgical results obtained in the month. The feed grade
was increased by a factor of 4.7 from 0.59% Sn to 2.79% Sn. The reject
grade was 0.07% Sn. Mass yield to concentrate is 19.4%, which equates
to a recovery of 90.4% (see Table 6).

The following graph shows the performance of the plant during the
first year of operation. The feed grade varied between 0.5% and 1% Sn
originating from the Cancha 35 stockpile and low grade run-of-mine
ore. After the ramp up, which lasted about 6months, the grade of Sn in
concentrate stabilized at about 2.5% Sn. Parallel to this, the tin grade in
the rejected waste fraction stabilized at 0.07% Sn. The recovery varied
between 97% and 91% and was impacted by internal production targets
(see Fig. 10).

The plant can be seen in Fig. 11. In the foreground is the sensor-
based sorter building with the four machines operating in parallel
alignment. The blue ducting outside the building is the dedusting
system, which prevents dust emissions resulting from handling dry fine
bulk materials and air ejection of the sensor-based ore sorting ma-
chines. The staircase leads to the top of the buffer bins. The next as-
sembly in the background is the screening tower with two linear motion
screens totaling five screen decks. In the far background is the feed bin
and primary crusher of the plant.
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Fig. 7. PSD of performance test sample.

Table 3
Metallurgical results from Performance Test Work.

Size [mm] Sn in feed Sn in product Sn in waste Sn recovery Yield Concen-tration Capacity [t/h*m]

5.6–8 1.5% 4.43% 0.12% 94.55% 32.0% 3.0 15
8–20 1.18% 3.53% 0.07% 95.96% 28.1% 3.0 30
8–20 1.17% 4.46% 0.05% 96.81% 16.7% 3.8 30
20–40 1.24% 4.26% 0.06% 96.52% 32.0% 3.4 60
20–40 1.01% 5.61% 0.09% 92.59% 25.4% 5.5 60
40–75 1.53% 4.47% 0.11% 95.14% 32.5% 2.9 110
Weighted Average 1.18% 4.41% 0.07% 93.44% 26.3% 3.8 n.a.

Table 4
Summary of capital cost for the sensor-based ore sorting plant with 300 tpd
capacity.

Item US$ *1000 %

Engineering 1793 7.6
Equipment 8729 37.1
Civil works 3160 13.4
Mechanical and electrical 5679 24.1
Indirect costs and commissioning 2793 11.9
Others 1374 5.8
Total 23,527 100.0
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9. Technical and economic impacts

The financial results of the sensor-based ore sorting project have
been very successful for MINSUR. Including the addition of the sec-
ondary crusher the total capital expenditure added up to 24mUS$.
Payback realized was four months. At 12.5% discount rate, the net
present value is 47. The low net present value is explained by the short
project lifetime which was just budgeted for retreatment of the Cancha
35 waste stockpile (see Table 7).

Several positive impacts have been identified in the operation that
contribute to a reduction in capital and operating costs.

9.1. Added value

Sensor-based ore sorting converted uneconomic waste material into
economic ore. Material, which is below the cut-off for the main plant
(0.9% Sn, 2014) can be treated with lower specific operating costs and
is converted into reserves.

In Fig. 12 the recovery of ore is represented with respect to the head
grade. Normally, the maximum recovery is high with the highest run-
of-mine grades and decreases with low grades. Minsur S.A. have defined
an updated run-of-mine cut-off of 0.64% Sn for San Rafael. Usually, the
plant is operated with an average of 1.9% Sn with a recovery of 93%.
The cut-off for ore is also defined is 0.14% Sn. The first area of material
that qualifies for sorting directly is the development waste and marginal
waste dumps at surface where the mining costs are already covered.
The effect of cumulative recovery of XRT-sorting plant and main plant
requires the calculation of the upper cut-off grade for the XRT-sorting
plant for low-grade economic ore to not destroy value. Currently, it is
1.1% Sn in San Rafael. The ore from this area is pre-concentrated and
the increases in recovery by increasing grade generates greater net
present value. The ore zone above the limit destroys value so the ore
sorting cannot be applied due to the cumulative recovery. It is im-
portant to know the geo-metallurgical and economic details for an
adequate evaluation of the case.

Fig. 8. Simplified flow-sheet of the sensor-based ore sorting plant.
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Fig. 9. Feed tonnage to ore sorting plant during ramp up phase.

Table 5
Grade by size deportation of Sn in ore sorting plant feed.

Fraction Weight [%] Grade of Sn [%] Distribution of Sn [%]

Plant feed 100 0.66 100
−6mm 20.8 0.90 12.3
6–70mm 79.2 0.59 87.7

Table 6
Metallurgical results of sensor-based ore sorting plant for the month April.

Fraction Weight [%] Grade of Sn [%] Distribution of Sn [%]

Sorter Feed (6–70mm) 100 0.59 100
Concentrate 19.4 2.76 90.4
Reject 80.6 0.07 9.6
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Fig. 10. Production data from sensor-based ore sorting at San Rafael.
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9.2. Increased capacity in the main plant

The main concentrator at San Rafael increased its total capacity by
105 due to a lower f80, which results from the crushing operation at the
XRT-sorting island. The products resulting from the sensor-based ore
sorting product combined with the concentrate from the −6mm
gravimetric concentrate inherit a smaller overall size distribution in
comparison to unconcentrated run-of-mine ore. Th plant capacity today

is 3,200 tpd, compared to the 2,950 tpd before the implementation of
the project.

9.3. Increased tin recovery in the main plant

The overall recovery of the main concentrator increased. Sensor-
based ore sorting rejects particles with very fine mineralized Cassiterite,
which is too small for being detected by the XRT-system. The increased
grade and size of mineralization thus increased the performance of the
main plant. Before the implementation of the sensor-based sorting plant
the recovery of the plant was about 90.5%. Today – after the im-
plementation – the recovery is 92.5%, which is a significant increase in
recovery by 2%. Part of this increase can be allocated to the fact that
concentrate grade for the smelter was lowered to increase recovery.

Fig. 11. Sensor-based ore sorting plant at San Rafael Mine.

Table 7
Financial results as predicted and realized.

Fraction Unit Predicted Realized

Capital expenditure mUS$ 23 24
Net present value @ 12.5% mUS$ 57 47
Internal rate of return % 193 175
Payback months 2.5 4

Fig. 12. Cut-off grade evaluations for the San Rafael main plant and the XRT-sorting plant.
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9.4. Increase in reserves

During the 40 years of operating the San Rafael Mine, parts of the
deposit have been excluded from mine development because they were
below cut-off. Today, about 24% of the feed to the sensor-based ore
sorting plant is contributed by low grade ore from underground. Due to
the overall increase in reserves, the life-of-mine is significantly in-
creased.

9.5. Elimination of liabilities

The Cancha 35 stockpile has been a source of acid mine drainage.
Through treatment of 100% of this material, it is ensured that the
material is properly treated and disposed of. In addition, financial
benefits have been obtained.

9.6. Decreased tailings disposal

By increasing the grade in the feed to the plant, the specific amount
of waste created is reduced by the sensor-based ore sorting system.
Instead, a coarse waste with no acid mine drainage potential was dis-
posed at lower costs.

10. Summary and conclusions

Minsur has successfully tested and implemented sensor-based ore
sorting as a unit process at San Rafael Mine. The detection technology
used is XRT, which enables identification of small Cassiterite inclusions
in a particle, due to the high specific and atomic density. The deposit of
San Rafael is especially suited for the technology due to the presence of
70–80% of uneconomic particles, which can be rejected over a wide
size range from +6 to −70mm. The testing phases were successfully
passed and the project implemented on fast track. A plant was designed,
constructed and commissioned with a capacity of 3600 tpd for a total
capital expenditure of 24mUS$. Payback for the investment was
achieved within four months.

MINSUR was able to decrease the cut-off grade. Mining costs were
decreased as a consequence contributing to a high profit margin for the
sensor-based ore sorting project. The contribution of the sensor-based

ore sorting project to MINSUR's total production in the year 2017 was
around 6000 tonnes of tin, which represents about 36% of the total
production.

Sensor-based ore sorting has been identified as a high potential
technology by MINSUR and all future projects will include sensor-based
ore sorting as a possible process route. The double impact on total plant
recovery (negative and positive) of sensor-based ore sorting makes
detailed testing of parallel process routes necessary, in combination
with financial analyses. The positive impacts of sensor-based ore sorting
are abundant and varied and have impacts on capital expenditures,
operating costs and environmental impacts of mining operations.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mineng.2019.105870.
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