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INTRODUCTION

The application of indicator mineral methods to mineral
exploration has grown and developed significantly over the
past two decades and they are now used around the world to
explore for a broad spectrum of commodities. Heavy mineral
suites have been identified for detecting a variety of ore
deposit types including diamond, gold, Ni-Cu, PGE, meta-
morphosed VMS, porphyry Cu, uranium, tin, and tungsten.
Indicator minerals, including ore, accessory, and alteration min-
erals, are usually sparsely distributed in their host rocks. They
may be sparser in surficial sediments, therefore sediment sam-
ples must be concentrated in order to recover and examine
them. Many indicator minerals have a moderate to high
(>2.9 g/cm?) specific gravity (SG), thus most processing tech-
niques concentrate indicator minerals using some type of den-
sity separation, often in combination with sizing and/or mag-
netic separations. As few as one sand-sized grain of a particu-
lar indicator mineral in a 10 kg sample may be significant. To
recover such potentially small quantities (equivalent to ppb) of
indicator minerals, samples are processed to reduce the volume
of material that must be examined. In reducing the volume of
material, processing techniques must be able to retain the indi-
cator mineral(s) without contaminating the sample and do so at
a reasonable cost.

Indicator minerals can be recovered from a variety of sam-
ple media, including stream, alluvial, glacial, or eolian sedi-
ments and residual soils. They can also recovered from both
weathered and fresh bedrock, as well as from mineralized float.
The combinations of processing techniques used by explo-
ration companies or government agencies for recovering indi-
cator minerals are quite varied (e.g. Gregory & White 1989;
Peuraniemi 1990; Davison 1993; Towie & Seet 1995; Chernet
et al. 1999; McClenaghan e a/ 1999). This paper describes
some of the common processing methods used to reduce sam-
ple weight, concentrate heavy minerals, and recover indicator
minerals (Fig, 1), including those for deposits of diamond, pre-
cious and base metals, and uranium. The methods used will
depend on the commodities being sought, as well as cost per
sample. As most oxide and silicate indicator minerals (e.g kim-
berlite, Ni-Cu-PGE, and metamorphosed massive sulphide
indicator minerals) are medium to coarse sand sized (0.25-
2.0 mm; Averill 2001), concentration techniques that recover
the sand-sized heavy minerals are required. In contrast,
approximately 90% of gold grains, platinum group minerals
(PGMs), and sulphide minerals are silt sized (<0.063 mm), thus
concentration of these indicators requires a preconcentration
technique that includes recovery of the silt- as well as the sand-
sized fractions.

SAMPLE WEIGHT

The weights of material collected for indicator mineral studies
will depend on the type of surficial sediment collected, the
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Fig. 1. Generalized flow sheet showing steps in sample processing
used to reduce sample weight, concentrate heavy minerals, and
recover indicator minerals.

grain-size characteristics of the sample material, the commod-
ity being sought, and shipping costs (Table 1). For example, in
glaciated terrain, clay-rich till samples may be 20 to 50 kg (or
more) in order to recover a sufficient weight of sand-sized
heavy minerals (Table 2, sample 5). Coarse-grained silty sand
till, typical of shield terrain, requires smaller (10 to 15 kg) sam-
ples because it contains more sand-sized material in the matrix
(Table 2, samples 1 to 4). Sediment samples collected for
recovery of porphyry Cu indicator minerals (PCIM) need only
be ~0.5 kg because porphyry Cu alteration systems are large
and rich in indicator minerals (Averill 2007). Bedrock and float
samples usually vary from 1 to 10 kg

BEDROCK PREPARATION

Bedrock and float samples often need to be crushed prior to
processing to recover heavy minerals. Crushing or disaggregat-
ing reduces rock fragment size to about 2 mm, or the average
size of mineral grains in the sample. Since rock crushers can be
difficult to clean between samples, barren quartz can be
crushed as a blank between each bedrock sample to reduce
cross contamination. To monitor heavy mineral carryover, the
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Table 1. Examples of the variation in sample weight and processing procedures with sample and target type at Overburden
Drilling Management Ltd.’s heavy mineral processing lab (Averill & Huneault 20006).

Required Separations

Typical Sample

Target R . Heavy Liquid Ferro- Para-
Weight (kg) Table  Micropan (Specific Gravity) Magnetic magnetic
A. Sediment Samples
Gold 10 Single Yes 3.3 Yes No
Kimberlite 10-30 Double No 3.2 Yes Yes
Massive sulphides (Ni-Cu-PGE, BHT, . Yes
VMS, |ocpe, MV% skarn) 10 Single  bGE only) 3.2 Yes Yes
Porphyry Cu 0.5 No No 2.8,3.2 Yes Two
Uranium 10 Single Yes 3.3 Yes No
Heavy mineral sands 20 Triple No 33 Yes  Optional
(grade evaluation)
Tampering (investigation) Variable Optional Yes 3.3 Yes Optional
B. Rock Samples
Gold, PGE, base metals 1 Optional Yes 3.3 Yes Optional
Kimberlite 1-10 Optional No 3.2 Yes Yes
Tampering (investigation) 1 No Yes 3.3 Yes Optional

blanks can then be processed and examined for heavy minerals
along with the actual sample concentrates.

PRECONCENTRATION METHODS

If sample shipping costs are an issue, samples may be partly
processed in the field to reduce the weight of material shipped
to the lab. Samples may be sieved to remove the coarse (>1 or
>2 mm) fraction, which may reduce weights from a few % to
30% (e.g. Table 2, columns B-C). Preconcentrating, using a
pan, jig, sluice box, or Knelson Concentrator, also may be car-
ried out in the field to further reduce the weight of material to
be shipped. Preconcentrates may be examined in the field, sig-
nificantly, reducing the time to obtain results for follow up.
However, preconcentrating in the field can itself be expensive
as well as time consuming, and the available methods may not
provide optimal recovery of the indicator minerals of interest.
Whether sieved off in the field or in the lab, the coarse
>2 mm fraction may be examined (pebble counts) to provide
additional information about sample provenance and transport
distance. The <2 (or <1) mm fraction is preconcentrated most
commonly using sieving and/or density methods (e.g. jig, shak-
ing table, spiral, dense media separator, pan, or Knelson
Concentrator) to reduce the weight of material to be examined
without losing indicator minerals. Some of the more common
preconcentration techniques are described below.

Panning

Panning is the oldest method used to recover indicator minet-
als, primarily for gold and PGMs. Sediment is placed in a pan

Fig. 2. Panning is one of the oldest methods used to reduce sample
volume and prepare a heavy mineral preconcentrate (photo from Wi
Spirito, Geological Survey of Canada).

and shaken sideways in a circular motion while being held just
under water, heavy minerals sink to the pan bottom and light
minerals rise and spill out over the top (e.g. Silva 1986; English
et al. 1987; Ballantyne & Harris 1997). Pans have varying shapes
(flat bottomed or conical) and sizes (Fig. 2), and can be made
out of plastic, metal, or wood. The advantages of this tech-
nique are that it can be a field or lab-based operation, is inex-
pensive in terms of equipment costs, and, if used in the field,
it reduces sample shipping weight and thus cost. Panning is

Table 2. Weight of fractions generated by a combination of tabling and heavy liquid separation (MI) to reduce till sample weight, concentrate
heavy minerals, and recover indicator minerals. A) initial sample weight; B) sieving of <2 mm; C) & D) tabling; E) heavy liquid separation;
F) ferro-magnetic separation; G) final heavy mineral concentrate weight. Till samples are from 1) the South Pit of the Thompson Ni Mine,
Thompson, Manitoba; 2) Broken Hammer Cu-PGE occurrence, Sudbury, Ontario; 3) Pamour Au Mine, Timmins, Ontario; 4) Triple B kimber-
lite, Lake Timiskaming field, Ontario; and 5) Buffalo Head Hills, northern Alberta.

Location Texture A: Total B: C: Weight of D: Weight of E: Weight F: Weight G: Weight of
sample Weight of sample put concentrate  of heavy of the non-magnetic
weight >2mm acrossthe  produced liquid light magnetic heavy mineral

(kg) clasts shaking  from shaking fraction (g) fraction (g) concentrate (g)
(kg) table (kg) table (g) 0.25-2.0 mm
1. Thompson Ni Belt  silty sand till  15.0 3.0 12.0 1015.9 104.5 36.4 47.9
2. Sudbury very sandy till  15.0 5.6 9.4 1125.1 402.6 13.0 18.9
3. Timmins Gold camp silty sand till  11.8 23 9.5 353.1 319.8 5.2 28.1
4. Triple B kimberlite  silty sand till 9.8 1.2 8.6 438.7 377.0 22.0 35.8
5. Northern Alberta clay till 67.4 2.4 65.0 1,307.0 1,235.2 5.6 11.5
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Fig. 3. a) Schematic plan view of a shaking table (Silva 19806); b)
close up of heavy minerals separating from light minerals on a shak-
ing table (photo from Overburden Drilling Management Ltd.).

often used in combination with other preconcentration meth-
ods to recover the silt-sized precious metal grains (e.g. Grant ez
al. 1991; Leake et al. 1991, 1998; Ballantyne & Harris 1997;
Wierchowiec 2002). The disadvantages of this method are that
is slow, is highly dependent on the experience and skill of the
operator, and therefore requires consistent personnel to per-
form the panning,

Tabling

Preconcentration using a shaking (Wilfley) table is a commonly
used method for separating minerals on the basis of density
(Silva 1986). It recovers silt to coarse sand-sized heavy miner-
als for a broad spectrum of commodities, including diamonds,
precious and base metals, and uranium (Averill & Huneault
2000). Silva (1986) describes this method consisting of a table
with the deck covered with up to 1 c¢m high riffles along half
of the surface (Fig. 3a). A motor mounted to the side drives a
small arm that shakes the table along its length. A slurry of
<2.0 mm sample material and water is fed along the top of the
table, perpendicular to the direction of the table motion. The
table is shaken sideways using a slow forward stroke and a fast
return strike that causes the grains to crawl along the deck pat-
allel to the direction of motion. The shaking motion, com-
bined with the water wash, moves grains diagonally across the
deck from the feed end and separates them on the table
according to size and density (Fig. 3b). If kimberlite indicators
are targeted, the sample may be tabled twice to ensure higher
recovery of the key lower density minerals, such as Cr-diopside
and forsteritic olivine, as well as the coarsest grains. The advan-

tages of this method are its moderate cost, ability to recover
indicator minerals for a broad spectrum of commodities, and
ability to recover silt- as well as sand-sized indicators. It is a well
established method for the recovery of precious and metallic
metal mineral grains, as well as kimberlite indicator minerals
(e.g. English e¢# al. 1987; McClenaghan ef al. 1998; 2002). The
disadvantages of this method include the loss of some heavy
minerals during tabling, the longer time required to process
each sample, and that the tabling procedure is dependent on
the skill of the operator.

Dense media separator

A gravity method commonly used to preconcentrate kimbetlite
indicator minerals is the micro-scale dense media separator
(DMS) (Fig. 4). As described by Baumgartner (2006), heavy
mineral concentration is carried out using a gravity-fed high-
pressure cyclone. The <1 mm fraction of a sample is mixed
with ferrosilicon (FeSi) to produce a slurry that has a con-
trolled density. The slurry is fed into a cyclone where the grains
travel radially and helically, forcing the heavier particles toward
the wall of the cyclone and the lighter particles toward the cen-
tre. The lighter and heavier particles exit the cyclone through
different holes, with the light fraction discarded and the heavy
fraction collected on a 0.25 or 0.3 mm screen. The >0.25/0.3
mm heavy fraction is then dried and screened to remove resid-
ual FeSi. A Tromp curve is used to define the efficiency and
precision of the DMS separation. The cut-point, or threshold,
spans a density range of 0.2 g/cm3 at approximately 3.1
g/cm3 and is calibrated to recover the common kimbetlite

Fig. 4. Micro dense media separator used at Mineral Services Canada
to separate kimberlite indicator minerals (photo from Mineral
Services Canada).
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Fig. 5. Lab-based Knelson concentrator used to prepate a precon-
centrate for recovery of kimbetlite indicator minerals from till by the
Geological Survey of Finland (from Marmo e a/. 2008).

indicator minerals that have a specific gravity of >3.1 g/cm3:
pyrope garnet, chrome-spinel, Mg-ilmenite, Cr-diopside,
forsteritic olivine, and diamond. The required cut point is
established using the computerized control panel on the DMS
and the Tromp curve is then tested using synthetic density trac-
ers before proceeding with processing the samples. The density
settings and cut points are checked once per day to maintain
accurate specific-gravity thresholds. The advantages of the
micro DMS system are that it is fast, less susceptible to sample
contamination than other heavy mineral concentrating tech-
niques, and not operator dependent. The method, however, is
more expensive than other methods described here and it does
not recover silt-sized precious and base metal indicator miner-
als.

Knelson concentrator

The Knelson concentrator is a fluidized centrifugal separator
(Fig. 5) that was originally designed for concentrating gold and
platinum from placer and bedrock samples. However, in recent
years, it has also been used to recover kimberlite indicator min-
erals from sediment samples (e.g. Chernet e 2/. 1999; Lehtonen
et al. 2005). The concentrator can handle particle sizes from
>10 microns up to a maximum of 6 mm. The general pro-
cessing procedure, from the Knelson Concentrator website:
http:/ /wwwknelsongravitysolutions.com/, states that watet is
introduced into a concentrate cone through a series of holes in
rings on the side of the cone. The sample slurry is then intro-
duced into the concentrate cone from a tube at the top. When
the slurry reaches the bottom of the cone, it is forced outward
and up the cone wall by centrifugal force from the spinning
cone. The slurry fills each ring on the inside of the cone wall
to capacity to create a concentrating bed. Particles with high
specific gravity are captured in the rings and retained in the
concentrating cone. At the end of the concentrate cycle, con-
centrates are flushed from the cone into the sample collector.
Chernet ef al’s (1999) procedure for kimbetlite indicator min-
erals takes 5 to 11 minutes per sample. The advantages of the
Khnelson concentrator are that it is fast, inexpensive, and can be
used in a lab or mobilized to the field to reduce the weight of
material to be shipped to the lab. However, recovery of kim-
berlite indicator minerals from silt-poor material, such as esker
sand or stream sediments, is difficult due to the absence of

fine-grained material to keep the slurry in suspension (Chernet
et al. 1999).

Rotary spiral concentrator

Heavy minerals can be recovered using a rotary spiral concen-
trator, which consists of a flat circular stainless steel bowl with
rubber ribs that spiral inward (Fig. 0), a detailed description of
which is reported by Silva (1986). A spiral concentrator is
mounted on a frame so it can be tilted and has a water wash
bar extending laterally from one side of the bowl to the centre.
As the bowl spins, water is sprayed from the bar and heavy
mineral grains move up and inward along the spirals to the cen-
tral opening, where they are collected in a container behind the
bowl. Water washes light minerals down to the bottom bowl.
The heaviest minerals are recovered first. The advantages of
the spiral concentrator are that it can be field based and thus
reduce sample weight to be shipped, it is inexpensive to acquire
and operate, it is fast if the material is sandy, and it recovers
indicator minerals across a broad size range, from silt- to sand-
size grains. The method, however, is dependent on the experi-
ence and skill of the operator, the lower density threshold is
variable, there is some loss of heavy minerals, and the method
is slow if the sample is clay-rich. It is used mainly for gold
recovery (e.g. Maurice & Mercier 1986; Silva 1986) but in the
past 10 years it also has been used for the recovery of kimber-
lite indicator minerals (e.g. Sarala & Peuraniemi 2007).

Magnetic separation and sieving

Indicator minerals may also be preconcentrated using magnetic
separation in combination with sieving, such as the lab proce-
dures described by Le Couteur & McLeod (2006). Their spe-
cific methods include wet screening, typically at 0.86 mm and
0.25 mm. The 0.25 to 0.86 mm fraction is dried, weighed, and
then treated to magnetic separation using a permanent Fe-Nd
dry-belt magnetic separator operating at 2.1 Tesla. The magnet
divides the sample into three fractions: 1) non-magnetic / dia-
magnetic, 2) weakly paramagnetic, and 3) strongly paramagnetic.
The weak (2) and strong (3) paramagnetic fractions are com-
bined in one “magnetic concentrate” that is then processed
through heavy liquids. The advantages of this procedure are
that it is fast and inexpensive. Their methods, however, do not
allow for the recovery of silt-sized precious and base metal
grains, and do not recover coarse (>1 mm) indicator minerals.

Fig. 6. Lab-based rotary spiral concentrator used by the Geological
Survey of Finland (photo from P. Sarala, Geological Survey of
Finland).
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Fig. 7. Separation of heavy and light minerals is carried out using a
specific heavy liquid of known density in separatory funnels. Heavy
minerals sink and light minerals float to the top (photo from
Overburden Drilling Management Ltd.).

FINAL CONCENTRATION METHODS

A preconcentrate is usually further refined using heavy liquids
of a precise density to further reduce the size of the concen-
trate prior to heavy mineral selection (Table 2, column E).
Heavy liquid separation (Fig. 7) provides a sharp separation
between heavy (sink) and light minerals (float) at an exact
known density. It is slow and expensive and therefore not eco-
nomical for large volumes of sample material, hence the pre-
concentration procedures that come before this step. The most
common heavy liquids used include methylene iodide (MI)
with a SG of 3.3 g/cm3 and tetrabromoethane (TBE) with a
SG of 2.96 g/cm3. The density threshold will depend on the
indicator minerals being sought. Some labs use a combination
of both heavy liquids, separating first using TBE to reduce the
volume of material to be further separated using MI (e.g Le
Couteur & McLeod 2006). The recovery of kimberlite and
magmatic Ni-Cu-PGE indicator minerals requires heavy liquid
separation at SG 3.2 g/cm3 (using dilute methylene iodide) to
include the lowest density indicators Cr-diopside and forsteritic
olivine. Recovery of porphyry Cu indicator minerals requires
separation at a specific gravity of 2.8 to 3.2 g/cm3 in order to
recover the mid-density indicators tourmaline (dravite), alunite,
and turquoise (Averill 2007).

Ferromagnetic minerals may comprise a considerable pot-
tion of the post heavy liquid concentrate (e.g. Table 2, column
F) and thus removing them decreases concentrate size. The
ferromagnetic minerals and any steel contaminants from sam-
pling or processing are removed using a magnetic separator
and commonly set aside unless magnetite, pyrrhotite, or mag-
netic ilmenite are important indicator minerals.

The non-ferromagnetic fraction is commonly sieved into
two or three size fractions (e.g. 0.25-0.5 mm, 0.5-1.0 mm, and
1.0-2.0 mm) for picking of indicator minerals; however the
final size range will depend on the commodity sought. For
example, kimberlite indicator minerals are most abundant in
the 0.25-0.5 mm fraction (McClenaghan & Kjarsgaard 2007)
and thus to maximize recovery and minimize counting time
and cost, the finest size fraction is most commonly picked.

A specific size fraction of the non-ferromagnetic heavy
mineral fraction may be further separated electromagnetically

into fractions with different paramagnetic characteristics to
help reduce the volume of material to be examined for indica-
tor minerals (Averill & Huneault 2006). Paramagnetic minerals
are not magnetic, but are weakly attracted into a magnetic field.
Paramagnetic minerals with different degrees of paramagnet-
ism can be separated from one another by varying the strength
of the magnetic field produced by an electromagnet. Minerals
such as diamond are nonparamagnetic; pyrope garnet, eclogitic
garnet, Cr-diopside, and forsteritic olivine are nonpara-
magnetic to weakly paramagnetic; and Cr-spinel and Mg-
ilmenite are moderately to strongly paramagnetic (see Table 1
in McClenaghan & Kjarsgaard 2007). If the non- or paramag-
netic portion of the concentrate contains a significant amount
of almandine garnet, it may be processed through a magstream
separator to remove the orange almandine from similar look-
ing eclogitic or pyrope garnets. Magstream separation divides
the concentrate into (1) a fraction containing most of the sili-
cates (e.g. pyrope and eclogitic garnet) and no almandine, and
(2) a fraction containing ilmenite, chromite, and other moder-
ately magnetic minerals, such as almandine (Baumgartner
2000).

INDICATOR MINERAL SELECTION
AND EXAMINATION

Indicator minerals are selected from non-ferromagnetic heavy
mineral concentrates during a visual scan, in most cases, of the
finer size fractions (e.g. 0.25-0.5 mm, or 0.3-0.5 mm, 0.25-0.86
mm) using a binocular microscope. The grains are counted and
a selection of grains is removed from the sample for analysis
using an electron microprobe to confirm their identification.
Methods for examining a sample for counting/picking vary
from rolling conveyor belts to dishes/paper marked with lines
or grids. If a concentrate is unusually large, then a split is exam-
ined and the indicator mineral counts are normalized to the
total weight of the concentrate. If a split is picked, the weight
of the split and the total weight should both be recorded. Not
all grains counted in a sample will be removed for microprobe
analyses. If this is the case, the total number of grains counted
and the number of grains removed should both be recorded.

Indicator minerals are visually identified in concentrates on
the basis of colour, crystal habit, and surface textures, which
may include such features such as kelyphite rims and orange-
peel textures on kimberlitic garnets (Garvie 2003;
McClenaghan & Kjarsgaard 2007). Scheelite and zircon in a
concentrate may be identified and counted under short-wave
ultraviolet light because they fluoresce. Gold and PGM grains
may be panned from preconcentrates that were prepared in
such a way that the silt-sized fraction has been retained (e.g
tabling). The grains may be counted and classified with the aid
of an optical or scanning electron microscope. Commonly,
gold grains are classified according to their shape/degtee of
wear (e.g. Dilabio 1990; Wierchowiec 2002), as this can pro-
vide information about relative transport distances.

INDICATOR MINERAL CHEMISTRY

Mineral chemical analysis by electron microprobe, scanning
electron microprobe (SEM), laser ablation ICP-MS, or second-
ary ion mass spectrometry (SIMS) may be carried out to deter-
mine major, minot, and trace element contents of specific indi-
cator minerals (Jackson 2009) because mineral chemistry is
used to confirm identity, establish mineral paragenesis, and in
some cases deposit grade (e.g. Ramsden ez a/. 1999; Belousova
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et al. 2002; Averill 2007; Scott & Radford 2007; Spry ez al. 2009).
For example, kimberlite indicator minerals are characterized by
a specific range of compositions that reflect their mantle
source and diamond grade (e.g. Fipke ¢z a/. 1995; Schulze 1997;
Gritter ez al. 2004; Wyatt ez al. 2004; Gritter 2007). Gold,
PGM, and sulphide grains may be analyzed to determine their
trace element chemistry (e.g. Grant et a/. 1991; Podlipsky et al.
2007) or isotopic compositions (e.g. Hattori & Cabri 1992).

QUALITY CONTROL

Project geologists should use a combination of blank samples
(no indicator minerals), spiked samples (containing a known
quantity of specific indicator mineral species), and field dupli-
cates, as well as repicking of 10% of the heavy mineral con-
centrates to monitor a heavy mineral processing lab’s potential
for sample contamination and quality of mineral grain recov-
ery and selection. In addition, heavy mineral processing and
selection labs should be asked to report their own quality con-
trol monitoring procedures and test results.

SUMMARY

This paper has described some of more common procedures
available in commercial labs for processing surficial media and
rocks to recover indicator minerals for mineral exploration.
The processing method used will depend on sample media,
commodities being sought, budget, bedrock and surficial geol-
ogy of the survey area, and processing methods used for pre-
vious batches. When reporting indicator mineral results in
company assessment files, government reports, or scientific
papers, it is helpful to report the lab name, processing methods
used, and sample weights. Monitoring of quality control is
essential at each stage in the processing, picking, and analytical
procedures, and should be monitored both by the processing
labs and clients. Geologists are encouraged to visit processing
labs so that they have a clear understanding of the procedures
being used and can discuss customizations needed for specific
sample batches.
ESS Contribution number: 20080733.
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