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INTRODUCTION

This report contains the workshop notes that were provided for a one-day short course during This
open file report contains the workshop notes for “Workshop 5: Application of Indicator Mineral
Methods to Bedrock and Sediments” that was convened on October 22, 2017 in Toronto, Canada,
as part of Exploration ’17, the sixth decennial exploration and mining conference in a series that
has been held in the seventh year of every decade since 1967 (http://www.exploration17.com/).
The theme of the Exploration ’17 conference was “integrating the geosciences: the challenge of
discovery”. Workshop 5 reviewed the principles, methods, and developments in the application of
indicator mineral methods to mineral exploration around the world. The talks and workshop notes
were presented by some of the most experienced practitioners in the field. Indicator mineral meth-
ods for the exploration for a broad range of deposit types were reviewed, including gold, dia-
monds, volcanogenic massive sulphide, porphyry copper, rare metals, and tungsten. Topics also
included heavy mineral sample processing methods and microanalytical techniques. Support for
convening the workshop and production of conference workshop notes and this report was gener-
ously provided by the Geological Survey of Canada through its Targeted Geoscience Initiative
(TGI-5) and Geo-mapping for Energy and Minerals (GEM) programs. 

Beth McClenaghan    
Geological Survey of Canada
Natural Resources Canada 

and     

Dan Layton-Matthews
Department of Geological Sciences and Geological Engineering
Queen’s University



These workshop notes are a summary of a more
detailed paper (McClenaghan, 2011) describing com-
mon sample processing methods used in mineral explo-
ration programs to reduce sample volume, concentrate
heavy minerals, and recover indicator minerals (Fig.
1). These notes are also an updated version of previ-
ously published workshop notes presented in 2009,
2011, and 2013 (McClenaghan, 2009, 2011, 2014). The
application of indicator mineral methods to mineral
exploration has expanded and developed significantly
over the past three decades and these methods are now
used around the world to explore for a broad spectrum
of mineral deposit types. The recovery of indicator
minerals from sediment samples has been reported for
many deposit types including kimberlites (diamonds)
(e.g. McClenaghan and Kjarsgaard, 2007), lode gold
(e.g. McClenaghan and Cabri, 2011; Averill, 2017;
Chapman et al., 2017), magmatic Ni-Cu-PGE (e.g.
Averill, 2001, 2011; McClenaghan et al., 2011), meta-
morphosed VMS (e.g. McClenaghan et al., 2015), por-
phyry Cu (e.g. Kelley et al., 2011; Averill, 2011;
Plouffe et al., 2016), Mississippi Valley-Type Pb-Zn
(e.g. Paulen et al., 2011; McClenaghan et al. in press),
intrusion-hosted Sn and W (McClenaghan et al.,
2017a,b), and rare metals (e.g. Mackay et al., 2015;
McClenaghan et al. this volume). 

Indicator minerals, including ore, accessory, and
alteration minerals, can be sparsely distributed or con-
centrated in zones in their host rocks. In sediments
derived from these rocks, the indicator minerals may be
even more sparsely distributed because of dilution
from other rock debris; thus, sediment samples must be
concentrated in order to recover and examine the indi-
cator minerals. Most indicator minerals have a moder-
ate to high specific gravity; therefore, most processing
techniques use some type of density separation, often
in combination with sizing and/or magnetic separation,
to concentrate the minerals. The presence of specific
indicator minerals in unconsolidated sediments pro-
vides evidence of a bedrock source and, in some cases,
the chemical composition of the minerals may reflect
the ore grade of the bedrock source. As little as one
sand-sized grain of a specific indicator mineral in a 10
kg sediment 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. The pro-

cessing techniques employed must retain the indicator
mineral(s) without contaminating the sample and must
be reasonable in cost.  Indicator minerals can be recov-
ered from a variety of sample media, including stream,
alluvial, glacial, beach, or eolian sediments, and resid-
ual soils. They can also be recovered from weathered
and fresh bedrock, as well as mineralized float. The
combinations of processing techniques used for recov-
ering indicator minerals by exploration companies and
government agencies are quite variable (e.g. Gregory
and White, 1989; Peuraniemi, 1990; Davison, 1993;
Towie and Seet, 1995; Chernet et al., 1999;
McClenaghan et al., 1999; Gent et al., 2011; Plouffe et
al., 2013). The processing methods used will depend on
the commodities being sought as well as the cost per
sample. Most oxide and silicate indicator minerals are
easily recovered from the medium to coarse sand-sized
(0.25–2.0 mm) fraction. Therefore, concentration tech-
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Figure 1. Generalized flow sheet showing steps in sample
processing used to reduce sample weight, concentrate
heavy minerals, and recover indicator minerals.
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niques that recover the sand-sized heavy minerals can

be used. In contrast, a significant proportion of gold,

platinum group minerals (PGM), sulphide minerals,

and rare metal minerals (Laukkanen et al., 2011) are

silt-sized (<0.063 mm), thus concentration of these

indicator minerals requires a preconcentration tech-

nique that includes recovery of the silt- as well as the

sand-sized fractions.  

SAMPLE WEIGHT

The sample weight of material required for indicator

mineral studies will vary depending on the type of sur-

ficial sediment collected, the grain size characteristics

of the sample material, the commodity being sought,

and shipping costs (Table 1). For example, in glaciated

terrain clay-rich till samples may have to be 20 to 30 kg

(or more) to recover a sufficient weight of sand-sized

heavy minerals (Table 2, #5) (e.g. Spirito et al., 2011).
In contrast, coarse-grained silty sand till typical of
shield terrain requires smaller (10 to 15 kg) samples
because it contains more sand-sized material in the
matrix (Table 2, #1 to 4) (Spirito et al., 2011). Alluvial
sand and gravel samples collected for recovery of por-
phyry Cu indicator minerals (PCIM) can be as small as
~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. The sample mass for indicator mineral studies will
vary depending on the type of surficial sediment col-
lected, the grain-size characteristics of the sample
material, the commodity being sought, and shipping
costs (Table 1). For example, in glaciated terrain, the
mass of clay-rich till samples may have to be 20 to 30
kg (or more) to recover a sufficient quantity of sand-
sized heavy minerals (Table 2, #5) (e.g. Spirito et al.,

Required Separations
Target Typical Sample 

Weight (kg)
Table Micropan Heavy Liquid

(specific 
gravity)

Ferro-
magnetic 

separation?

Para-
magnetic 

separation?

A. Sediment Samples
oNseY3.3seYelgniS01dloG

Kimberlite 10-30 Double No 3.2 Yes Yes
Massive sulphides
(Ni-Cu-PGE, BHT, VMS,
IOCG, MVT, skarn)

10 Single Yes     
(PGM 
only)

3.2 Yes Yes

Porphyry Cu 0.5 No No 2.8, 3.2 Yes Two
oNseY3.3seYelgniS01muinarU

Heavy mineral sands
(grade evaluation)

20 Triple No 3.3 Yes Optional

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

latot
 :AerutxeTn o i t a c o L 

elpmas
thgiew

)gk(

:B
thgiew
 mm 2>

clasts
)gk(

 thgiew :C
of sample
put across

gnikahs
)gk(elbat

thgiew :D
 elbat gnikahs

etartnecnoc

)g(
decudorp

thgiew :E
of heavy

liquid
light fraction

)g(

 thgiew :F
citengam

noitcarf
)g(

weight of :G
non-magnetic
heavy mineral

(g) etartnecnoc
0.25–2.0 mm

9.744.635.4019.51010.210.30.51llit dnas ytlist l e B   i N   n o s p m o h T   . 1 
9.810.316.2041.52114.96.50.51llit ydnas   y r u b d u S   . 2 
1.822.58.9131.3535.93.28.11llit dnas ytlisp m a c   d l o G   s n i m m i T   . 3 
8.530.220.7737.8346.82.18.9llit dnas ytlis  e t i l r e b m i k   B   e l p i r T   . 4 
5.116.52.532,10.703,10.564.24.76 llit yeyalca t r e b l A   n r e h t r o N   . 5 

Table 1. Examples of variation in sample weight and processing procedures with sample and target type at Overburden Drilling
Management Ltd.’s heavy mineral processing laboratory (Averill and Huneault, 2006).

Table 2. Weight of each fraction generated by a combination of tabling and heavy liquid separation to reduce till sample weight,
concentrate heavy minerals, and recover indicator minerals: A) initial sample weight; B) sieving off <2 mm; C and D) tabling;
E) heavy liquid separation; F) 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 deposit, Sudbury, Ontario; (3) Pamour
Mine, Timmins, Ontario; (4) Triple B kimberlite, Lake Timiskaming field, Ontario; and (5) Buffalo Head Hills, northern Alberta.   
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2011; Plouffe et al., 2013). In contrast, coarse-grained
silty sand till, which is typical of shield terrain, requires
lighter (10 to 15 kg) samples because the sediment con-
tains more sand-sized material in the matrix (Table 2, #
1 to 4) (Plouffe et al., 2013). Alluvial sand and gravel
samples collected for recovery of porphyry Cu indica-
tor minerals (PCIM) can be as small as ~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

Samples of bedrock or float (mineralized boulders)
often need to be disaggregated or crushed prior to pro-
cessing to reduce rock fragment/mineral grain size to
<2 mm. Electric pulse disaggregation (EPD) using an
electric current from a high-voltage power source in a
water bath is an efficient means of liberating mineral
grains from a rock (Cabri et al., 2008; Oberthür et al.,
2010). The major advantage of this method compared
to crushing is that individual mineral grains can be
recovered in their original shape and form, regardless
of grain size. Conventional rock crushers may also be
used, however, they (1) are more difficult to clean
between samples and thus pose a higher risk of cross
contamination, (2) often cause rock fragments to break
across grain boundaries, and (3) may mark/damage
grains as they are liberated. Barren quartz can be disag-
gregated or crushed as a blank between routine rock
samples to reduce and monitor contamination. 

PRECONCENTRATION

If sample shipping costs are an issue, samples may be
partly processed in the field to reduce the weight of the
material needing to be shipped to a processing labora-
tory. Samples may be sieved to remove the coarse (>1
or >2 mm) fraction, which may reduce sample weights
from a few % to 30% (e.g. Table 2, columns B-C).
Preconcentrating samples using a pan, jig, sluice box,
or centrifugal concentrator also may be carried out in
the field to further reduce the weight of material to be
shipped. These preconcentrates can be examined in the
field, which significantly reduces the time waiting to
obtain lab results in order to plan follow-up. However,
preconcentrating in the field can itself be expensive
and time consuming and the available methods may not
provide optimal recovery of the indicator minerals of
interest. Field setup of concentrating equipment may
be more rudimentary than at the processing laboratory,
thus extra care is required to avoid cross contamination
or material loss during the preconcentration proce-
dures.

Whether sieved off in the field or in the laboratory,
the coarse >2 mm fraction may be examined to provide
additional information about sample provenance and
transport distance. The <2 mm (or <1 mm) fraction is

most commonly preconcentrated using sieving and/or
density methods (e.g. jig, shaking table, spiral concen-
trator, dense media separator, pan, centrifugal concen-
trator) to reduce the weight of material to be examined
without losing indicator minerals. Some of the more
common preconcentration equipment and techniques
are described below.

Pans

Panning is the oldest method used to recover indicator
minerals, primarily for gold and PGM (Theobald,
1957). Sediment is placed in a pan and shaken side-
ways in a circular motion while the pan is held just
under the surface of the water. Heavy minerals sink to
the bottom of the pan and light minerals rise and spill
out over the top (Zeschke, 1961; Silva, 1986; English
et al., 1987; Ballantyne and Harris, 1997). Pans have
varying shapes (flat-bottomed or conical) and sizes,
and can be made of plastic, metal, or wood. The advan-
tages of this technique include that it can be done in the
field- or in the laboratory, the equipment required is
inexpensive, and if used in the field it reduces the
weight of the sample to be shipped and thus shipping
costs. If panning is undertaken in the field, indicator
minerals can be examined immediately and results can
be used to guide ongoing exploration while still in the
field. Panning is often used in combination with other
preconcentration and/or heavy liquid methods to
recover silt-sized precious metal grains (e.g. Grant et
al., 1991; Leake et al., 1991, 1998; Ballantyne and
Harris, 1997; Wierchowiec, 2002). The disadvantages
of this method are that it is slow and highly dependent
on the experience and skill of the operator and there-
fore requires consistent personnel to perform the pan-
ning. It is considered to be a rough concentration
method when used in the field and it should be fol-
lowed up with further laboratory-based concentration
techniques (e.g. Zantop and Nespereira, 1979; Stendal
and Theobald, 1994).

Shaking tables

Preconcentration using a shaking (e.g. Wilfley) table is
another one of the oldest methods for concentrating
and separating heavy minerals based on density. It
recovers silt- to coarse sand-sized heavy minerals for a
broad spectrum of commodities, including diamonds,
precious and base metals, and uranium (Averill and
Huneault, 2006). A brief description of the method is
summarized below from Sivamohan and Forssberg
(1985), Silva (1986), and Stewart (1986). The shaking
table consists of a deck with ≤1 cm-high riffles cover-
ing over half the surface. A motor mounted on one end
drives a small arm that shakes the table along its length.
A slurry of <2.0 mm sample material is put across the
shaking table to prepare a preconcentrate. If kimberlite
indicators are targeted, the sample is tabled twice to
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ensure higher recovery of the key lower density miner-
als (Cr-diopside and forsteritic olivine) and the coarsest
grains. The advantages of this method are the ability to
recover both silt- and sand-sized indicator minerals for
a broad spectrum of commodities at a moderate cost
and that the operator is able observe the heavy minerals
as the sample is being processed and can adjust the
tabling efficiency during processing. It is a well estab-
lished method for the recovery of precious metal min-
eral grains as well as kimberlite indicator minerals (e.g.
English et al., 1987; McClenaghan et al., 1998, 2004).
The disadvantages of this method include the loss of
some coarse heavy minerals as well as the finer <0.10
mm grains (Gent et al., 2011), the lengthy time
required to process each sample, and that its success is
dependent on the skill of the operator.

Dense media separators

A micro-scale dense media separator (DMS) employs a
gravity-based method to preconcentrate kimberlite
indicator minerals. An overview of this method
described below is outlined in 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 fine-grained ferrosilicon
(FeSi) to produce a slurry of a controlled density. The
slurry is fed into the cyclone where the grains travel
radially and helically, forcing the heavier particles
toward the wall of the cyclone and the lighter particles
toward the centre (Gent et al., 2011). The lighter and
heavier particles exit the cyclone through different
holes; the light fraction is discarded and the heavy frac-
tion is collected on a 0.25 or 0.3 mm screen. The heavy
mineral concentrate on the screen is then dried and
cleaned to remove residual FeSi. A Tromp curve is used
to define the efficiency and precision of the DMS sep-
aration. The DMS is calibrated to recover common
kimberlite indicator minerals that have a specific grav-
ity (SG) >3.1 — pyrope garnet, chrome-spinel, Mg-
ilmenite, Cr-diopside, forsteritic olivine, and diamond
— and it is tested using synthetic density tracers before
processing samples. The density settings and cut points
are checked once per day. The advantages of the micro
DMS system are that it is fast, less susceptible to sam-
ple contamination than other heavy mineral concentrat-
ing techniques, and is not operator dependent. The
method, however, is more expensive than the other
methods described here and it does not recover the silt-
sized precious and base metal indicator minerals.

Centrifugal concentrators

Centrifugal concentrators were originally designed for
concentrating gold and platinum from placer and
bedrock samples. However, in recent years they have
also been used to recover kimberlite indicator minerals
from sediment samples (e.g. Chernet et al., 1999;

Lehtonen et al., 2005, 2015). Centrifugal concentrators
can process particle sizes that range from >10 µm to a
maximum of 6 mm. The general processing procedure
for one type of centrifugal concentrator, the Knelson
Concentrator, is summarized below from material pro-
vided on the manufacturer’s website (http://www.knel-
songravitysolutions.com). In summary, water is intro-
duced into a concentrate cone through a series of holes
in rings on the side of the cone. The sample slurry is
then added 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 the centrifu-
gal force generated by spinning the cone at high RPM.
The slurry fills each ring on the inside wall of the cone
to capacity, creating a concentrating bed. High specific
gravity particles are captured in the rings and retained
in the concentrating cone. At the end of the spin cycle,
the concentrates are flushed from the cone into the
sample collector. 

The advantages of centrifugal concentrators are that
they are fast, inexpensive, and when used in the field,
they can reduce the volume of the material that must be
shipped to the laboratory. However, problems that can
occur include (1) poor recovery of indicator minerals
from silt-poor sorted sediments (e.g. esker sand or
stream sediments) due to the absence of fine-grained
material to keep the slurry in suspension and (2) poor
recovery of moderately heavy (~3.5–4.0 SG) grains
that are <100 µm (Chernet et al., 1999; Lehtonen et al.,
2015). Alternatively, too much fine-grained material
can impede the settling of fine-grained heavy minerals. 

Spiral concentrators

Heavy minerals can be recovered using a rotary spiral
concentrator (Silva, 1986), which consists of a flat cir-
cular stainless-steel bowl with rubber ribs that spiral
inward. The concentrator is mounted on a frame so it
can be tilted and has a water wash bar extending later-
ally 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 central opening where they are collected in a con-
tainer behind the bowl. The water washes light miner-
als down to the bottom of the bowl. The heaviest min-
erals are recovered first. The advantages of the spiral
concentrator are that it can be field-based and thus used
to reduce sample weight to be shipped, it is inexpensive
to acquire and operate, it requires little time if the mate-
rial is sandy, and it recovers indicator minerals across a
broad range of sizes, from silt- to sand-sized grains.
The method, however, is dependent on the experience
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 and Mercier
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1986; Silva 1986; Maurice 1988; Sarala et al., 2009)
but in recent years it also has been used for the recov-
ery of kimberlite indicator minerals (e.g. Sarala and
Peuraniemi, 2007).

Jigs

Jigging is one of the oldest gravity concentration meth-
ods; this method separates heavy minerals based on
differential settling velocities of mineral grains in
water (Stendal and Theobald 1994). Jigging is per-
formed by hand or by mechanically jerking a partially
filled screen of material up and down underwater for
several minutes. While submersed in water, mineral
grains separate through suspension and gravity effects
into layers of varying specific gravity. Heavier grains
concentrate on the surface of the screen, with the heav-
iest generally concentrating towards the centre of the
screen forming an ‘eye’. Very heavy minerals, such as
ilmenite and magnetite, will be found at the very centre
of the screen and lighter heavy mineral, such as garnet
and pyroxene, will concentrate at the periphery of the
eye. Diamonds tend to concentrate towards the centre,
despite their moderate specific gravity (SG 3.51). A
spoon is used to remove the heavy minerals in the eye
for more detailed examination. For optimal recovery,
the jig tailings should be re-jigged 2 to 3 times until no
eye forms. This method is typically used for recovering
gold (e.g. Silva 1986) and kimberlite indicator minerals
(Muggeridge 1995). The advantages of using a jig are
that it can be field-based, which reduces the volume of
the samples to be shipped, is inexpensive to operate, is
relatively fast, and works best for fine- to coarse-sand
sized grains. However, it is best used in a fixed, labo-
ratory-based setting by an experienced operator. 

FINAL CONCENTRATION

Heavy liquid separation

A sample preconcentrate is usually further refined
using heavy liquids of a precise density (Gent et al.,
2011) to further reduce the volume of the sample prior
to heavy mineral selection (Table 2, column E). Heavy
liquid separation provides a sharp separation between
heavy (sink) and light minerals (float) at an exact
known density. This method is slow and expensive, and
therefore is not economical for large volumes of sam-
ple material; hence, it is advantageous to use the pre-
concentration procedures described above to reduce the
volume of the sample before this step (Stendal and
Theobald 1994). It is common to remove the finer frac-
tion (<0.063 mm) of a sample by sieving before using
heavy liquid separation, as the small particle size of
this material can make it difficult to separate (M.
Lehtonen, pers. comm., 2013).

The heavy liquids most commonly used for heavy
mineral separation include methylene iodide (MI) with

a SG of 3.3 and tetrabromoethane (TBE) or low-toxic-
ity heavy liquid lithium heteropolytungstates (LST),
both of which have a SG of 2.9. The density of the
heavy liquid to be used will depend on the target indi-
cator minerals. Some laboratories use a combination of
both heavy liquids for separation: using a lower density
heavy liquid (SG ≈ 2.9) first to reduce the volume of
material to be further separated using a higher density
liquid (SG ≈ 3.2 or 3.3) (e.g. de Souza, 2006; Le
Couteur and McLeod, 2006; Mircea, 2006). The recov-
ery of lower density kimberlite and magmatic Ni-Cu-
PGE indicator minerals (e.g. Cr-diopside and forsteritic
olivine) requires separation using dilute methylene
iodide with a SG of 3.2. Recovery of porphyry Cu indi-
cator minerals requires separation using a liquid with a
SG of 2.8 to 3.2 to recover the mid-density indicators
such as tourmaline (dravite), alunite, jarosite, and
turquoise (Averill, 2007; Plouffe et al., 2016). Some
indicator minerals, such as apatite and fluorite, are of
intermediate density but are recovered mainly from the
mid-density rather than the heavy fraction.

Magnetic separation 

Magnetic separation may be used to further refine
heavy mineral concentrates and reduce concentrate
volume before picking for mineral species with spe-
cific magnetic susceptibilities (Towie and Seet, 1995).
The most common magnetic separation technique
involves splitting the ferromagnetic from the non-fer-
romagnetic fraction. Ferromagnetic minerals can com-
prise a considerable proportion of the concentrate (e.g.
Table 2, column F) and therefore removing the ferro-
magnetic minerals decreases the size of the concentrate
prior to indicator mineral selection and removes any
steel contaminants derived, in most instances, from
sampling tools or drilling equipment. The ferromag-
netic fraction may then be (1) set aside; (2) examined
to determine the abundance and mineral chemistry of
magnetite (e.g. Dare et al., 2014; Nadoll et al., 2015;
Canil et al., 2016), pyrrhotite (McClenaghan et al.,
2012), or magnetic Mg-ilmenite, as is the case for some
kimberlites (e.g. McClenaghan et al., 1998); or (3) ana-
lyzed geochemically (e.g. Theobald et al., 1967). A
hand magnet or plunger magnet is most commonly
used to carry out this separation. 

The non-ferromagnetic heavy mineral concentrate
may be further separated electromagnetically into spe-
cific size fractions of different paramagnetic character-
istics to reduce the volume of material to be examined
for indicator minerals (Averill and Huneault, 2006).
Minerals such as diamond are nonparamagnetic;
pyrope garnet, eclogitic garnet, Cr-diopside and
forsteritic olivine are nonparamagnetic to weakly para-
magnetic; and Cr-spinel and Mg-ilmenite are moder-
ately to strongly paramagnetic (see Table 1 in
McClenaghan and Kjarsgaard, 2007). If the non- or
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paramagnetic portion of the concentrate contains a sig-
nificant amount of almandine garnet it may be
processed through a magstream separator to separate
the orange almandine from similar-looking eclogitic or
pyrope garnet grains. In this case, magstream separa-
tion divides the concentrate into (1) a fraction contain-
ing most of the silicates (e.g. pyrope and eclogitic gar-
net) and no almandine, and (2) a fraction containing
ilmenite, chromite, and other moderately magnetic
minerals such as almandine (Baumgartner, 2006).

INDICATOR MINERAL SELECTION 
AND EXAMINATION

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, 1.0–2.0 mm) for picking of indicator minerals;
however, the final size range will depend on the com-
modity sought. For example, kimberlite indicator min-
erals are most abundant in the 0.25 to 0.5 mm fraction
(McClenaghan and Kjarsgaard, 2007) and thus, to
maximize recovery and minimize counting time and
cost, the 0.25 to 0.5 mm fraction is most commonly
picked.

Indicator minerals in the finer size (e.g. 0.25–0.5
mm, 0.3–0.5 mm, 0.25–0.86 mm) fractions are selected
from the non-ferromagnetic heavy mineral concentrate
during a visual scan, in most cases using a binocular
microscope. The grains are counted and a number are
removed from the sample for analysis by an electron
microprobe (EMP) 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 examined and the indicator mineral
counts are normalized to the total weight of the concen-
trate. 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 EMP analyses.
If this is the case, both the total number of grains
counted and the number of grains removed should be
recorded.

Indicator minerals are visually identified in concen-
trates by their colour, crystal habit, and surface tex-
tures, which may include features such as kelyphite
rims and orange-peel textures on kimberlitic garnet
(e.g. Garvie, 2003; McClenaghan and Kjarsgaard,
2007). The morphology of gahnite (Zn spinel) may
provide clues to the relative distance of glacial trans-
port (McClenaghan et al., 2014). Minerals such as
scheelite and zircon may be counted under shortwave
ultraviolet light. Gold and PGM grains may be panned
from the silt-sized fraction of concentrates (e.g. con-
centrates prepared by tabling). The grains may be
counted and classified with the aid of optical or scan-
ning electron microscopy. Commonly, gold grains are

classified according to their shape and/or degree of
wear (e.g. DiLabio, 1990; Averill, 2001), both of which
are characteristics that can provide information about
relative transport distances (McClenaghan and Cabri,
2011).

INDICATOR MINERAL CHEMISTRY

Mineral grains are characterized by measuring the
abundances of major oxides, and minor and trace ele-
ments by scanning electron microscope -energy-disper-
sive X-ray spectroscopy (SEM-EDS), electron micro-
probe analysis (EMPA), laser ablation-inductively cou-
pled plasma-mass spectrometry (LA ICP-MS), or sec-
ondary ion mass spectrometry (SIMS) (e.g. Ramsden et
al., 1999; Belousova et al., 2002; Scott, 2003; Heimann
et al., 2005; Layton-Matthews et al. this volume). For
example, kimberlite indicator minerals are character-
ized by a specific range of compositions that reflect
their mantle source and diamond grade (e.g. Fipke et
al., 1995; Schulze, 1997; Grütter et al., 2004; Wyatt et
al., 2004; Nowicki et al., 2007). Gold, PGM, and sul-
phide grains may be analyzed to determine their trace
element chemistry or isotopic compositions (e.g. Grant
et al., 1991; Leake et al., 1998; Chapman et al., 2009,
2017). 

To provide quantitative mineralogical analysis and
identification of indicator minerals in the 0.25 to 2.0
mm fraction or the rarely examined <0.25 mm fraction,
polished epoxy grain mounts may be prepared for a
portion of the heavy mineral concentrate. The grain
mounts may then be examined using one the newer
techniques, such as mineral liberation analysis (MLA)
(e.g. Oberthür, et al., 2010; Wilton and Winter, 2012),
computer-controlled scanning electron microscopy
(CCSEM), or quantitative evaluation of materials by
scanning electron microscopy (QEMSCAN). These
methods can be used to identify indicator minerals of
interest and prioritize grains for further detailed and
more costly EMP analysis, thus reducing EMP analyti-
cal time and costs. The cost per sample for these new
techniques is, in general, more expensive than conven-
tional methods. 

QUALITY CONTROL

To meet 43-101 reporting requirements, project geolo-
gists may use a combination of blank samples (which
contain no indicator minerals), spiked samples (which
contain a known quantity of introduced indicator min-
eral species or density blocks/beads (e.g. Gent et al.,
2011; Plouffe et al., 2013)), and/or re-examination of
~10% of the heavy mineral concentrate samples to
monitor a laboratory’s potential sample contamination
and the quality of their indicator mineral identification.
In addition, heavy mineral processing and identifica-
tion laboratories can be asked to report their own qual-
ity control monitoring procedures and test results.
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Quality assurance and control measures implemented
at the Geological Survey of Canada for indicator min-
eral surveys are described in Plouffe et al. (2013). 

SUMMARY

These workshop notes describe some of the procedures
available for processing surficial media and rocks to
recover indicator minerals for mineral exploration. The
processing method used will depend on the sample
media, commodities being sought, budget, bedrock and
surficial geology of the survey area, as well as the pro-
cessing methods used for previous batches of samples.
When reporting indicator mineral results in company
assessment files, government reports, or scientific
papers, it is helpful to report the laboratory name, pro-
cessing methods used, and initial sample weights. A
complete list of metadata that should be reported so
that the indicator mineral data can be fully understood,
interpreted, compared to other surveys, and archived is
reported in Plouffe et al. (2013). Monitoring of quality
control is essential at each stage in the processing,
picking, and analytical procedures described here and
should be monitored both by the processing laborato-
ries and their clients. Geologists are encouraged to visit
processing and picking laboratories so that they have a
clear understanding of the procedures being used and
can discuss customizations needed for specific sample
batches.
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It is likely that undiscovered ore reserves are currently
buried under recently deposited sedimentary cover. As
such, our capacity to see through the complexities of
this cover and to perceive the nature of the underlying
bedrock ore environment has become a fundamental
aspect of modern mineral exploration and ore deposit
science. To date, the recognition of buried mineral
deposits has been aided by our ability to (1) identify
indicator minerals in bedrock sources, (2) identify and
separate these same indicator minerals from sediment
samples, and (3) measure the unique chemical and iso-
topic composition of these indicator minerals.

A substantial amount of research has been devoted
to understanding the chemical and physical dispersal of
minerals and elements at the Earth’s surface and recog-
nition of the dispersal patterns that are related to min-
eral deposits. The aerial and spatial extent of these
footprint models has been partially limited by our
incomplete understanding of the processes involved in
physical and chemical dispersal, but moreover, by the
technological challenges of detecting and measuring
subtle mineral and chemical changes in these footprint
sediments. Within mineral deposit footprints, the
examination of the physical dispersal of relatively large
(>63 µm) and heavy (>2.85 g/cm) minerals eroded
from bedrock and transported during glaciation has met
with great success. Many examples for different
deposit types have now been published, including
those for kimberlite (e.g. McClenaghan and
Kjarsgaard, 2001, 2007; McClenaghan et al., 2002;
Lehtonen et al., 2005;), porphyry Cu (e.g. Averill,
2011; Eppinger et al., 2011; Kelley et al., 2011; Plouffe
et al., 2016), volcanogenic massive sulphide (VMS)
(e.g. Averill, 2001; McClenaghan et al., 2012a,b,
2015a,b), granite-hosted Sn and W (McClenaghan et
al., 2016, 2017a), Mississippi Valley-type Pb-Zn
(Oviatt et al., 2015), magmatic Ni-Cu-PGE (Averill,
2011; McClenaghan et al., 2013), gold (e.g. Averill and
Zimmerman, 1986; Sauerbrei et al., 1987; Averill,
2001, 2013, 2017; McClenaghan and Cabri, 2011), and
more recently, rare earth elements (McClenaghan et al.,
this volume). 

By using the abundance, size, shape, and chemistry
of these indicator minerals, which have been separated
from sediments using complex and expensive tech-

niques (e.g. sieving, tabling, heavy liquids, magnetic
separation, and hand-picking), the recognition of the
spatial extent of the mineral deposit footprint has
increased from 100s of metres to 1000s of metres. In
this paper, we present an overview of the current meth-
ods and the applications of mineral chemistry using
indicator minerals recovered from sediment cover. We
also discuss new methods and instrumental develop-
ments, highlight current research on mineral chemistry,
indicator minerals, and mineral exploration, and con-
sider future research directions.

MINERAL IDENTIFICATION AND 
MINERAL CHEMISTRY

Indicator minerals, by definition, are minerals that have
physical or chemical characteristics that allow them to
be readily recovered from stream, alluvial, glacial, or
aeolian sediments, or soils samples (Averill, 2001;
McClenaghan, 2005, 2011; McClenaghan and
Kjarsgaard, 2007). Traditionally, the identification and
separation of indicator minerals relied on characteris-
tics largely related to the minerals’ chemistry, i.e.,
visual distinctiveness and moderate to high density.

Optical techniques

Indicator minerals are traditionally selected from heavy
mineral concentrates (HMC) after the samples have
undergone heavy mineral separation (see
McClenaghan, 2011, this volume). Indicator minerals
are “picked” from concentrates during an optical exam-
ination under a stereoscopic microscope, a process that
may require up to 3 hours per sample. A few grains to
several thousand grains may be separated into vials
based on colour and mineral habit (Fig. 1). The produc-
tion of high-quality HMCs, mineral identification, and
mineral picking by experienced technicians are all
vitally important in the first critical step of any indica-
tor mineral chemical study.

Electron-based techniques

Once indicator minerals have been recovered, they are
commonly epoxy-mounted, polished, and carbon-
coated for examination using micro-analytical tech-
niques (Fig. 2a,b). Most mineral chemical investiga-
tions examine these indicator mineral mounts using an
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Figure 1. Examples of the colour and habit variations in kimberlite indicator minerals that can be observed using optical tech-
niques (modified from McClenaghan and Paulen, in press): a) purple to pink Cr-pyrope; b) Cr-pyrope with dark green-grey
kelyphite rims (k); c) Cr-diopside; d) eclogitic garnet; e) Mg-ilmenite; f) chromite showing resorbed crystal faces; g) forsteritic
olivine; h) diamond. Mineral photography by Michael J. Bainbridge. Eclogitic garnet grains provided by Mineral Services; dia-
monds provided by Herb Helmstaedt, Queen’s University. Figure from McClenaghan and Paulen (in press).
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electron-based instrument. Traditionally, a scanning

electron microscope (SEM) is used to examine the spa-

tial distribution of backscatter secondary electrons

(BSE), which is a reflection of differences in the aver-

age atomic number of an area of a grain. This scanning

is done in combination with energy dispersive spec-
trometry (EDS) to identify relative element concentra-
tions within mineral phases (Fig. 3) and mineralogy. 

The goals of using an SEM are to (1) confirm of
mineralogy that has been determined through visual

Quartz (0.49%)

Chromite (75.63%)

Muscovite (3.38%)

Pyrite  (1.13%)

Gahnite (7.49%)

Corundum (0.32%)

Hercynite (10.11%)

Illmenite (0.64%)

a) b)

d)

c)

Figure 2. Example of the indicator mineral chemistry workflow from epoxy mount to laser ablation. a) Epoxy-mounted mineral
grains after mineral separation. b) Optical stereo binocular photomicrograph. c) False-colour processed Mineral Liberation
Analysis (MLA) image. d) MLA image of chromite (upper) and corresponding Backscatter secondary electron image (lower).
Note the circular 50 micron laser ablations spots in each grain.
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mineral identification, (2) document mineral associa-
tions, (3) document mineral textures and morphology
(shape, rounding, size, etc.), and (4) identify optimal
mineral grains for further, more costly, mineral chemi-
cal characterization. The full characterization of a sin-
gle epoxy mount with 200 to 500 grains can take 6 to
12 hours on a traditional SEM. Recent advances in
automated scanning electron microscopy coupled with
energy-dispersive X-Ray spectroscopy (EDS) are
transforming the analysis of mineral grain mounts.
Time-consuming and qualitative mineral descriptions
are now been replaced with fast, quantitative, and
repeatable SEM analyses. These automated SEM
methods provide confirmation of mineralogy, quantifi-
cation of mineral textures and morphology, and reduces
grain mount analysis time to 1 to 2 hours.

The most popular automated SEM supplier is FEI; the
company currently offers tungsten-based or field emis-
sion gun-based hardware that can be coupled with either
QEMSCAN® or MLA software. Mineral Liberation
Analysis (MLA) was initially developed for the mining
industry by the University of Queensland, Australia
(JKTech) (Burrows and Gu, 2006; Gu et al., 2012);
QEMSCAN® was developed for the mining industry
by CSIRO, Australia (Butcher et al., 2000; Gottlieb et
al., 2000; Pirrie et al., 2004; Pirrie and Rollinson,

2009). However, both software packages are currently
licensed and sold through FEI and their regional supply
companies (e.g. Systems for Research, Canada). 

MLA-automated mineralogy is based on high-reso-
lution BSE images, image analyses, and elemental
chemistry from EDS. Collections of BSE images are
combined to create a mosaic image of an epoxy grain
mount (Fig. 3). Each BSE image is used to remove
epoxy from the image, and centroid image analysis
segments grains and minerals into individual particles.
The MLA software then collects a full X-ray spectrum
(EDS) at the centre of each particle (Fig. 3). In post-
collection processing, the full X-ray spectrum is com-
pared with a user-defined mineral EDS library and the
BSE image to create a coherent data set, which
includes a false-colour mineral map (Fig. 2c), modal
mineralogy, grain size, mineral associations (occur-
rence and interlocking), particle properties (roundness,
area, shape), and mineral liberation.

QEMSCAN®-automated mineralogy is fundamen-
tally different from MLA, in that is based on fast min-
eral identification using point analysis on a finely
spaced grid. Like to MLA, QEMSCAN® collects BSE
images to create a mosaic image of an epoxy grain
mount; however, during automated measurement, the
system collects EDS spectra along a pre-defined grid
(similar to modal counting using a petrographic micro-
scope). QEMSCAN® uses the EDS spectra in combi-
nation with the BSE image data to determine areas of
epoxy and areas of mineral, minimizing the collection
of background data. On scanning of mineral phases, a
low-count EDS spectrum is collected that allows for
ultra-fast discrimination of most minerals. QEM-
SCAN® also differs from MLA in the way that miner-
alogy is determined. In MLA, minerals are identified
through comparison of unknown EDS with a user-
defined EDS database of known minerals. In QEM-
SCAN®, a built-in library of 72 elemental reference
spectra are used to build a composite elemental spec-
trum that is then used in conjunction with user-defined
Species Identification Protocols (SIP) to identify dis-
crete minerals. In addition to output data similar to
MLA, QEMSCAN® produces elemental maps and
mineral maps.

MLA- or QEMSCAN®-generated BSE and false-
colour images of a mineral concentrate (Fig. 2c) have
many advantages over traditional optical microscopy
(Hartner et al., 2011; Gu et al., 2012; Sylvester, 2012;
Mackay et al., 2016): 1) measurement of compositional
data, 2) measurement of thousands of points per sample
mount, 3) repeatable and quantitative measurements, 
4) fully automated workflow, 5) faster processing time,
6) less training required, 7) modal mineralogy calcu-
lated assay data, 8) micron-scale resolution, 9) ability
to measure and compare grain size, and 10) better
determination of analysis points for texturally difficult

     A  B
                      
                        C
  D        
              E

           F

silicate
chromite

pentlandite
& PGM

silicate chromite

pentlandite
& PGM

     

           

Mineral Liberation
Analysis workflow

Feature identification
and segmentation

Back Scattered
Electron (BSE) 
image capture

User-defined point
grid X-Ray collection

Feature centroid
X-Ray capture

Classification using
mineral library

Classification using
species identification

protocols

QEMSCAN® 
workflow

Figure 3. Comparison of the workflow of a sample when
automated mineralogy using (a) Mineral Liberation Analysis
(MLA) and (b) QEMSCAN® software.
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(i.e. polymineralic) grains and for choosing grains for
in situ chemical or isotopic analyses.

The occurrence and modal quantification of distinct
heavy minerals in till is of great importance in the def-
inition of glacial dispersal trains in many ore explo-
ration programs (i.e. gold); however, many HMC grain
mounts are further characterized for individual mineral
chemistry. Many indicator mineral studies (e.g.
McClenaghan et al., 2002, 2013; Morris et al., 2002;
Lehtonen et al., 2005, and references therein) have
demonstrated the use of major and minor element min-
eral chemistry to identify the bedrock provenance and
assess fertility. 

The quantification of major elements can be
obtained quickly for many elements from EDS soft-
ware using a SEM with detection limits between 2000
and 10,000 ppm (Z>4). However, because EDS
requires that individual X-Ray spectra be separated
from other X-Ray spectra in a mineral analysis, some
X-Ray energies cannot be separated from background
radiation (high detection limit) or from X-Ray spectra
of other elements (i.e. peak overlap). Most modern
EDS detectors have an energy resolution of 130 to 160
eV (Full Width Half Max). For example, the quantita-
tive analysis of molybdenite (MoS2) by EDS is not
possible because the Mo L alpha line is at 2.2930 keV
and overlaps with the S K alpha line at 2.3070 keV.

More commonly, indicator minerals are analyzed for
major and minor elements using electron probe micro-
analyzer (EPMA). In principle, an EPMA is very simi-
lar to a SEM, as the electron source and focusing col-
umn are nearly identical. However, an EPMA and a
SEM collect X-Ray data differently. Both instruments
collect chemical spectra using an EDS detector, but on
an EPMA, spectra are also collected using wavelength
dispersive spectroscopy (WDS). During the collection
of WDS, spectra are separated by the mechanical dif-
fraction of X-Rays into wavelengths that are individu-
ally measured by a detector. Most modern EPMA have
up to 5 wavelength dispersive spectrometers that allow
the simultaneous measurement of five elements. EDS
and WDS each have advantages and disadvantages.
EDS can quickly collect a full X-Ray spectrum in 10s
of seconds; whereas WDS is time consuming, requiring
the movement of a diffraction crystal to measure each
individual element. Much of the spectral interference
encountered during EDS can be eliminated by the high-
energy resolution of WDS (~10 eV). The biggest disad-
vantage of both EDS and WDS systems are the detec-
tion limits (~0.1 and 0.01%, respectively) for most ele-
ments in the characterization of mineral chemistry.

Mass spectrometry-based techniques

The use of laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) for characterization

of mineral chemistry has grown since its first applica-
tion to geological media (Hale et al., 1984; Jackson et
al., 1992). Conceptually the application of laser abla-
tion for mineral chemical and isotopic analyses is a
straightforward, albeit destructive, technique. A short-
pulsed (femto- to nanosecond) laser ablates a small
volume (~8000 µm3) of a mineral sample over a period
of 10s of seconds. During ablation the mineral is con-
verted into vapour and aerosol components. This mate-
rial is then continually transferred in an Ar or He car-
rier gas to be ionized in an inductively coupled plasma
and mass analyzed in either a quadrupole or magnetic-
sector mass spectrometer. 

There are several instrument parameters that must
be optimized to measure element and isotopic compo-
sitions of a mineral by LA-ICP-MS (Arevalo et al.,
2010; Rogers et al., 2010; Koch and Gunther, 2011);
these include (1) laser pit-size, (2) laser wavelength,
(3) laser pulse-rate, (4) mass spectrometer, (5) matrix-
match standards, and (6) curve calibration. Most laser
ablation instruments are capable of adjusting the laser
beam size from 1–2 to 300 microns, however, most
analyses are completed at ~30 microns (Fig. 2d). If a
laser pit is too small, not enough material is ablated to
create a suitable signal in the mass spectrometer. If a
laser pit is too large, the mass spectrometer detector
may become saturated or go beyond the element cali-
bration curve.

Numerous studies have examined the analyses of
geological media using variable laser wavelengths
(Motelica-Hieno and Donard, 2001; Guillong et al.,
2005; Jochum et al., 2007; Gaboardi and Humayun,
2009) and laser pulse-rates (Poitrasson et al., 2003;
Gonzalez et al., 2007; Horn, 2008; Saetveit et al., 2008;
Glaus et al., 2010), and collectively using similar laser
energies. There is consensus that shorter wavelengths
and higher laser pulse rates produce superior data that
require fewer corrections for elemental and isotopic
bias. In mineral analysis, a shorter wavelength laser
(i.e. 193 nm vs 213 nm) produces a flat-bottomed and
sharp-walled ablation pit. The higher pulse rate (i.e.
femtosecond vs nanosecond) of the mineral, produces
less thermal heating with a lower abundance of second-
ary condensates (Gunther and Heinrich, 1999; Gunther
et al., 2000; Poitrasson et al., 2003; Hirata et al., 2004).

Ultimately, the ability of LA-ICP-MS to measure
low-concentration elemental and isotopic data is a
function of the mass spectrometer paired with the laser
ablation system. There are three options for inductively
coupled plasma mass spectrometers for use in laser
ablation: 1) quadrupole, 2) high-resolution single col-
lector, and 3) high-resolution multi-collector. 

By far the most common mass spectrometer used in
laser ablation studies of mineral chemistry is the
quadrupole mass analyzer. These instruments filter



15

Modern techniques and applications of mineral chemistry to exploration

ions created in the plasma by mass and charge (m/z) as

they travel to the detector using variable DC voltages

on four parallel stainless steel rods. By adjusting the

DC voltage on the quadrupoles, the transient ions cre-

ated in laser ablation can be filtered and analyzed for

most elements on the periodic table in milliseconds

(Hill, 2007). 

In high-resolution mass spectrometers, ions created

in laser ablation and in the inductively coupled plasma

are passed along a curved flight path through magnetic

and electrical fields to disperse ions according to their

momentum and translational energy (Willard, 1988).

By adjusting the magnetic and electrostatic fields, the

transient ions arriving at the detector(s) can be varied

on the basis of mass. Because of this geometry, the

mass resolution of these instruments is superior to that

of quadrupole instruments (e.g. ~10,000 versus ~600,

respectively). As such, fractions of mass unit can be

effectively separated during analysis, allowing for sep-

aration of polyatomic interferences (Hill, 2007).

For effective ion transmission through both the mag-

netic and electrical sectors, ions are accelerated at
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Figure 5. Flow sheet outlining the sample processing and picking procedure for bedrock samples processed from the Izok Lake
deposit area (McClenaghan et al., 2012a).
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Figure 7. Gahnite (a) in a polished slab of drill core (sample 09-MPB-R69); (b) with adhering minerals in a till heavy mineral
concentrate indicating proximity to the bedrock source (from McClenaghan and Paulen, in press); and (c and d) in polished
thin sections (sample 09-MPB-R37 and 09-MPB-R41B, respectively).

20000 µm 

Figure 8. MLA image of 09-MPB-R60 (massive sulphide) from
Izok Lake showing percentages of chalcopyrite, pyrrhotite,
actinolite, sphalerite, hematite/magnetite, and trace minerals
(Hicken, 2012).

Chalcopyrite - 51.86%

Pyrrhotite - 28.11%

Actinolite - 8.86%

Sphalerite (Fe-rich) - 5.97%

Hematite - 2.61%

Unknown - 0.98%

Chlorite (Fe-rich) - 0.61%

Actinolite Fe-rich - 0.50%

Andradite - 0.43%

Pyrite - 0.07%

Beaudantite - 0.01%

Cassiterite - 0.01%

Mineral Size Range in 
Polished Thin 
Section (mm)

Size Range in 
Heavy Mineral 

Concentrate (mm)

Size Range in Pan
Concentrate (µm)

Pyrite 0.1–6 0.25–1.0 25–200
Chalcopyrite 0.1–5 0.25–1.0 15–200
Sphalerite 0.2–5 0.25–1.0 15–100
Galena 0.01–0.6 0.25–0.50 15–100
Gahnite 0.2–3.0 0.25–1.0 n/a
Staurolite 0.2–1.3 0.25–0.50 n/a
Axinite 0.4–2.0 0.25–0.50 n/a

Table 1. Comparison of sizes (mm) of key indicator minerals
observed in polished thin sections, heavy mineral concen-
trates, and pan concentrates.
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much higher energies than in quadrupole instruments
(e.g. 10 kV versus 10 eV, respectively). As such, less
ion scatter is created and lower detection limits are
observed using high-resolution instruments. For many
mineral chemical applications, a high-resolution mass
spectrometer commonly has only one detector.
However, in applications where isotopic ratios are
measured, high-resolution instruments commonly have
several detectors (known as multi-collector). These
instruments can measure individual isotopes (i.e.
204Pb, 206Pb, 207Pb, 208Pb) simultaneously, without
adjustment of the magnetic or electric sectors, which
yields superior isotopic ratios. 

Quadrupole and high-resolution mass spectrometers
each have advantages and disadvantages in mineral
chemical analyses using laser ablation. In quadrupole
instruments, a wide range of elements (i.e. m/z) can be
analyzed very quickly, compared to magnetic and elec-
trical field sector instruments. In high-resolution
instruments, the magnetic sector must be adjusted and
allowed to stabilize before analyzing the next mass
range (Giessmann and Greb, 1994; Jakubowski et al.,
1998). Given the transient nature of laser ablation
analysis, a quadrupole instrument is much better suited
for mineral analyses of samples with varied element
mass (i.e. rare earth elements, U, Pb). When there are
narrow mass differences (<30%), very small laser abla-
tion pits (<10 µm) or isotopic ratios are needed, for
which high-resolution mass spectrometers offer vastly
superior precision and detection limits.

Multi-element trace element analysis by LA-ICP-
MS has not been universally adopted for mineral analy-
sis because of the inadequate number of suitable refer-
ence materials with similar matrix compositions.
Furthermore, there has been a limited effort to find or
create matrix-matched standards with variable concen-
trations of trace elements (i.e. 10, 100, 500 ppm),
which is necessary to create standard calibration curves
and element quantification. Recently there have been
several geological glasses that have been created from
rock powder standards (Jochum et al., 2000, 2006,
2012; Jochum and Nohl, 2008) or by the doping of rock
powder standards at variable concentrations (Guillong
et al., 2005; Jochum et al., 2005; Kaiyun et al., 2013).
The use of these standards in conjunction with EPMA
data now allows the reliable quantification of many
trace elements in minerals using LA-ICP-MS.

APPLICATIONS IN 

INDICATOR MINERAL STUDIES

During this workshop, several recent examples will
outline the use of mineral chemistry in indicator min-
eral studies illustrating the methods described above.
Due to brevity of an extended abstract, only one case
study will be presented here.

In exploration for volcanogenic massive sulphide
(VMS) deposits in northern Canada, an indicator min-
eral survey was completed around the Izok Lake Zn-
Cu-Pb-Ag deposit (Fig. 4) in Nunavut, Canada
(Hicken, 2012; Paulen et al., 2013; McClenaghan et al.,
2015b). The direction of the ice flow rotated clockwise
from southwest to northwest in a series of discrete ice-
flow phases (Paulen et al., 2013). An early southwest
ice flow was followed by strong west- to west-north-
west-trending flow. Surface morphology and ice-flow
indicators (e.g. striations) within the area reflect this
dominant northwest phase (Paulen et al., 2013).
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Figure 10. LA-ICP-MS quadrupole Pb isotopic ratios for gah-
nite. a) 207Pb/206Pb age relations for Izok Lake (green cir-
cles) and Halfmile Lake (Bathurst Mining Camp, New
Brunswick: red circles); b) 208Pb/206Pb age relations for Izok
Lake (green circles) and Halfmile Lake (Bathurst Mining
Camp, New Brunswick: red circles). Red line is an approxi-
mation of terrestrial lead isotopic evolution (Stacey and
Kramers, 1975). High-precision U/Pb ages for Halfmile Lake
is 465 Ma (van Staal et al. 2003), for is Izok Lake is 2623 ± 
20 Ma (Mortensen et al., 1988), and for Izok Lake is 2680.5
+7/-3 Ma (J. Gebert, unpub., 1995).
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Field documentation of ice flow in the Izok Lake
area was followed by till sampling up- and down-ice of
the deposit (Fig. 4). Both bedrock and till samples were
processed to recover HMCs (>3.2 g/cm3 (Figs. 5, 6)
from which the 0.25–0.5, 0.5–1.0, and 1.0–2.0 mm non-
ferromagnetic heavy mineral fractions were examined
using optical techniques (Fig. 7) and indicator minerals
counted. Table 1 summarizes the size range of indicator
minerals identified in bedrock and till. Thin sections
and grain mounts were examined using MLA-ESEM
(Figs. 8, 9) to quantify modal mineralogy, mineral asso-
ciations, grain shape, and grain size. EPMA was com-
pleted on a selection of indicator minerals and LA-ICP-
MS was conducted on gahnite (Zn-spinel) grains for
trace elements and Pb/Pb dating (Fig. 10).

FUTURE DIRECTIONS IN MINERAL

CHEMISTRY 

Need for novel methods

The identification of discrete indicator minerals in till
has greatly influenced mineral exploration. There are
well established methods for separation and identifica-
tion of minerals in HMC. Indicator mineral chemistry
has been used to identify bedrock sources and assess
their fertility. The question then becomes, “Why do we
need new techniques in the application of mineral
chemistry to indicator minerals?” 

Successful mineral exploration using sediments and
HMC requires a high degree of specialization. This
type of work requires a person with not only a back-
ground in bedrock geology and ore deposits, but also a
person with training in sample collection and prepara-
tion, mineralogy, analytical chemistry, and Quaternary
geology. Current exploration models use a team
approach, where each individual contributes their own
area of expertise. At present, mineral separation meth-
ods have been well established for size-fractions larger
than 0.063 mm, but these methods are slow, expensive,
and require a highly qualified mineralogist. 

New HMC and mineral chemical methods are cur-
rently being tested to utilize the smaller grain size (i.e.
<0.25 mm) (e.g. Wilton and Winter, 2012; Lehtonen et
al., 2015; Mackay et al., 2016) and less dense fractions
(i.e. <2.85 g/cm3) of sediments, and to incorporate
new, faster, and more accessible analytical instruments
(i.e. hyperspectral, MLA express). Development of
these new methods will decrease the need for extensive
specialized training, decrease the time and cost of
HMC characterization, extend the spatial footprint of
dispersal trains (i.e. smaller and farther), and ultimately
lead to the identification of new indicator minerals in
uncharacterized mineralized systems.
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The presence of resistate indicator minerals (e.g. gar-
net, gahnite, magnetite, Cr diopside, ilmenite, olivine,
and gold) in surficial sediments (e.g. glacial, eolian,
stream, alluvial, beach, and residual soils) and bedrock
have been used to explore for various types of mineral
deposits, including porphyry Cu, lode gold, magmatic
Ni-Cu-PGE, metamorphosed volcanogenic massive
sulphide (VMS), rare metals, and iron oxide-copper-
gold (IOCG) (Averill, 2001, 2007; McClenaghan,
2005, 2013). Optical- and electron- (e.g. scanning elec-
tron microscope coupled with QEMSCAN® or
MLA™ software, electron microprobe analysis
(EMPA), and mass spectrometry (e.g. laser ablation-
inductively coupled plasma-mass spectrometry (LA-
ICP-MS)) based techniques are used to identify indica-
tor minerals, with EMPA and LA-ICP-MS techniques
being able to determine their major and trace element
compositions (e.g. Layton-Matthews et al., 2013).
Laser ablation-inductively coupled plasma-mass spec-
trometry allows for the measurement of many elements
at concentrations as low as parts per billion (e.g.
Jackson et al., 1992).

In the past, individual studies using trace elements
to vector to mineral deposits have generally only
included one or two minerals (e.g. hematite and mag-
netite (Schmidt Mumm et al., 2012)); however, there
are exceptions. Ismail et al. (2014) analyzed multiple
minerals (feldspar, calcite, garnet, pyroxene, amphi-
bole, allanite, epidote-group minerals, titanite, and
apatite) in a study of the Hillside IOCG deposit, South
Australia. In addition, Spry et al. (2015) analyzed gar-
net, biotite, and magnetite in the metamorphosed
Stollberg Zn-Pb-Ag and magnetite field, Sweden.
Trace element studies have been utilized to explore for
metamorphosed massive sulphide deposits, including
tourmaline (Griffin et al., 1996), sulphide minerals
(George et al., 2016), garnet (Spry et al., 2007;
Heimann et al., 2011), and gahnite (O’Brien et al.,
2015a,b). However, these studies focused mostly on
minerals spatially associated with Broken Hill-type Pb-
Zn-Ag (BHT) deposits. By contrast, there are relatively

few trace element studies of minerals associated with

metamorphosed VMS and sedimentary-exhalative

deposits, two of which were done by Makvandi et al.
(2016a,b) for magnetite in various metamorphosed

VMS deposits. Here, we have analyzed the trace and

major element compositions of common rock-forming

silicates (garnet, biotite, staurolite, chlorite, and mus-

covite) and oxides (gahnite, ilmenite, and magnetite) in

sediment-hosted massive sulphide Cu-Au

(Kanmantoo, South Australia) and Pb-Zn-Ag deposits

(Wheal Ellen, Angas, Scotts Creek, Aclare,

Strathalbyn, and St. Ives, South Australia), which were

metamorphosed to amphibolite facies. Minerals were

analyzed by EMP and LA-ICP-MS methods, the

details of which are given in O’Brien et al. (2015a) and

are not repeated here. The aim of study is to evaluate

the use of trace elements of multiple minerals to guide

exploration in the Kanmantoo area and metamor-

phosed sediment-hosted sulphide deposits, in general. 

GEOLOGICAL SETTING

The Cu-Au and Pb-Zn-Ag deposits occur in a struc-

turally thickened package (~7–8 km) of metamor-

phosed pelitic and psammitic (including metaturbidite)

sediments of the Cambrian Kanmantoo Group, South

Australia, within an extensional fault-controlled back-

arc basin (Kanmantoo Trough). Up to five deformation

events have affected the deposits, with peak metamor-

phic conditions (amphibolite facies) coinciding with

the second deformation event (e.g. Spry et al., 1988).

The Cu-Au and Pb-Zn-Ag deposits occur in the

Tapanappa Formation, primarily in a stratigraphic

interval, several hundred metres wide, in garnet-

andalusite-biotite±staurolite schist that we consider to

be a regional, stratabound, metamorphosed hydrother-

mal alteration zone. This zone extends intermittently

for more than 30 km, from about 10 km north of

Kanmantoo toward Strathalbyn, and has been, in the

past, a major focus of exploration for base metal sul-

phides in the Kanmantoo Group (Fig. 1). 
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Rock types associated with sulphide mineralisation

include quartz-mica schist, quartz-biotite-garnet-

andalusite±chlorite± staurolite±magnetite rock, and

biotite-garnet-chlorite rock, the last of which is the

immediate host for much of the sulphides. Minor rock

types include exhalite (e.g. quartz garnetite, garnet-

quartz-cummingtonite schist, plagioclase rock, banded

iron formation: Toteff, 1999), gahnite-bearing mica

schist, pyritic schist, and calc-silicate rocks. The

Kanmantoo Cu-Au deposit (34.5 Mt @ 0.6% Cu and

0.1 g/t Au; http://www.hillgroveresources.com.au/sec-

tion/Projects/Kanmantoo), which is the largest Cu-Au

deposit in the Kanmantoo Group, is characterized by

discordant and pipe-like orebodies (e.g. Kavanagh,

Spitfire, and Emily), and concordant mineralisation

(Nugent). The Pb-Zn-Ag deposits are mostly concor-
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dant to bedding, with both Cu-Au and Pb-Zn-Ag types
exhibiting local remobilization of sulphides. The dis-
covery of gahnite- and spessartine garnet-bearing rocks
were key to finding the Angas Pb-Zn-Ag deposit (3.04
Mt @ 8.0% Zn, 3.1% Pb, 0.3% Cu, 34 g/t Ag, and 0.5
g/t Au; http://www.portergeo.com.au/database/mine-
info.asp?mineid=mn1287), the largest known Pb-Zn-
Ag occurrence in the Kanmantoo Group. The metallic
minerals of the Cu-Au deposits consist mostly of chal-
copyrite, pyrrhotite, magnetite, Bi minerals, and pyrite,
whereas those associated with Pb-Zn-Ag deposits are
primarily sphalerite, pyrite, galena, chalcopyrite,
pyrrhotite, and cobaltian arsenopyrite. A zone of chal-
copyrite-magnetite-rich rocks at the Wheal Ellen Pb-
Zn-Ag deposit, which shows a metallic mineral assem-
blage almost identical to the most common assemblage
at Kanmantoo, suggests a genetic link between the Pb-
Zn-Ag deposits and Cu-Au mineralisation. The pres-
ence of both Cu and Pb-Zn-Ag zones at the Strathalbyn
deposit also supports this concept. 

MINERAL CHEMISTRY

Garnet

Although Fe-rich (Mn-poor) garnet is common in most
orebodies at Kanmantoo (2–4 wt% MnO), country rock
mica schists and unmineralized altered rocks in the
Kanmantoo Group contain slightly higher concentra-
tions of Mn (~3–7 wt% MnO) (Bollenhagen, 1993;
Smith1998; Hammerli et al., 2016), whereas the com-
position of garnet is more Mn-rich in and proximal to
Pb-Zn-Ag mineralisation (up to 30 wt% MnO), and the
concordant Nugent orebody (up to 18 wt% MnO) at
Kanmantoo (Fig. 2). Furthermore, the Zn concentration
of garnet associated with Pb-Zn-Ag mineralisation is
high (100–252 ppm Zn) relative to that spatially asso-
ciated with the Kanmantoo Cu-Au deposit and the

country rocks (<26 ppm Zn). A principal component

analysis of garnet from Pb-Zn-Ag deposits overlaps

that of the Nugent orebody at Kanmantoo (Fig. 3),

which is spatially associated with laminated quartz-

garnet rocks.

Gahnite

Gahnite is spatially associated with the Pb-Zn-Ag

deposits (e.g. Angas, Wheal Ellen, Strathalbyn, Aclare,

and St. Ives) but it also locally occurs in schists imme-

Emily Star (34)

Nugent (141)
Nugent (125)

Kavanagh (149)

Kavanagh (54)
Hammerli et al., 2016

Smith, 1998
Bollenhagen, 1993

Almandine + Pyrope

GrossularSpessartine

10

20
country rocks

Pb-Zn-Ag deposits

30

40

50

60

70

80

90

10

10

20

20

30

30

40

40

50

50

60

60

70

70

80

80

90

90

Figure 2. Ternary plot of garnet compositions from the
Kanmantoo deposit (Emily Star, Kavanagh, and Nugent ore-
bodies) and country rock schist (Bollenhagen, 1993; Smith,
1998; Hammerli et al., 2016) shown by an ellipse. The com-
positional field of garnet associated with Pb-Zn-Ag deposits
is shown as a separate ellipse. Component 1 (30.4%)

Component 1 (30.4%)

C
om

po
ne

nt
 2

 (
17

.6
%

)
C

om
po

ne
nt

 2
 (

17
.6

%
)

Y

Ga

Ca

Zn Ti

V

Cr

Li

Sn

Mg
Fe

Zr

Sc

Ge
Mn

Nugent

b)

a)

Angas

St. Ives
Wheal Ellen

4

3

2

1

0

-1

-2

-3

-4
-4 -3 -2 -1 0 1 2 3 4

1.0

0.5

0.0

-0.5

-1.0

-1.0 -0.5 0.0 0.5 1.0

Figure 3. Principal component analysis of garnet using 15
elements, Ca, Cr, Fe, Ga, Ge, Li, Mg, Mn, Sc, Sn, Ti, V, Y, Zn,
and Zr. a) Score plot of the first two principal components
with percent variance for component 1 and 2 on the x and y
axis, respectively. b) Loading plot showing the vector repre-
sentation of data projected onto the score plot for each ele-
ment. Symbols same as shown in Figure 2 for Kanmantoo
orebodies. 



28

P.G. Spry, M.V. Pollock, K.A. Tott, A.E. Koenig, R.A. Both, and J.A. Ogierman

diately north and south of the Kanmantoo deposit
(Toteff, 1999). Gahnite in the Pb-Zn-Ag occurrences
has major element compositions (Zn, Mg, and Fe) that
overlap compositions of gahnite in metamorphosed
massive sulphide deposits found elsewhere in the
world (i.e. 28–34 wt% ZnO) (Fig. 4). Gahnite is
enriched in Cu (up to 39 ppm), and the first series tran-
sition elements, which include up to 3,600 ppm Mn, up
to 90 ppm Co, up to 320 ppm V, up to 1,000 ppm Cr,
and up to 217 ppm Ga. The trace element compositions
of gahnite from Pb-Zn-Ag deposits generally overlap
with each other but those from St. Ives are more
enriched in Co.

Staurolite

The Zn and Mn contents of staurolite are also high in
the Pb-Zn-Ag deposits (up to 6.3 wt% ZnO and up to
~5,000 ppm Mn) relative to those associated with stau-
rolite in the Kanmantoo deposit (up to 1.6 wt% ZnO
(with one outlier of 3.2 wt% ZnO), 344 ppm Co, 285
ppm V, and 2070 ppm Mn) (Fig. 5). 

Biotite

Biotite in the Cu-Au and Pb-Zn-Ag deposits has com-
positions generally close to the phlogopite-annite
boundary. Biotite in the Pb-Zn-Ag deposits is unusu-
ally enriched in various trace elements, including up to
2,600 ppm Mn, 6,400 ppm Cu, and 1,200 ppm Zn in
the St. Ives deposit, and up to 1,200 ppm Zn, 5,400
ppm Mn, and 5 wt% Tl in the Angas deposit. The Tl
content of biotite is amongst the highest yet reported
for biotite in nature. These elemental concentrations
are in contrast to those associated with biotite in the
Kanmantoo deposit, which are less enriched in metallic
trace elements (e.g. <200 ppm MnO and ZnO, and <2
ppm Tl). 

Chlorite

Mg-rich chlorite in sulphide mineralization at

Kanmantoo contains up to 2,300 ppm Mn and 1600

ppm Zn, whereas Fe-rich chlorite contains up to 628

ppm Mn and 202 ppm Zn. Chlorite in Emily Star is

characterized by an enrichment in Cu (up to 593 ppm)

relative to all other samples that typically contain <10

ppm Cu. The reason for this is unclear. Chlorite spa-

tially associated with Pb-Zn-Ag sulphides contains up

to 8922 ppm Mn, 6970 ppm Zn and 321 ppm Cu.

Muscovite

Trace element compositions of muscovite in unaltered

country rocks and altered rocks spatially associated

with the Kanmantoo deposit contain up to 724 ppm V,

973 ppm Sr, 482 ppm Pb, ppm Cu, 212 ppm Zn, and
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31,023 ppm Ba, whereas those associated with the Pb-
Zn-Ag deposits contain up to 324 ppm V, 204 ppm Sr,
721 ppm Pb, 101 ppm Cu, 661 ppm Zn, and 17,227
ppm Ba. Muscovite from country rocks elsewhere in
the Kanmantoo Group contain lower amounts of these
elements (up to 298 ppm V, 125 ppm Sr, 32 ppm Pb, 70
ppm Cu, 51 ppm Zn, and 3,072 ppm Ba: Hammerli et
al., 2016).

Ilmenite

Ilmenite in the Kanmantoo deposit is essentially end-
member FeTiO3, with up to 0.5 wt% MnO and 0.1 wt%
ZnO, differing greatly from that at St. Ives, which con-
tains up to 22.9 wt% ZnO, close to ecandrewsite
(ZnTiO3). Ilmenite in the Angas deposit is enriched in
Mn, with concentrations ranging from 1.7 to 8.4 wt%
MnO, and up to 0.5 wt% ZnO. 

Magnetite

Magnetite is intergrown with chlorite, chalcopyrite,
and pyrrhotite in the Kanmantoo Cu-Au deposit.
Concentrations of select elements in magnetite in the
Kanmantoo Cu-Au and Pb-Zn-Ag deposits, respec-
tively, contain up to 7070 and 5394 ppm Al, 4520 and
1195 ppm Ti, 5085 and 4506 ppm V, 1285 and 1775
ppm Cr, 23200 and 983 ppm Cu, 12715 and 509 ppm
Zn, and 252 and 607 ppm Ga. A plot of Sn/Ga vs.
Al/Co was developed by Singoyi et al. (2006) to assess
the provenance of hydrothermal magnetite from skarn,
IOCG, Broken Hill-type Pb-Zn-Ag, and VMS deposits.
Although there is no designated field for sediment-
hosted deposits, it should be noted that most magnetite
from the Kanmantoo and Pb-Zn-Ag deposits generally
overlap the compositions of magnetite associated with
VMS deposits (Fig. 6).

DISCUSSION AND CONCLUSIONS

The enrichment of Zn, Mn, Co, V, Cr, and Cu in gah-
nite, Mn and Zn in garnet and ilmenite, and Zn, Mn,
Cu, and Tl in biotite in Pb-Zn-Ag and Cu-Au deposits
relative to those found in the same minerals in unmin-
eralized rocks, constitutes a potential pathfinder to
metamorphosed sediment-hosted massive sulphide
deposits in the Kanmantoo Group. The enrichment of
Co in gahnite at St. Ives may not be surprising since Co
is enriched in sulphides in the Kanmantoo Group (e.g.
pyrite in pyritic schists, and cobaltian arsenopyrite at
Wheal Ellen). Like those obtained here, garnet, gah-
nite, and biotite in BHT deposits contain elevated con-
centrations of Mn and Zn. Common rock-forming min-
erals, such as biotite, muscovite, chlorite, ilmenite, gar-
net, magnetite, gahnite and staurolite, some of which
are resistate minerals, serve as potential chemical vec-
tors in the exploration for SEDEX deposits in the
Kanmantoo Group and in other metamorphic terranes. 
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Tourmaline [general formula; XY3Z6T6O18(BO3)3V3W]
is represented by a large family of borosilicate minerals
capable of incorporating a wide range of elements,
from alkalis (Na,K,Rb), alkaline earths (Mg,Ca,Sr),
high field-strength elements (Ti,Y,Nb) to metals
(Fe,Mn,Ni,Cu) and halogens (F,Cl,Br). This, coupled
with its resistivity to chemical and physical degrada-
tion in the natural environment, makes tourmaline ideal
as an indicator mineral. Furthermore, the mineral is a
relatively common constituent of mineralized porphyry
systems, where it frequently develops in highly brec-
ciated areas that can be host to significant mineraliza-
tion (Cu-Au-Mo) as well as in veins or in dissemina-
tions (Fig. 1). On this basis, studies have been under-
taken to examine the relationship between the crystal
chemistry of tourmaline from mineralized porphyry
systems in south-central British Columbia (Shaft
Creek, Highland Valley) and southern Yukon (Casino),
specifically focusing on the evaluation of (1) textural
variations in tourmaline and their relationship to min-
eralization processes, (2) chemical changes (major,
minor, trace) and insights into fluid chemistry, (3)
chemical zonation patterns and linkages to crystalliza-
tion processes, and (4) inclusions within tourmaline
and how these vary inter- and intra-deposit. This pres-
entation will highlight some (but not all) of the key
findings of an on-going research program to creating a
baseline database of tourmaline characteristics in min-
eralized porphyry systems.

The host lithologies for all samples examined are
granodiorite to feldspar porphyries with variable
degrees of potassic alteration. At Shaft Creek, tourma-
line developed in veins, as disseminations, and in brec-
cias. That found in veins occurs as densely packed
aggregates composed of randomly arranged, prismatic
crystals. The grains are relatively small (20–100 μm in
length) and have, commonly developed at vein bound-
aries. Intergranular space is infilled with quartz and
sulphide minerals and is frequently found with apatite
and rutile. In disseminations, the tourmaline developed
in radial aggregates of coarse grains (average 0.5 mm,
but individual grains can be up to several millimetres in
length) that are overgrown by sulphide minerals. In
breccias, individual, euhedral grains of tourmaline,
which range in size from <100 μm to several mm, have
interesting zonation patterns that can be observed in

Testing the applicability of tourmaline as a tool in the exploration
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Figure 1. Examples from Schaft Creek of the depositional
and textural variance of tourmaline observed in this study. 
a) Disseminated tourmaline (black mineral) showing its rela-
tionship to the host rock and the sulphide mineralization. 
b) Tourmaline (black mineral) occurring as veins. c) Tourma-
line (black mineral) occurring in the breccia matrix together
with quartz and sulphide minerals (chalcopyrite and pyrite).
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thin section: large, homogeneous cores, which are pre-
dominately red-brown in colour, are partially to wholly
overgrown by fine-grained, grey-green rims. At least
two generations have been observed: earlier formed,
coarse grains that are ‘cemented’ by finer grained tour-
maline along with quartz and sulphide (predominantly
chalcopyrite). It is noteworthy that the tourmaline,
regardless of its mode of occurrence, is typically pre- to
syn-formational (paragenetically) to associated sul-
phide minerals. At Casino, tourmaline has to-date only
been found in disseminations, where it occurs as acic-
ular grains, typically <200 μm in length, that exhibit a
wide range of colours in thin section (green, red,
brown). The tourmaline is paragenetically early, with
sulphide minerals (pyrite, chalcopyrite, tennantite)
occurring as both overgrowths and fracture-fillings. At
Highland Valley, the tourmaline developed as radiating
clusters composed of blue-green to tan-brown crystals
up to 4 mm in length, occasionally with fine-grained
tourmaline overgrowths. The material analyzed was
from sulphide-poor alteration zones and the parage-
netic relationship between the two tourmaline types is
still to be determined.

The tourmaline examined in this study frequently
exhibits complex oscillatory zonation (most obvious
under backscattered-electron imaging) that correlates
with Mg-Fe variations (lighter areas being Fe-enriched;
Fig. 2). The tourmaline typically possesses cores with
irregular patchy zonation that have been subsequently
overgrown by tourmaline exhibiting oscillatory zona-
tion patterns (Fig. 3).

Results from the mineral-chemistry study show that
tourmaline from all three occurrences (Shaft Creek,
Highland Valley and Casino) is enriched in Mg and
tends to be Fe2+-dominant. Tourmaline from Shaft
Creek has an average 2.12 apfu Mg (apfu = atom per
formula unit) with 1.48 apfu Fe but it was observed that
the tourmaline shows a wider range in Fe content than
Mg content (0.26–3.14 apfu Fe vs. 1.35–2.89 apfu
Mg). At Casino, the tourmaline has an average Mg con-
tent of 1.99 apfu and Fe content of 0.61 apfu. It is

Figure 2. Oscillatory zonation characteristic of tourmaline
examined in this study. Light zones correspond to Fe-enrich-
ment, darker zones to Mg-enrichment. Schaft Creek, British
Columbia.

Figure 3. Backscattered-electron image showing the chaotic,
dismembered tourmaline cores. Samples from the breccia
zone at Schaft Creek, British Columbia. Abbreviations: Ab =
albite; Tur = tourmaline, Qz = quartz.
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Figure 4. Plot of Fe# (Fe2+/Fe2++Fe3+) versus FeO showing
a decrease in Fe2+ as FeOtotal increases.
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notably Fe-poor with a smaller range (0.23–1.33 apfu
Fe). Neither F nor Cl were found to be present above
detection limits (~0.1 and 0.15 wt%, respectively).
Tourmaline from Highland Valley is, on average, the
most Fe-rich (2.06 apfu vs. 1.86 apfu Mg) examined in
this study and shows the widest range in chemical vari-
ation (0.28–3.81 apfu Fe vs. 1.12–2.70 apfu Mg). The
calculated Fe# (Fe2+/Fe2++Fe3+) varies considerably
amongst the three sites: for Shaft Creek, the tourmaline
has an average Fe# of 0.81 (range 1–0.47), from
Casino the Fe# is 1 (range 1–0.95), and for Highland
Valley, the Fe# is 0.73 (range 1–0.49). A negative cor-
relation between Fe# and FeOtot (Fig. 4) has been
observed at all three sites.

In general, deficiencies (vacancies) in the alkali site
(X) of tourmaline are variable. Tourmaline from
Casino shows the highest vacancy content (average:
0.17 apfu, range: 0.05–0.43 apfu), and tourmaline from
Shaft Creek and Highland Valley are similar, both hav-
ing relatively insignificant concentrations (average
0.01 and 0.02 apfu, respectively; ranges of 0–0.32 and
0–0.17 apfu, respectively). Results show that these
vacancy abundances positively correlate with Al con-
centration and negatively with both (Mg+Fe) concen-
trations, which is consistent with the substitution of
R2+ + Na ↔ Al3+ + □ (R2 = 0.93; Fig. 5a). A negative,
but weaker (R2 = 0.77) correlation between Fe2+ and

Al3+ is also noted, possibly reflecting the substitution
Fe2+ + (OH)- ↔ Al3+ + O2- (Fig. 5b).

Tourmaline analyzed in this study ranged in com-
position from dravite (Na-Mg tourmaline,
NaMg3Al6Si6O18(BO3)3(OH)4) to schorl (Na-Fe2+

tourmaline, NaFe2+3Al6Si6O18(BO3)3(OH)4) and
when plotted on a binary Mg-Fe plot, a general tendency
could be observed for most tourmaline compositions to
plot closer to that of dravite (i.e. Mg-dominant), regard-
less of whether the sample is from an earlier or later
generation (Fig. 6). However, when tourmaline compo-
sitions are plotted on a Fe-Mg-Al ternary diagram,
there is a noticeable tendency for a significant portion
of the data to trend towards povondraite (Na-Fe3+ tour-
maline, NaFe3+3Fe3+4Mg2Si6O18(BO3)3(OH)4), as is
seen in samples from Schaft Creek and Highland
Valley (Fig. 4). The exception is tourmaline from
Casino, where the data tightly cluster along the dravite-
schorl join, possibly with slightly elevated Al contents
(Fig. 6). 

Textural analyses of the tourmaline from this study
show that the development of chaotic, dismembered
cores followed by regular, oscillatory zoned rims is
ubiquitous. This could reflect early formed tourmaline
in the cores, likely with the commonly observed oscil-
latory zonation patterns, being shattered or dismem-
bered and then reconsolidated and overgrown by tour-
maline arising from a second period of growth (also
exhibiting the typical oscillatory zonation patterns),
probably during relatively quiescent periods of crystal-
lization. Mineral-chemical data indicate that the tour-
maline in the chaotic cores as well as in the oscillatory-
zoned rims show the same chemical characteristics,
including Mg# (100Mg/(Mg+Fetot) and Fe#, with the
same magnitudes of variation, implying broad similar-
ities in the composition of the fluids form which they
were crystallized. The shattered cores could reflect
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boiling and an increase in pressure, which would, in
turn, lead to overpressure and subsequent pressure
release. Boiling would be expected to coincide with a
release of H2, which would, in turn, lead to higher f O2.
However, no significant differences in calculated Fe#
were noted between the chaotic cores and oscillatory
zoned rims, suggesting that boiling may not have
played an overarching role in the formation of tourma-
line. 

Previous research has shown that tourmaline from
porphyry systems typically has an average Mg content
of ~2 apfu (Baksheev et al., 2012), which is consistent
with the results of this study. The predominance of
Fe2+ in tourmaline could, in part, reflect (or be attrib-
utable to) an increase in the relative abundance of H2S.
High concentrations of Fe2+ is particularly relevant for
sulphide formation if metals in mineralized porphyry
systems are indeed transported in sulphide (or bisul-
phide) complexes (Heinrich et al., 2004). The virtual
absence of both F- and Cl- in tourmaline (which are
common metal-complexing agents) may also support
this supposition. 

Calculated Fe# clearly demonstrate a predominance
of Fe2+ in tourmaline, supporting crystallization under
reducing conditions (i.e. low f O2). Restricted increases
in Fe3+ content is noted, perhaps reflecting local condi-
tions of high f O2 developed during alteration. The neg-
ative correlation between Fe# and FeOtot (Fig. 4)
observed in the samples from this study may be
explained by both an increased concentration of H2S
(potentially transporting metals) during formation and
by the crystallization of sulphides, notably pyrite,
which is enriched in Fe2+ (rather than chalcopyrite,
which is dominated by Fe3+). 

The trend of tourmaline compositions towards
povondraite is noteworthy as povondraite shows not
only a predominance of Fe3+ but also has its W-site
dominated by O2-, rather than by (OH)- or F-. There-
fore, chemical trends towards this component in the
tourmaline may be suggestive of relatively lower H2O
content, but potentially higher f O2, in the fluid or melt
from which it crystallized. The observation that tour-
maline from mineralized porphyry systems exhibits
enrichment in the povondraite end-member composi-
tion has been previously reported by Baksheev et al.
(2012) and is confirmed by the findings of this study.

CONCLUSIONS 

1. Two generations of tourmaline have been recognized
in the samples from Shaft Creek, Highland Valley
and Casino: (a) an early, pre-sulphide tourmaline
that dominates the cores of larger crystals and is
characterized by a chaotic texture and (b) a later, pre-
to syn-sulphide tourmaline that develops as rims and
exhibits distinct oscillatory zonation. The core tour-
maline is considered to have developed during pres-

sure build-up and release and the rim is considered
to have developed during a period of relative quies-
cence. 

2. Chemical zonation (most notable under backscat-
tered electron imaging) is primarily attributed to
variations in Mg and Fe. Both the core and rim tour-
maline show similar compositions (Fe#, Mg#,
vacancy populations) and are chemically indistin-
guishable from one another. 

3. Chemical analyses show major concentrations of Mg
and Fe, with lesser amounts of Al. Calculations
demonstrate that Fe2+ dominates but some tourma-
line shows lesser, but potentially significant, concen-
trations of Fe3+. Flourine and Cl were not observed
above detection limits. 

4. The tourmaline examined clearly plot along the
dravite-schorl join, with most of the data plotting
closer to the dravite end-member. A significant por-
tion of the data shows limited enrichment towards
the povondraite end-member. 

5. Results suggest that (a) a direct genetic linkage
between tourmaline and sulphide formation is tenu-
ous. In most cases, sulphide crystallization appears
to be post tourmaline; (b) the absence of significant
halogens appears to be consistent with the hypothe-
sis that metal transport in mineralized porphyry sys-
tems is primarily through sulphide complexes; (c) a
predominance of Fe2+, suggesting the tourmaline
formed under relatively reducing conditions. This is
also consistent with the presence of H2S in the sys-
tem, furthering the concept that metals are being
transported in sulphide complexes in mineralized
porphyry systems. (d) only slight Fe3+ enrichment
was observed and may coincide with periods of
alteration (as at Highland Valley) or possibly with
the crystallization of sulphide minerals. Within the
chaotic tourmaline cores; no variation in Fe# was
observed, suggesting that boiling may not be respon-
sible for their observed disaggregation. 

6. The zonation patterns, the lack of significant vacan-
cies in the X-site and the dominant compositional
trend of tourmaline along the dravite-schorl join
(with a weaker trend towards povondraite) collec-
tively may serve as useful characteristics in recog-
nizing tourmaline from mineralized porphyry sys-
tems. 
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Diamond exploration typically takes place in remote
and inaccessible areas where it may take decades for an
economically viable diamond deposit to be found,
assessed, and ultimately mined. Various scientific skills
and technical disciplines are required at all stages of
the exploration process—from targeting, early or
reconnaissance stages through discovery and advanced
stages. Within the early stages of exploration, sampling
of soil or stream sediments for the recovery of kimber-
lite indicator minerals (KIMs) is dependent on the
environmental setting. With favourable results, more
detailed sampling is conducted, then geophysical sur-
veys are flown, and prospective targets are identified
and drilled.

Not every kimberlite discovery is economically
viable, in fact, the vast majority are not, however,
assessment of the ‘diamond potential’ of a kimberlite
can begin immediately upon discovery from the KIMs
recovered from the samples collected. At this stage, the
major element chemistry of the recovered KIMs are
evaluated and compared to those from mantle studies
and known inclusions in diamonds to highlight kimber-
lites with the ‘highest’ diamond potential (e.g. Gurney
et al., 1993; Nowkicki et al., 2007; Stachel and Harris,
2008). This is critical as we only want to focus our con-
tinuing efforts on those kimberlites with the highest
potential. 

In addition to this traditional method of determining
diamond potential, determining mantle pressure (P )
and temperature (T ) through thermobarometry of man-
tle xenoliths and garnet and clinopyroxene KIMs is key
as the P-T data are a direct measure of the geothermal
state (i.e. geotherm) of the continental lithospheric
mantle at the time of emplacement.

PALEOGEOTHERM AND 

LITHOSPHERE THICKNESS

The estimation of paleogeotherms has traditionally
been accomplished by calculating P-T data from recov-
ered mantle xenoliths with reference to a family of
geotherms (Pollack and Chapman, 1977). However, in
the early stages of diamond exploration, the recovery
of mantle xenoliths for tradition thermobarometry is
very limited. Xenocrystic garnet and clinopyroxene
from kimberlite concentrates are exceedingly more

abundant than xenoliths, and it is common practice to
analyse these for P-T data. As early as 1996, it became
possible to use garnet xenocrysts to generate P-T data
that could be used to produce a ‘garnet geotherm’.

Temperature information for garnet xenocrysts can
be determined by either of two methods. The first is an
empirically derived Ni thermometer for peridotitic
xenocrystic garnets from Griffin at al. (1989) and
expanded upon in Ryan et al. (1996). This technique
allows the temperatures for a single garnet to be calcu-
lated, assuming the grain has equilibrated with olivine.
The second method is an experimentally derived Ni-in-
garnet geothermometer developed by Canil (1994) and
revised in Canil (1999). A garnet barometer (PCr) was
initially developed by Ryan et al. (1996) and subse-
quent to this, Grütter et al. (2006) published the P38

Cr/Ca-in-pyrope barometer. Both barometers are lim-
ited in that they yield only minimum pressures in most
circumstances. For the purposes of this paper, all tem-
peratures and pressures presented for garnet xenocrysts
will use the TNi formulation of Canil (1999) and the P38

barometer of Grütter et al. (2006). For a more compre-
hensive overview of these techniques, refer to
Cookenboo and Grütter (2010).

An example of how kimberlite-derived garnet
xenocryst P-T data has traditionally been used within
the diamond exploration community is illustrated in
Figure 1. It is evident that estimating a paleogeotherm
in relation to the Pollack and Chapman (1977) refer-
ence geotherms is problematic, as the process is both
manual and subjective, in addition, there does not
appear to be a specific reference geotherm that ade-
quately explains the data. To add further uncertainty in
the process, P38 data are only minimum pressures so
one must rely on using the maximum temperature for
any given pressure (or depth) to define the geotherm.
These issues will be further illustrated in subsequent
figures.

Since Exploration ’07, there have been advance-
ments in reliable single-grain thermobarometry, specif-
ically in the use of a single clinopyroxene for the deri-
vation of P-T conditions of equilibration. In conjunc-
tion with this has been the development of a quantita-
tive method for fitting a geotherm to P-T data. Nimis
and Taylor (2000) presented a calibration of the Cr-in-
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clinopyroxene barometer and the enstatite-in-clinopy-

roxene thermometer for clinopyroxene grains derived

from garnet peridotite. Grütter (2009) and Nimis and

Grütter (2009) demonstrated the applicability of single-

grain clinopyroxene-derived geotherms. In addition to

this, a routine was presented for stringent filtering of

the clinopyroxene data before any P-T calculations can

be undertaken—further additions to the filters were

made by Ziberna et al. (2016).

Despite this method for attaining reliable single-

grain clinopyroxene thermobarometric data, P77 refer-

ence geotherms were still being used until Mather

(2011) introduced FITPLOT, a program for numerical

paleogeotherm fitting to P-T data. The origins of this

quantitative approach are from McKenzie and Bickle

(1988) and McKenzie et al. (2005). At the same time as

Mather presented FITPLOT, Hasterok and Chapman

(2011) introduced an updated set of preferred geotherm

families, however, their approach is not numerical but

replies on a manual method of comparing the P-T data

to the reference geotherms.

To illustrate the value of FITPLOT, a few publicly
available datasets are used to derive paleogeotherms at
the time of kimberlite emplacement. Input parameters
for FITPLOT require P-T data, upper and lower crustal
thickness estimates (km), heat production values
(mW/m3) for the crust and mantle, and a potential tem-
perature for the mantle. When clinopyroxene xeno-
crysts were used as inputs for this talk, pressures and
temperatures were calculated using Nimis and Taylor
(2000) and the filters outlined in Nimis and Grütter
(2009) were employed. When P-Ts from mantle xeno-
liths were inputs, they are entered “as is” from their
respective sources. Crustal thickness data per location
are from Tesauro et al. (2014)—the total crustal thick-
ness was divided equally between the upper and lower
crust. Heat production and mantle potential tempera-
ture are from McKenzie et al. (2005), 1.12 μW/m3 for
the upper crust, 0.4 μW/m3 for the lower crust, and 0
μW/m3 for the mantle, with a mantle potential temper-
ature (isentrope) of 1315°C. Therefore, the only vari-
able parameters are crustal thickness and the P-T data.
Lastly, and most critical for diamond exploration, FIT-
PLOT provides an estimate of lithosphere thickness
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Figure 1. Garnet xenocryst pressure-temperature (P-T) data (at left) for the Charlie, Delta, Tango, and Whiskey kimberlites
(241 garnets from Griffin et al., 2004; note, pressures have been converted to depth). At right is a selection of 997 garnet
xenocrysts from the Victor kimberlite (De Beers data). The diamond-graphite transitions of Kennedy and Kennedy (1976) and
Day (2012) are shown as the black dashed line and red dash-dot line, respectively. The seven represented geotherms (mW/m2)
were digitized from Figure 3 of Pollack and Chapman (1977).
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Figure 2. At the left is the FITPLOT paleogeotherm output for the pressure-temperature (P-T) data from clinopyroxene
xenocrysts from the Victor mine (clinopyroxene data are from Sage, 2000). The output indicates that the paleogeotherm inter-
sects the Day graphite-diamond transition (G/D) at ~114 km and meets the isentrope at ~206 km (i.e. the lithosphere/asthenos-
phere boundary; LAB) defining a diamond window of ~92 km. At the right is the FITPLOT output for P-T data for mantle xeno-
liths from Golf, Alpha, and Victor kimberlites (Scully, 2000). The outputs are identical to the clinopyroxene xenocryst data. The
paleogeotherms are defined by the blue lines with their associated bounding error envelopes (grey lines). The seven Pollack
and Chapman (1977) reference geotherms are indicated by the lines and labelled. All other reference lines are as those
described in Figure 1. The FITPLOT crustal thickness terms were set at 18.85 km each for the upper and lower crust.

and the extent of the diamond window can be deter-
mined based on the intersection of the paleogeotherm
with the graphite-diamond transition (Kennedy and
Kennedy (1976) or Day (2012))—the position of the
graphite-diamond transition within the continental
lithospheric mantle is a fundamental control for dia-
mond potential.

Paleogeotherms obtained through FITPLOT for the
Attawapiskat kimberlite field (170–180 Ma; Januszczak
et al., 2013) are shown in Figure 2. Pressure and tem-
perature data for clinopyroxene xenocrysts from the
Victor mine (Sage, 2000) and mantle xenoliths from
the Golf and Alpha kimberlites and the Victor mine
(Scully, 2000) were used as inputs. The fitted paleo-
geotherms are almost identical for both datasets with a
lithospheric thickness of ~206 km and an extensive
diamond window of ~92 km, beginning at a depth of
~134 km (using the graphite-diamond transition of Day
(2012)). With respect to the reference geotherms of
Pollack and Chapman (1977), the 40 mW/m2 geotherm

appears to fit the available data, however, it is impossi-

ble to determine lithosphere thickness as the geotherm

does not meet the isentrope at a geologically reason-

able depth.

Paleogeotherms for the Kyle Lake kimberlite in

Ontario (1076.2 ±3.8 Ma: Heaman et al., 2004) and the

Nikos kimberlite on Somerset Island (97 ±17 Ma:

Schmidberger et al., 2001) are presented in Figure 3.

Kyle Lake clinopyroxene xenocrysts (Sage, 2000) and

low- and high-temperature peridotite xenoliths from

Nikos (Schmidberger et al., 2001) were used for the P-
T inputs. The fitted paleogeotherms indicate thinner

lithospheres: the diamond window for Kyle Lake

begins at ~134 km and ends at ~181 km (~47 km dia-

mond window) and for Nikos, the diamond window

begins at ~126 km and terminates at ~188 km (~62 km

diamond window). None of the reference geotherms

adequately fits the available P-T data, making it impos-

sible to estimate the lithosphere thickness and the dia-
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mond window. Further examples will be presented dur-

ing the workshop.

DIAMOND POTENTIAL

With a reliable and consistently reproducible method

for obtaining paleogeotherms from P-T data and know-

ing where the paleogeotherm intersects the diamond

stability field, the diamond potential of a kimberlite can

now be further assessed using the available garnet

xenocryst data. The process begins with each garnet

xenocryst being projected onto the paleogeotherm to

determine the location where the grain resided in the

mantle before entrainment within the kimberlite

magma. Using data for garnet xenocrysts from the

Victor mine to illustrate the process (Fig. 4), the bulk of

the garnet-bearing peridotitic mantle within Victor

mine (~90%) was derived from the diamond stability

field. Peak sampling occurred at ~150 km, with ~70%

of the garnets recovered between 140 and 

165 km. This information indicates a high diamond

potential as there is little dilution of material from the

graphite stability field.

CONCLUSIONS

The examples used in this talk are presented to illus-

trate the concept of assessing a kimberlite’s diamond

potential through determining the origins of garnet-

bearing peridotitic mantle material within a kimberlite.

This can be successfully and consistently accomplished

through the determination of the paleogeotherm at the

time of kimberlite emplacement using single-grain

thermobarometry techniques and, at present, FIT-
PLOT, a quantitative paleogeotherm fitting program.

This technique is reliable and far more consistent and

reproducible than using reference geotherms, such as

those from Pollack and Chapman (1977), that do not

appear to be geologically reasonable models of the

lithospheric mantle. 
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Figure 3. At the left is the FITPLOT paleogeotherm output for the clinopyroxene xenocrysts from Kyle Lake kimberlite (Sage,
2000). The output indicates that the paleogeotherm intersects the graphite-diamond transition (G/D) from Day (2012) at 
~134 km and meets the isentrope at ~181 km (i.e. the lithosphere/asthenosphere boundary; LAB) defining a diamond window
of ~47 km. At the right is the FITPLOT output for low- and high-temperature peridotite mantle xenoliths for the Nikos kimberlite,
Somerset Island (Schmidberger et al., 2001). The output indicates that the paleogeotherm intersects the graphite-diamond tran-
sition (G/D) from Day (2012) at ~126 km and meets the isentrope at ~188 km, defining a diamond window of ~62 km. The pale-
ogeotherms are defined by the blue lines with their associated bounding error envelopes (grey lines). The seven Pollack and
Chapman (1977) reference geotherms are indicated by the lines and labelled. All other reference lines are as those described
in Figure 1. The FITPLOT crustal thickness terms were set to 18.85 km for Kyle Lake and 18.5 km for Nikos.
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Figure 4. At left are the 997 Victor garnet xenocrysts (red circles) projected onto the clinopyroxene xenocryst derived paleo-
geotherm (blue circles). At right is a histogram grouping the garnet xenocryst data within 5 km bins—garnet counts per bin are
listed. The histogram quickly portrays the amount of garnet-bearing mantle entrained by Victor, with ~90% originating within the
diamond window and peak sampling occurring at ~150 km.

No single tool or technique supplies all the required
answers. Although many of the tools have flaws and
the data we use is invariably incomplete and uncertain,
we should not let these limitations stop us from using
the tools and data we have at hand to make decisions.
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Sulphide minerals form in a wide variety of environ-
ments, e.g., crystallizing from magmatic sulphide liq-
uid segregated from mafic/ultramafic magmas at
1200°C, to crystallizing from the reaction of detrital
Fe-minerals with H2S as a result of bacterial sulphate
reduction during the shallow burial of sediments. The
different conditions of sulphide formation lead to dis-
tinctive signatures in trace elements, which can now be
easily determined through laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS).
Although studies of sulphide trace element signatures
in magmatic and hydrothermal environments have pro-
vided deeper insights into ore genesis (e.g. Barnes et
al., 2008; Large et al., 2009; Duran et al., 2016; George
et al., 2017), the chemistry of sulphide indicator miner-
als has not received attention, despite their abundance
in ore deposits, rarity in barren rocks, and variable
compositions. Sulphide minerals were neglected
because of the popular belief that they cannot be pre-
served in surface media due to oxidation processes
when exposed to the atmosphere or oxygenated surface
water (e.g. Rosso and Vaughan, 2006). However, burial
rates are fast in glaciated terrains and, in general, gla-
cial sediments are relatively impermeable, which
results in very limited chemical weathering. Thus,
characterizing the mineral chemistry of these sulphide
minerals, which are commonly preserved and can be
abundant in till samples (e.g. Sarala and Peuraniemi,
2007; McClenaghan et al., 2011; Peuraniemi and
Eskola, 2013), allows discrimination of different
deposit styles at the geological province scale. This
contribution presents a review of the trace element sig-
natures of magmatic sulphides, with an emphasis on
global petrogenetic implications and methods of dis-
criminating magmatic and hydrothermal sulphides
based on their trace element chemistry. Finally, an
example from the Churchill Province in northern
Quebec is presented that highlights the strong potential
for magmatic and hydrothermal mineralization in this

under-explored area as well as the usefulness of indica-
tor mineral chemistry for exploration in glaciated ter-
rains.

TRACE ELEMENT SIGNATURES OF 
MAGMATIC SULPHIDES AS 

PETROGENETIC INDICATORS

The trace element compositions of magmatic sulphides
may be affected by several parameters: the degree of
fractionation of the parental silicate magma, the sili-
cate-to-sulphide ratio (R factor), contamination, defor-
mation, and alteration (Duran et al., 2015, 2016 and
references therein). The degree of fractionation of the
parental silicate magma is reflected in the profile of
primitive-mantle-normalized multi-element patterns.
Pyrrhotite and pentlandite grains derived from primi-
tive magmas, such as those from the komatiite at the
Rosie Nickel Prospect, Western Australia, have rela-
tively unfractionated platinum group element (PGE)
patterns (Fig. 1a) whereas pyrrhotite and pentlandite
grains derived from evolved magmas, such as those
from Lac des Iles, Ontario, have very fractionated PGE
patterns (Fig. 1a). The concentration of trace elements
in magmatic sulphides is mainly controlled by their
partition coefficients and the R factor. Elements with
the highest partition coefficients for sulphides (i.e.
PGE) are more enriched when the R factor increases,
but the shape of the primitive mantle normalized multi-
element patterns remains the same. This can be seen
when comparing sulphides from the same system (Fig.
1a) that have different R factors (i.e. disseminated sul-
phides vs. massive sulphides). When the magma is
contaminated, S and TABS (Te, As, Bi, Sb, and Sn) are
added to the magma. Because these elements have low
partition coefficients for sulphides, they are only
weakly affected by the R factor. Thus, sulphides
derived from strongly contaminated magmas have
higher concentrations relative to sulphides derived
from weakly contaminated magmas (Fig. 1a). When
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the sulphides are deformed, elements with large ionic
radii, such as Pb, Ag, and Bi, are concentrated along
grain boundaries (Fig. 1b). Mineral replacement reac-
tions during alteration of magmatic sulphides (replace-
ment of pyrrhotite by pyrite) leads to the redistribution
of the elements in the pyrite. Studies of magmatic ore
deposits have shown that pyrite is similarly enriched in
Co-Se and As-Rh-Ir-Os-Ru relative to pyrrhotite and
pentlandite, and that these elements form antithetical
concentric zonation (Fig. 1c,d). These features have
been interpreted to be the result of a similar re-equili-
bration process occurring in magmatic ore deposits
during alteration.

DISCRIMINATION OF SULPHIDES

Pentlandite essentially occurs in magmatic sulphide
deposits, which may be broadly divided in two groups:
PGE-dominated deposits and Ni-Cu sulphide deposits.
Compilation of trace element data reveals that pent-
landite from the PGE-dominated deposits (Oberthür et
al., 1997; Barnes et al., 2006, 2008; Godel et al., 2007;
Holwell and McDonald, 2007; Godel and Barnes,
2008; Djon and Barnes, 2012; Smith et al., 2014;
Duran et al., 2016) can be distinguished from pent-
landite from Ni-Cu sulphide deposits (Dare et al.,
2010; Godel et al., 2012; Piña et al., 2012; Chen et al.,

2014). Most pentlandite from PGE-dominated deposits
has Pd concentrations of >10 ppm, whereas pentlandite
from Ni-Cu sulphide deposits has Pd concentrations of
<10 ppm. Moreover, pentlandite from PGE-dominated
deposits has Rh concentrations of >1 ppm, whereas
pentlandite from Ni-Cu sulphide deposits has Rh con-
centrations of <1 ppm. An exception to this is the pent-
landite from Lac des Iles, which has Rh concentrations
of between 0.01 and 1 ppm. However, pentlandite from
Lac des Iles is still distinguishable from pentlandite
from Ni-Cu sulphide deposits based on its higher Pd
concentrations. These observations have a strong
potential for use in discriminating between PGE-dom-
inated and Ni-Cu sulphide deposits. A plot of Pd in
pentlandite versus Rh in pentlandite (Fig. 2a) may be
used to discriminate provenance (Duran et al., 2016). 

In Ni-Cu-PGE deposits, pyrite typically occurs as an
alteration product of a primary magmatic mineraliza-
tion (Duran et al., 2015). A compilation of trace ele-
ment data reveals that pyrite from Ni-Cu-PGE deposits
can be distinguished from pyrite from hydrothermal
deposits (volcanogenic massive sulphides (VMS), oro-
genic gold deposits, and Cu-porphyries). Pyrite from
Ni-Cu-PGE deposits generally contains thousands of
ppm of Co and hundreds of ppm of Se whereas
hydrothermal pyrite generally contain a few to hun-
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Figure 1. Examples of the use of trace element signatures of magmatic sulphides as petrogenetic indicator (modified from
Duran et al., 2015, 2016). a) Primitive mantle normalized multi-element patterns of pentlandite from Lac des Iles massive and
disseminated ores and Rosie Nickel prospect massive ore (see text for details). b) LA-ICP-MS elemental map of pentlandite
from Lac des Iles showing enrichment of Ag along grain boundaries. c) LA-ICP-MS elemental maps of pyrite grains from Lac
des Iles, Aguablanca, and Sudbury showing Co zonation. d) A box-and-whisker plot of Co concentrations in pyrite grains from
Lac des Iles, Aguablanca, and Sudbury showing similar compositions.
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dreds of ppm of Co and a few ppm of Se. In contrast,

hydrothermal pyrite generally contains thousands of

ppm of As and hundreds of ppm of Sb, whereas pyrite

from Ni-Cu-PGE deposits generally contains a few to

hundreds of ppm of As and a few ppm of Sb. Therefore,

a plot of Co/Sb versus Se/As (Duran et al., 2015) may

be used to discriminate the provenance of the pyrite

(Fig. 2b). Pyrite from Ni-Cu-PGE deposits (Dare et al.,

2011; Piña et al., 2013; Duran et al., 2015) has high

(~1000–10000000) Co/Sb and high (~0.01–1000)

Se/As values whereas pyrite from low-temperature

hydrothermal (i.e. orogenic gold deposits, VMS) and

sedimentary deposits (Large et al., 2009; Maslennikov

et al., 2009; Thomas et al., 2011; Revan et al., 2014)
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has low (~1000–0.00001) Co/Sb and (~1–0.0001)
Se/As values. Although pyrite from Cu-porphyries may
have high (up to 100) Se/As values (Reich et al., 2013)
as has pyrite from Ni-Cu-PGE deposits, it still may be
discriminated based on its low Co content.

Chalcopyrite occurs in magmatic Ni-Cu-PGE
deposits and in a variety of hydrothermal deposits
(epithermal, skarn, VMS, sedimentary exhalative
(SEDEX)). Unlike pentlandite and pyrite, chalcopyrite
is only minimally enriched in trace elements because
its composition is largely influenced by co-crystalliz-
ing sulphides. However, some elements do allow for
the discrimination of magmatic and hydrothermal chal-
copyrite. Magmatic chalcopyrite is usually richer in Ni
(thousands of ppm) and Se (hundreds of ppm) and
poorer in Cd (<10 ppm) (Barnes et al., 2008; Dare et
al., 2010, 2011, 2014; Piña et al., 2012; Chen et al.,
2014; Duran et al., 2016) relative to hydrothermal chal-
copyrite (George et al., 2017). Hydrothermal chalcopy-
rite has also very variable Cd (1–100 ppm) and Se (1–
1000 ppm) content (George et al., 2017). Thus, a ter-
nary plot of Ni-Cd-Se (Fig. 3a) makes it possible to dis-
criminate between magmatic and hydrothermal chal-
copyrite: two trends are defined (1) a magmatic trend
from the Se apex towards the Ni apex and (2) a
hydrothermal trend from the Se apex towards the Cd
apex (Duran et al., in prep).

APPLICATION FOR EXPLORATION: 

AN EXAMPLE FROM THE CHURCHILL

PROVINCE, NORTHERN QUEBEC

The Churchill Province in northern Quebec consists of
Archean to Proterozoic basement rocks, which have
undergone a complex orogenic and metamorphic his-
tory (Clark and Wares, 2004; Lafrance et al., 2013).
The vast majority of these rocks are covered by
Quaternary glacial deposits that display a complex geo-
morphology that reflects important variations in the
glacial dynamics (Clark et al., 2000; Dubé-Loubert et
al., 2014a,b, 2016). Occasional mineralized outcrops
have been identified in the area during mapping sur-
veys. The area south from Ungava Bay in the Churchill
Province has been under-explored owing to the sedi-
mentary cover, which has limited the effectiveness of
conventional exploration methods. However, as a
result this area is ideal to test the use of sulphide indi-
cator mineral chemistry for mineral assessment and
vectoring. 

Till and esker samples were collected in the area and
heavy mineral concentrates were prepared. The con-
centrates of the samples collected along the boundary
between the Labrador Trough and the Core Zone (Fig.
4) were found to contain thousands of sulphide grains,
namely pyrite and chalcopyrite with lesser amounts of
arsenopyrite/löllingite, which is indicative of the

underlying mineralized rocks. The sulphide grains
ranged from unaltered to moderately altered with a thin
oxidation corona that is enriched in W and La (Fig. 5),
which is a reflection of the mobility of theses elements
in the sediment matrix. No other elements were found
to display this relationship with the oxidation corona
(Fig. 5), indicating that the concentrations of the other
elements in the sulphides reflect the original composi-
tion. Most pyrite grains display trace element zoning
patterns similar to those observed in pyrite from mag-
matic and hydrothermal deposits. However, on a binary
plot of Co/Sb versus Se/As (not shown), most of the
pyrite grains plotted in the magmatic field. Only a
small population of pyrite falls in the hydrothermal
field and these grains appear to be enriched in Au.
Chalcopyrite grains do not display zoning patterns
(Fig. 5). However, multi-grain LA-ICP-MS elemental
maps exhibit strong compositional variations (Fig. 5).
On a ternary Ni-Cd-Se plot (Fig. 3b,c), chalcopyrite
grains were found to follow the magmatic and
hydrothermal trends. 

The results of this study reveal multiple sources for
the sulphide minerals present in the glacial deposits
and suggest there is strong potential for magmatic and
hydrothermal mineralization. Future work aims at rec-
onciling the chemistry of the sulphide indicator miner-

Trace element signatures of magmatic sulphides: petrogenetic implications and exploration applications

Figure 5. Multi-grain LA-ICP-MS elemental map of chalcopy-
rite grains from this study showing various trace element
compositions. From Duran et al., (in prep).



als with the geology of the glacial deposits to delineate
vectors toward potential economic targets.

CONCLUSIONS

Sulphide grains collected from heavy mineral concen-
trates of till and esker samples display trace element
compositions that are a reflection of the environment of
their formation. Important information can be learned
about ore-forming processes from the trace element
signatures of magmatic sulphides, such as the degree of
fractionation of the parental silicate magma, R factor,
contamination, deformation, and alteration. Pentlandite
from PGE-dominated deposits can be discriminated
from pentlandite from Ni-Cu sulphide deposits based
on Pd and Rh concentrations. Pyrite from magmatic
deposits can be differentiated from pyrite from
hydrothermal deposits based on Co/Sb and Se/As val-
ues. Chalcopyrite from magmatic deposits can be dis-
criminated from chalcopyrite from hydrothermal
deposits based on Ni, Cd, and Se concentrations.

With discovery of outcropping and subcropping ore
deposits on the wane, developing new exploration
methods for targeting deeply buried ore deposits has
become critical. There are vast areas that have been
affected by glaciation and are covered with thick gla-
cial deposits, limiting the usefulness of conventional
mineral-targeting methods. To overcome this, till geo-
chemical and indicator mineral methods are evolving
to provide vectors to underlying mineral resources (e.g.
McClenaghan, 2005; McClenaghan et al., 2014). These
methods have proved to be effective in exploration for
a wide range of ore deposit types (Averill, 2001, 2011).
In addition, the chemistry of indicator minerals can be
used to amplify the ore signature, which can be diluted
by the till background signature. As shown in this
example utilizing glacial deposits of the Churchill
Province, the trace element signatures of sulphide min-
erals can be used to discriminate different deposit
styles. These promising results indicates that further
work is warranted to identify more discriminants and to
test other cases.
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Scheelite and wolframite are the main host minerals for
tungsten and their production is dominated by intru-
sion-related ore deposit settings, specifically skarns
(i.e. calc-silicate assemblages), and quartz-vein types,
respectively (Kwak, 1987). The high density and
robustness of tungsten combined with its high melting
point and ability to alloy with other metals facilitates
its numerous technical applications (e.g. X-ray tubes,
welding, superalloys, radiation shields, projectiles).
The primary global supplier of tungsten is China due to
a few very large skarn-type deposits. The most recent
production figures (2016, https://minerals.usgs.gov/
minerals/pubs/commodity) indicate that of the approx-
imately 90,000 T of global production, China
accounted for 73,000 T, with Vietnam a distant second
at 5,600 T and Canada fifth at 1,680 T, the latter from
the intermittently open Cantung deposit in the
Northwest Territories. The price of ferrotungsten has
varied over the past 10 to 15 years between US$25 and
US$55 per kg; the price has currently (2017) retreated
to the low end of this range. The large fluctuation in
price reflects, in part, the dominance of a single sup-
plier and related stockpiles reflects the opening and
closing of several producers globally, including pro-
ducers of both scheelite and wolframite. The forecast
however is for tungsten to gain strength due to an
increase in demand; this bodes well for such deposits
as the world-class Sisson W-Mo deposit in New
Brunswick, Canada. Given the importance of tungsten
for specific high-tech applications, ensuring a steady
supply has become an issue of concern for many coun-
tries, several of which have targeted it as a critical
metal requiring attention. 

The presence of tungsten in the form of both scheel-
ite and wolframite is not uncommon in other deposit
types, which includes both orogenic and intrusion-
related gold, some epithermal settings, and some rare-
metal pegmatites, to name but a few examples (see
Kwak (1987) for a review of tungsten deposits). In fact,
there has even been historical production of W, as
scheelite, from some of these deposits, with the sedi-
ment-hosted orogenic Au-W deposits in the Otago
Schists, New Zealand, and the Meguma Group, Nova
Scotia, being classic examples. 

The fact that tungsten occurs as an accessory phase
in a variety of deposit types provides the focus of this
paper. This latter feature, combined with the high den-
sity and hardness of its two main host minerals, and
hence its robustness during transport and weathering,
provided the basis of exploring the potential of scheel-
ite and wolframite as pathfinder or indicator minerals,
also called resistate indicator minerals (RIMs), in a
similar manner as garnet is used in exploration for dia-
mondiferous kimberlites. McClenaghan et al. (2013)
provide a review of the use of tungsten indicator min-
erals and in subsequent work the successful application
of this concept with a case study of the Sisson W-Mo
deposit, where they demonstrated that both minerals
were dispersed during glacial erosion and transport and
could, therefore, prove useful in exploration locally
and elsewhere in similar geological settings and ter-
rains (McClenaghan et al., 2017). An unanswered part
of their study, however, was whether these minerals
also had the ability to discriminate ore-deposit types,
which is a critical aspect in exploration. The latter is
particularly relevant for scheelite, as it is also associ-
ated with, for example, orogenic- and intrusion-related
gold (IRG) deposits. Thus, as part of the Geological
Survey of Canada’s Targeted Geoscience Initiative pro-
gram (TGI-4), a project was initiated to address this
deficiency and to provide the first geochemical data-
base specifically for scheelite using laser ablation
inductively coupled mass spectrometry (LA ICP-MS).
The latter method, with the capacity to rapidly and
cost-effectively analyse small grains at low levels of
detection (ppm), provided the means to explore the
chemistry of scheelite.

This paper summarizes the results of our study on
scheelite chemistry, which formed the basis of a M.Sc.
project at Laurentian University (Poulin, 2016). This
work addressed two aspects, the nature of lumines-
cence in scheelite and its minor- and trace-element
geochemistry. In addition, a preliminary investigation
into the use of its δ18O signature was also undertaken.
The results of the former have recently been published
(Poulin et al., 2016a), whereas the latter work on chem-
istry and isotopes has been presented at a variety of
venues (e.g. Poulin et al., 2016b) and is currently under
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review (Poulin et al.,, submitted). Importantly, this lat-
ter work provides and discusses the basis of the first
discriminant diagram for scheelite, this being a plot of
EuA versus Sr/Mo. Since this study we have explored
additional aspects, following on the recent work of oth-
ers (e.g. Wintzer et al., 2016; Poitrenaud et al., 2017;
Raith et al., 2017). Aspects under investigation include
the use of fluid inclusions and the potential use of
scheelite as a chronometer, the latter of which is partic-
ularly significant as it would mean that scheelite could
be used to both discriminate an ore-deposit and directly
date it, even though its presence may not be known. 

TUNGSTEN: ORE DEPOSIT SETTINGS

AND SOURCE OF W

In the present study, two main ore deposit types hosting
W mineralization are prominent, these being metamor-
phic- and intrusion-related, as summarized in Figure 1.
In a very general sense therefore, these deposits con-
form to the orogenic gold deposit group, which are
generally Au-dominant with or without lesser Ag, Te,
Cu, Zn, Pb, and Te (Bierlein and Crowe, 2000;
Hagemann and Cassidy, 2000; Goldfarb et al., 2005),
and the intrusion- or magmatic-related deposits where
W, with associated Cu, Mo, Au, Sn, Pb, and Zn miner-
alization, is present as veins, greisens and skarns (e.g.

Hart et al., 2002; Ĉerný et al., 2005). Whereas W is
rarely produced from the former (see exceptions noted
above), it is an important commodity extracted from
the latter deposits. In the context of this study, a few
pertinent comments are provided as they relate to the
interpretation of the results presented below.

Orogenic gold systems are found in terranes domi-
nated by either mafic volcanic rocks or metasedimen-
tary rocks, the latter often including mudstones, with
variable amounts of graphite. In a very general sense,
these two sequences are relatively reduced with Fe±As
sulphides and various carbonates, which is relevant
when considering the chemistry of fluids generated
during metamorphism (i.e. H2O-CO2±CH4). When W
is present in these deposits, it is invariably as scheelite,
which reflects enrichment of the system in Ca.
Although the origin of these deposits remains debated
(see Goldfarb and Groves (2015) for recent synthesis),
most agree they are not of magmatic derivation.
Particularly relevant to the current study, however, is
both the source and the relative paragenesis of Au ver-
sus W. Whereas Au is likely released from Fe-sulphides
during metamorphism based on its apparent enrich-
ment in such phases (e.g. Pitcairn et al., 2006; Large et
al., 2011), recent work suggests W is liberated from the
breakdown of Fe-Ti phases, such as ilmenite and rutile
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(Cave et al., 2015). This becomes relevant when using
scheelite as a RIM phase, as it may be decoupled from
the Au and therefore represent a different process and
even mineralizing event, or related to the same event
but reflect a different reservoir depending on scaling.
To illustrate this point, we present representative LA
ICP-MS-generated element maps of pyrite from two of
many orogenic gold systems we have studied (Fig. 2).
These maps show that W has a varied paragenesis in
these systems and generally post-dates the pyrite that in
these and most other cases is enriched in Au, which
means that W must post date at least some of the gold.  

The magmatic-related W ore systems can be subdi-
vided into two general groups: skarn settings where
scheelite dominates, and vein and greisens where wol-
framite dominates (Kwak, 1987; Ĉerný et al., 2005). In
general, these reflect the nature of the enclosing host
rock, with calcareous sequences in the former (e.g.,
Cantung deposit, NWT; Rasmussen et al., 2011) and
metasiltstones in the latter (e.g. Panasqueira, Portugal;
Lecumberri-Sanchez et al., 2017). In both cases, the
mineralizing fluids are inferred to be sourced from
highly fractionated felsic magmas, hence depleted in,
for example Sr, and in the case of skarn settings the
progenitor granite is generally oxidizing (i.e. magnetite
stable). 

Although not considered in detail here due to the
nature of the sampling, another deposit setting is rele-
vant in a general sense to the application of scheelite as
a RIM phase, this being reduced intrusion-related gold
(RIRG) deposits (e.g. Hart et al., 2002), such as Fort
Knox, Alaska.These deposits form a sub-type in the
gold deposit classification and, in general, relate to

mineralization associated with reduced, ilmenite-bear-
ing intrusions. They are best studied in the contiguous
Yukon-Alaska gold belt where many deposits have
been discovered. In these settings, there is a strong Au-
W-(Te, Bi, As) association, which is therefore similar
to that of the orogenic group. We refer to this deposit
type in the context of suggestions of future work below.

Thus, in comparing the two main deposit settings
above, two aspects are apparent that relate to analysis
of the data presented below: (1) there is a difference in
the overall chemical environment of these systems that
will affect element valence, hence substitution (see
below), δ18O scheelite, and the nature of fluid inclu-
sions; and (2) the coupling or decoupling of W with Au
and other elements. 

SCHEELITE: PHYSICAL PROPERTIES
AND CRYSTAL CHEMISTRY

Scheelite (CaWO4) is part of the tetragonal system and
in its euhedral form appears as dipyramidal pseudo-
octahedra, although a massive form is most common. It
is vitreous and the colour is highly variable from
golden yellow, brown to brownish green, pinkish to
red-grey, orange and colourless. The samples in this
study were mostly shades of orange to orange-brown,
cloudy white, and colourless. Of particular relevance
for scheelite as a RIM is its high specific gravity (5.9–
6.1), hardness (MOH 4.5–5), and brittle nature. These
properties combine to ensure breakage of scheelite
with subsequent survival of grains during physical
transport and ease of separation during heavy mineral
processing of till samples. An additional feature of
scheelite is its ability to fluoresce under short-wave
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Figure 2. LA ICP-MS elemental maps
of pyrite showing the distribution of W
(left) and Co (right) with concentra-
tions shown on the cold-to-hot colour
bars. The samples from the Archean
Bisset gold deposit (top), Manitoba
(Neyedley et al., 2017) and the
Archean/ Proterozoic Vickers gold
deposit (bottom), Pistol Bay, Nunavut
(from S. Tokayrk, M.Sc. in prep.).
Note that in the former, W post-dates
pyrite growth, as indicated by the Co
map, whereas in the latter W may
occur within the pyrite but it still post-
dates pyrite as it traverses the Co
pattern that mimics the growth of
pyrite.
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ultraviolet (UV) light, which also aids with its identifi-
cation and separation.

The crystal-chemistry of scheelite (CaWO4) is
important in the present context of using it as an indi-
cator and discriminator mineral as there are two sites
available for elemental substitution: an octahedral [8]
coordinated Ca site and a tetrahedral [4] coordinated W
site. The latter site is of particular interest as it can
accommodate highly charged, smaller cations (e.g.
Mo6+, As5+, Nb5+). As the octahedral Ca(2+) and tetra-
hedral W(4+) sites have different coordination num-
bers, valences, and preferred radii, this is what  dictates
what elements can substitute into these sites. The latter
are governed by the principles of substitution, which
dictate that both charge and radius are important, with
the latter taking priority. Furthermore, as some of the
relevant elements considered below have multiple
valence states, such as Mo (4+, 6+) and As (3+, 5+),
redox conditions will in part determine whether substi-
tutions are permitted. A good example of this is the
occurrence of powellite, the Mo-rich form of scheelite,
which is favoured under oxidization conditions such
that Mo6+ is stabilized. Thus, the presence of this com-
ponent, which can be verified using short wavelength
UV light (i.e. change from whitish-blue to yellow as
Mo increases), indicates the scheelite is from an oxi-
dized environment (Fig. 3).

SAMPLE SUITE AND ANALYTICAL

METHODS

The details of the sample suite used are provided else-
where (Poulin, 2016; Poulin et al., 2016a) and hence
are only briefly summarized here. Samples from 37
deposit sites, which represent a wide range of mineral-
ization styles, were collected from archived suites.

Based on a review of the relevant literature on each of
these deposit sites, samples were categorized into sub-
groups, which included sediment- and greenstone-rock
hosted orogenic gold deposits, magmatic or intrusion-
related greisen, porphyry- and skarn-type deposits, and
other hydrothermal settings (massive sulphide, epither-
mal, and general if the details provided of deposits
were not specific enough). In the plots below, the sam-
ples are therefore organized into these subgroups.

The full analytical methods are provided in Poulin
(2016) with a brief summary below. Samples were
either mounted as grains (<10 mm) in epoxy pucks or
prepared as thick (65 μm) polished sections. The mate-
rial was examined for chemical zoning at Laurentian
University using backscatter imaging and X-ray map-
ping methods complemented with cathodolumines-
cence (CL) using a JEOL 6400 SEM-EDS with a
GatanChromaCL attachment. Subsequently LA ICP-
MS analysis were done (also at Laurentian University),
using a Thermo X SERIES II quadrupole ICP-MS in a
two-volume Laurin Technic sample cell using a pulsed
ArF excimer laser (RESOlution M-50) emitting at 193
nm and a repetition rate of 10 Hz. A 47 μm beam was
used for all the analyses, which included Li, B, Na, K,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Rb, Sr, Y, Mo,
Ag, Sn, Ba, and the rare earth elements (REE). The
most informative of these elements was found to be Sr,
Mo, As, and the REEs and, as such, are only elements
discussed in further detail below. In addition, in situ U-
Pb dating was done on select samples in polished thin
section and for this a 140 μm beam was utilized.
Oxygen isotopes were done on high-purity scheelite
separates at the Queen’s Facility for Isotope Research
(QFIR) following the standard BrF5 dissolution
method using a Finnigan MAT 252 mass spectrometer.
The results are reported in standard per mil (‰)
nomenclature referenced to SMOW with reproducibil-
ity (2σ) of δ18O values at ±0.2‰. 

RESULTS

Provided below is a brief summary of several factors
considered to potentially be relevant in using scheelite
as an ore-deposit discriminator. The details of each is
beyond the scope of this paper, hence the interested
reader is forwarded to the relevant publications for fur-
ther details.  

Cathodoluminescence

Cathodoluminescence (CL) results from the emission
of photons in the UV, visible, and infrared range of the
electromagnetic spectrum when material is bombarded
with high-energy electrons. There are multiple elemen-
tal substitutions that influence the CL response of a
mineral, such as activators (promote a CL response;
e.g. Mn2+, REEs) and quenchers (inhibit or eliminate a
CL response; e.g. Fe2+), and thus there is a balance

Figure 3. A plot of -logfO2 versus –logfS2 showing the sta-
bility field of scheelite and powellite at 577°C and 1000 bars
fluid pressure (modified after Hsu, 1977).
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between the absolute and relative concentrations of
activators and quenchers, both of which impact on the
overall intensity and colour of a CL response. Poulin et
al. (2016a) provide a review of the relevant theory of
CL response and the results of an investigation of the
relationship between CL and scheelite chemistry. As
the details of this study are not pertinent to the intent of
this paper, they are not repeated here. What is relevant,
however, is that scheelite does generate exceptional CL
images and this appears to be both ore deposit and
chemistry dependent, as summarized below: 

1. Cathodoluminescence zonation patterns appear
to discriminate between differing mineralized
environments, with scheelite from orogenic Au
deposits exhibiting a homogenous CL response,
whereas those from intrusion-related systems
(e.g. porphyries, skarns, and greisens) show
strong oscillatory zoning (<1 μm to >300 μm).

2. Maps generated from CL imaging and LA-ICP-
MS mapping reveal a strong negative correlation
between CL intensity and Mo content, whereas
enrichment in Sr, As, and RREE + Y does not
appear to be correlated with CL response. 

3. Qualitative Mo and W X-ray maps, produced
using the less time and cost-intensive method of

SEM-EDS analysis, correlate with the correspon-
ding LA-ICP-MS maps of scheelite and succes-
sively delineate the zonation patterns observed
under CL. 

To illustrate the above points, an example of the cor-
relation of CL response and element maps is provided
in Figure 4. What is important to note in this figure is
that although there is complex oscillatory zoning, there
are also cross-cutting relationships, which indicates
this sample has a protracted history of elemental para-
genesis; i.e., multiple fluid events that may not be
related. In addition, the complex chemical maps pro-
vide visible evidence of the potential pitfalls of doing a
point analyses without context. 

Element IV Coordination VIII Coordination
Ca2+ NA 1.00
W6+ 0.42 0.62
Sr2+ NA 1.18
Mo6+ 0.41 0.59
Mo4+ NA
As3+ NA 0.58
As5+ 0.460.34

0.65

Table 1. Relevant data for elemental substitution for Ca and
W in scheelite; NA = not applicable.   

Figure 4. A cathodoluminescence image (a) and equivalent false-coloured LA ICP-MS elemental maps (b–g) for major and
trace elements in a scheelite grain for a sample (CMN80145B) from Zinnwald–Cinovec, Germany–Czech Republic. See Poulin
et al. (2016a) for details of the image.
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Geochemistry

Approximately 700 in situ LA ICP-MS analyses for
trace element chemistry were made for 36 scheelite
grains from 34 deposit settings; the complete data set is
provided in Poulin (2016). The most informative ele-
ments of those analysed were Sr, Mo, As, and the
REEs. We highlight below the important aspects of the
scheelite chemistry and note that a more thorough dis-
cussion of the data is presented in Poulin et al. (submit-
ted).

Strontium
There is a clear enrichment of Sr in scheelite from
metamorphic settings compared to magmatic-
hydrothermal settings (Fig. 5) with the former contain-
ing up to 10 000 ppm whereas the latter rarely contains
a few 100 ppm. This difference is strongly suggestive
of a host-rock influence, as mafic volcanic and
metasedimentary rocks are generally enriched in Sr,
whereas fluids exsolved from fractionated felsic mag-
mas, the progenitor to the W mineralization, would not
be expected to be enriched in Sr. As Sr is not a redox-
sensitive element, its enrichment or depletion is not a
reflection of this parameter.

Molybdenum
There is a clear enrichment of Mo in scheelite from
magmatic-hydrothermal settings compared to meta-
morphic settings (Fig. 6) with the former having up to
several 1000 ppm Mo whereas the latter rarely exceeds
10 ppm (note the single exception). This difference is
marked and is interpreted to reflect the redox-sensitive
nature of Mo such that Mo6+ is preferentially accom-
modated by scheelite in its tetrahedral site (Table 1). 

Arsenic
In general, As is not abundant in scheelite with contents
≤10s ppm, except rarely where it is 100s to a few 1000
ppm (Fig. 7), which is almost always in magmatic-
related settings where prevailing oxidation may have
favoured As5+ over As3. We note one case in particular
to illustrate the latter point, this being the setting at The
Ovens deposit, southern Nova Scotia, Canada, where
arsenopyrite is abundant in the metasedimentary host
rocks (i.e. 10–30 modal% locally), but evidently not in
the cogenetic scheelite. This example highlights the
redox-sensitivity of As, such that the oxidized form as
As5+ is favoured over its reduced counterpart As3+ in
substituting for W in the tetrahedral site. The latter is
what is inferred to have occurred at The Ovens deposit.

Rare earth elements
The rare earth element (REE) content of scheelite
varies considerably with ΣREE+Y, which ranges from
1 to 1000s ppm with no apparent pattern among the

samples studied (Fig. 8). In addition, the chondrite-nor-
malized (CN) profiles are also somewhat similar across
the deposit types, for which we only provide a few
comments as a more detailed discussion is provided in
Poulin et al. (submitted). The CN patterns mimic, in
general, the results from other studies, which have
mostly focused on scheelite from single deposits rather
than a number of deposits; the work of Dostal et al.
(2009) being one of the few exceptions. Regardless, the
CN patterns generally show both concave and convex
shapes, with similar patterns recorded in individual
deposits. There is also a change in the maximum
enrichment such that the “hump” can migrate across
the middle REEs (MREEs), consistent with these REEs
being the most compatible for substitution based on
their radii. The similarity of patterns within single sam-
ples but with large ranges of ΣREE+Y is consistent
with fluid distillation and progressive depletion of
REEs with time (e.g. Brugger et al., 2000). Of rele-
vance to characterizing scheelite in ore systems is the
degree of the Eu anomaly, which is generally higher in
metamorphic samples, suggesting a redox effect with
Eu2+ favoured over Eu3+. 

Based on the results and examination of the geo-
chemical data, a discriminatory plot was derived of
EuA versus Sr/Mo (Fig. 9). The basis of this diagram is
that the redox-sensitive elements Eu and Mo provide
the means to separate scheelite from reduced versus
oxidized settings; Sr reflects relative enrichment and
depletion, respectively, in contrast, these same settings
due to the control of host rock and magmatic fractions
(see discussion above).

Oxygen isotopes

The oxygen isotopic composition of hydrothermal flu-
ids has long been used as a monitor of source reservoirs
given the different signatures recorded for fluids gener-
ated from contrasting sources, such as primitive mag-
mas, during metamorphism, burial of sedimentary

Figure 9. A proposed discriminant plot for scheelite, which
separates samples from reduced orogenic-type gold settings
(from Poulin, 2016). 
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basins, or near surface environments (e.g. Taylor, 1979;
Sheppard, 1986). Given the limited amount of data on
scheelite (see Poulin et al. (submitted) for a summary),
this aspect was explored to see if it could also be used
to discriminate its source and deposit setting based on
the large difference in δ18OH2O for the aforementioned
reservoirs.

The results from calculating the δ18OH2O in equilib-
rium with scheelite at appropriate formation tempera-
tures (i.e. 200–400°C) are shown in Figure 10 and are
summarized as follows: (1) metamorphic settings 14 to
6‰; (2) magmatic settings 11 to -3‰; and (3) other
settings 14 to -6‰. The spread of these data is large
and in all cases indicates that several processes and
oxygen reservoirs have influenced the δ18OH2O of the
systems.

To account for the large variation in δ18O values,
different plausible models were evaluated (Poulin et
al., under review), which includes contamination from
impurities (e.g. quartz), cooling-induced fractionation,
closed- versus open-system fractionation, wall-rock
interaction, and fluid mixing. The results suggest that
some combination of closed system fractionation (i.e.
distillation) and fluid mixing are the most plausible
cause for the observed range in δ18Oscheelite and calcu-
lated δ18OH2O values. Thus, based on our data set and
a compilation of previous work, it appears that
δ18Oscheelite does not offer a simple discriminant for
evaluating ore deposit settings.

Fluid inclusions

Fluid inclusions (FI) are used extensively to trace the
fluid evolution of hydrothermal ore systems; excellent
reviews are provided by Wilkinson (2001), Kesler
(2007), and Bodnar et al. (2014). That the pressure-
temperature-composition (PTX) conditions of the rele-
vant chemical systems, namely H2O-CO2 (Diamond,
2003) and H2O-NaCl (Dreisner and Heinrich, 2007),
are well defined means it is possible to characterize the
PTX characteristics of minerals using their contained
FI; the caveat of the latter is of course that the FI were
trapped close to the time of mineral formation (see
Bodnar (2003) for discussion). Thus, scheelite in gen-
eral porphyry-type settings, including skarns, have two
important features about their FI: (1) a low-density
near critical parental fluid with high homogenization
temperatures (Th); and (2) an unmixed fluid pair,
derived from the latter, and characterized as an assem-
blage of coexisting vapor(V)-rich and hypersaline
(LH2O-V-Halite) FI. In contrast, quartz-hosted FI in
orogenic systems are generally characterized as a low-
salinity (i.e. 5–10 wt% equiv. NaCl), H2O-CO2±CH4
type; this fluid may also unmix to produce CO2-rich
and H2O-rich type FI. With some experience, it is pos-

sible to recognize petrographically these different FI
and by inference assign a general setting to the sample.

In our study of FI, we routinely fragmented vein
quartz and with the mm-size material bathed in immer-
sion oil (refractive index (RI) ~1.54) looked for FI.
This provided a fast, inexpensive, and effective means
of examining the FI present. The hindrance of using
this approach with scheelite is its high RI (i.e. mineral
is uniaxial (+), nw = 1.918–1.921, nε 1.935–1.938),
hence most if not all FI appear opaque when such chips
are viewed using plane transmitted light; a similar
problem occurs with FI in sphalerite. However, using
doubly polished thick sections (~50–80 μm) one can
overcome to some extent this problem and observe FI.
Representative examples are shown in Figure 11,
which were photographed at the same scale to better
illustrate the large range of sizes and shapes to be
expected. In this regard, a few comments are provided
to illustrate that useful information can be extracted:
(1) if high-density (i.e. low- to moderate-temperature
FI) dominate, this likely indicates aqueous fluids of
≤200 to 250°C. Such fluids might be found in high-
level, epizonal settings or represent CO2-poor meta-
morphic fluids (Fig. 11a); (2) if abundant 3-phase
(LH2O-LCO2-VCO2) FI with or without monophase FI
(i.e. CO2-rich) are present, these are typical of orogenic
systems (Fig. 11c); and (3) if near critical type (i.e. high
Th values) or coexisting V-rich and LH2O-V-H, then

b)

100 μm 

d)

100 μm 

100 μm 

a)

c)

100 μm 

Figure 11. Photomicrographs of scheelite-hosted fluid inclu-
sions; note that all images are at the same scale to better
illustrate the highly variable nature of the inclusions. a)
Kumbel (Kara-Urkurt), Kyrgystan, oxidized skarn with the
most impressive inclusions seen in any of the scheelite sam-
ples studied. b) Castañeda de Llamuco, Chile, breccia
pipe/porphyry setting showing the opacity of inclusions in
scheelite; close-up shows these are low-density, near critical
types expected in such an environment. c) Hollinger-
McIntryre, Ontario orogenic deposit showing scheelite inun-
dated with CO2-rich inclusions (see inset for enlarged exam-
ples). d) The Ovens, Nova Scotia, orogenic deposit showing
an exceptional example of decrepitated inclusions. The inset
image is to highlight what such inclusions look like in detail. 
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these likely represent a magmatic-hydrothermal fluid
such as those found in a porphyry setting (Fig. 11d).
Another aspect to note is the textures of the inclusions,
which can be modified post-entrapment due to pressure
cycling (Bodnar, 2003; Diamond and Tarantola, 2015).
Of relevance here is that in orogenic gold systems, FI
commonly have such textures (Fig. 11b), thus their
presence alludes to such an environment. 

U-Pb geochronology

Recent success of dating scheelite using the in situ U-
Pb LA ICP-MS method, which is commonly applied to
zircon, titanite, and monazite, provides yet another tool
to trace the origin of scheelite and potentially differen-
tiate the source of this mineral. Examples of successful
dating of scheelite mineralization include (1) the
world-class Felbertal scheelite-skarn in Austria, dated
at 335 ±4 Ma (Raith et al., 2017); (2) the Salau W-Au
skarn, France, where U-Pb dating of coexisting apatite
and scheelite gave similar ages of ca. 287 Ma
(Poitrenaud et al., 2017); and (3) scheelite from the
Yellow Pine Au-Sb-W mining area, Idaho, USA, where
two distinct scheelite events could be recognized at ca.
44 and 35 Ma (± 0.5–1 Ma) by dating texturally differ-
ent scheelite (Wintzer et al., 2016). Importantly, the U
content of scheelite in these various studies varied from
<1 to 1120 ppm, which means most scheelite should
have sufficient U that U-Pb dating is possible.

Unfortunately U was not part of the element list in
our initial study (Poulin, 2016) and we were not aware
of the potential for in situ U-Pb dating! Thus, to evalu-
ate the application of this U-Pb dating method, we
selected a range of samples from the original study
suite of polished thin sections in which scheelite was
present as coarse grains. Using conventional analytical
methods, the following results were obtained, based on
about 20 analysis per sample, and plotted in Tera-
Wasserburg diagrams due to the large amount of com-
mon Pb that was present, as has been noted by others
(e.g. Wintzer et al., 2016): (1) 300 ±10 Ma for the
Kumbel deposit, Kyrgyzstan, which agrees with its age
constraint based on previous work; (2) 390 ±10 Ma for
The Ovens, Nova Scotia, Canada, which overlaps
known absolute age constraints; and (3) 1500 ±35 Ma
for the famed McIntyre-Hollinger Au deposit,
Timmins, Ontario, Canada. This age is much younger
than the inferred ca. 2670 Ma for mineralization. A
fourth sample from the Rocher Déboulé porphyry-type
setting in British Columbia, Canada, had a very uni-
form U content in all the analyses and, hence, limited
spread in the associated plots, which precluded an age
calculation. Thus our preliminary examination con-
firms the work of others, which indicates the potential
of using scheelite as a powerful chronometer in ore
systems.

FUTURE WORK

The results of this study have demonstrated the poten-
tial application of scheelite as an ore deposit discrimi-
nator. In addition, that it can also be dated in situ adds
a dimension to using scheelite as a RIM to assess the
timing of ore-forming events. Continued advances in
the LA ICP-MS as a micro-analytical tool also means
that data can be acquired more rapidly, thus lower cost,
and at lower detection limits. In addition, although not
explored as part of this study, in situ measurement of Sr
isotopes could also be integrated as part of the analyti-
cal protocol to assess source reservoirs. It is also rec-
ommended, based on the initial results of this study,
that δ18Oscheelite be done using secondary ion mass
spectrometry (SIMS) versus conventional bulk meth-
ods, as SIMS is a relatively fast, efficient, and cost-
effective means of acquiring such data at a high spatial
resolution. Thus, an important outcome of this work is
that all of the aforementioned data could then be
obtained in situ on the same grains which provide the
means to completely trace individual scheelite grains. 

As noted above, this study did not include samples
from the reduced intrusion related gold (RIRG) set-
tings, which is a gold deposit setting gaining more
attention in recent years, the success of exploration in
the Yukon area of Canada being an excellent example.
As noted before, distinguishing between RIRG versus
orogenic gold systems, particularly those hosted in
metasedimentary rocks, has been an issue (Goldfarb et
al., 2005; Goldfarb and Groves, 2015). The application
of the protocol reviewed here may therefore provide a
means to assess the similarities and differences in these
systems and is seen as an area requiring immediate and
high-priority research.
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Transported gold grains from sediments have been
used as an indicator of mineralization for millennia by
prospectors searching for the “mother lode”, and kim-
berlite indicator minerals (KIMs) have been used suc-
cessfully in diamond exploration for more than 100
years. However, the development of the systematic
indicator mineral techniques that are used today in the
search for many types of mineral deposits (e.g.
McClenaghan, 2005; McClenaghan and Cabri, 2011;
McClenaghan and Paulen, in press) only began in 1966
during pre-production stripping of Texas Gulf
Sulphur’s giant Kidd Creek volcanogenic massive sul-
phide (VMS) deposit in the renowned Abitibi
Greenstone Belt near Timmins in Canada (Averill,
2003).

The Kidd Creek orebody was covered by tens of
metres of glacial sediments, which are typical of the
Abitibi region and consisted of a layer of till overlain
by thick, varved glaciolacustrine clay and silt. When
the pit reached bedrock, Texas Gulf’s geological team,
which was headed by George Mannard Sr. and
included other visionaries such as Bob Ginn and Dave
Rogers, were attracted by the presence of numerous,
unoxidized ore boulders in the lower part of the till
horizon. Since the sulphide minerals in these boulders
were not oxidized, the team reasoned that for every ore
boulder in the clast fraction of the till, millions of sul-
phide mineral grains must be present in the silt-sand
matrix. In short, they recognized that the till overlying
and glacially down-ice from the Kidd Creek ore
deposit contained a train of fresh, physically dispersed
mineral grains that are indicative of the deposit — an
indicator mineral dispersal train — and that this disper-
sal train should be a much longer, more systematic, and
more readily detectable exploration target than the cor-
responding boulder train.

The Texas Gulf team then worked with Bradley
Brothers Limited of Timmins to develop an efficient,
mobile, self-contained, off-road drill that could rapidly
obtain representative samples of the till at any depth.
The result was a reverse circulation (RC) rotary drill
rig mounted on a wide-tracked vehicle and fully
enclosed to allow the drillers, geologist, and samplers
to work together in any weather. The Geological
Survey of Canada tested the prototype in the winter of

1971–72 by drilling a transect across the Abitibi
Greenstone Belt from west to east (Skinner et al.,
1972). Drills of this type, with significant improve-
ments including the use of an adjustable air-water mix-
ture rather than water alone as the drilling fluid to
obtain full sample recovery in sediments of any consis-
tency and degree of saturation, remain the industry
standard today (Fig. 1).

Since the most useful indicator minerals for VMS
exploration were sulphides, heavy mineral separation
could be used to concentrate them. This greatly
improved the detection limit, facilitating recognition of
even the low-grade margins and distal tail of a dispersal
train and thereby effectively increasing the size of the
exploration target, reducing the number of drill holes
required to find it and lowering exploration costs.
Increasing the sample size to recover more indicator
mineral grains further lowered the detection limit and
extended the effective length of the dispersal train, i.e.,
the distance from which a VMS deposit could be
detected. For till, 10 kg of the -2 mm matrix fraction
proved to be ideal, providing a km-scale detection
range. A matching hole diameter of ~7.5 cm was cho-
sen to deliver this weight of sample from a 1 m interval
while minimizing the weight of the drill rig.

The past is the key to the future: 
understanding and successfully applying the lessons learned 

from 40 years of indicator mineral exploration

S.A. Averill

Overburden Drilling Management Limited, 107-15 Capella Court, Nepean, Ontario, Canada K2E 7X1
(Author’s e-mail: stuaverill@storm.ca)

Figure 1. Example of a reverse circulation (RC) drill purpose-
built for till and bedrock sampling in areas of deep overbur-
den.
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THE COLLINS BAY U DISCOVERY: 

A PROMISING START

Though the initial concept was to use glacially dis-
persed grains of sulphide minerals, principally chal-
copyrite and sphalerite, to find VMS deposits from
afar, in practice little direct use was made of these min-
erals because it was much simpler to analyze the heavy
mineral concentrates (HMCs) for Cu and Zn than to
examine them for chalcopyrite and sphalerite grains.
The benefit of identifying the indicator minerals pres-
ent in a HMC, in addition to analyzing the HMC for the
elements in these minerals, was first demonstrated in

1976 by Gulf Minerals while using RC drilling to

explore for unconformity-hosted uranium deposits

along the eastern edge of the Athabasca Basin in

Saskatchewan (Fig. 2; Geddes, 1982). Seven Ni-U

boulders with no logical source had been found by

scintillometer prospecting near Vixen Lake, 5 km

southwest of the Rabbit Lake uranium mine (Fig. 2a),

and the objective of the RC drilling was to determine

and locate their probable source.

The initial RC drilling showed that the matrix of the

till beneath the mineralized boulders was only patchily

anomalous in Ni and U, i.e., the boulders appeared to
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Figure 2. Satellite image of the eastern margin of the Athabasca
Basin, Saskatchewan, showing (a) the location of the Vixen
Lake Ni-U boulder occurrence relative to the Collins Bay “A” and
“B” Ni-U deposits; (b) the location of the Ni-U boulders in the
exposed upper till horizon relative to a segment of the parental
Vixen Lake Ni-U dispersal train in a small buried remnant of the
former lower till horizon; and (c) the location and orientation of
the small Collins Bay “A” Ni-U boulder train exposed in the
upper till relative to the location and orientation of the correspon-
ding Ni-U dispersal train in the thinly covered lower till. The
Vixen Lake dispersal train is probably a remnant of the train
from the much larger Collins Bay “B” deposit, 13 km glacially up-
ice, and the identification of this remnant of the train prompted
the exploration effort that led to the discovery of the “B” deposit.  
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be erratics. However, step-out drilling 300 m to the
northwest intersected a Ni-U dispersal train in a buried
remnant of an older, underlying till horizon in a hidden
bedrock valley. A stereo air-photo study determined
that the direction of ice flow for the upper till was 195°
and that the mineralized boulders on its surface had
been plucked from the Ni-U dispersal train in the lower
till and transported 300 to 800 m down-ice to their
present locations.

The buried remnant of the dispersal train was only
500 m long but appeared to be oriented at 220°, sub-
parallel to the edge of the Athabasca Basin, and the
coarse fraction of the till contained very few sandstone
clasts derived from the basin. In addition, the dispersal
train was found to be confined to the upper part of the
till remnant, indicating that the source was very distal
and must be large to have produced such a long train.

A zoned U and Ni-U deposit had previously been
found at Collins Bay on Wollaston Lake, 16 km to the
northeast, by tracing a 1.5 km long train of U-bearing
(no Ni) boulders identified in 1970 by a team that
included the author. This boulder train (Fig. 2b)
occurred in the upper till, which at Collins Bay forms
only a thin veneer over the lower till horizon which,
instead of being only patchily preserved, has under-
gone so little erosion that drumlinoid ridges oriented in
the 220° direction of till transport are still visible. The
orientation of this boulder trend was 200°, similar to
the 195° direction of boulder displacement from the
Vixen Lake dispersal train. Its source, the Collins Bay
deposit that lay 400 m offshore beneath the bay,
appeared to be too small to have produced a 16 km long
dispersal train.

In conjunction with the RC drilling at Vixen Lake,
Gulf performed orientation drilling on the Collins Bay
boulder train. This drilling showed that the U boulder
train in the upper till was underlain by lower till con-
taining a zoned U and Ni-U dispersal train of the same
1.5 km length as the boulder train. The strike of this
train was 215°, essentially the same as the 220° strike
of the Vixen Lake train, and the two trains were
directly in line. However, the Ni to U ratio was much
lower in the Collins Bay train than in the Vixen Lake
train.

To prove that the Vixen Lake train was indeed a new
dispersal train from an undiscovered source of explo-
ration interest, the Ni-U mineralogy of anomalous
HMCs from both trains was investigated. Although the
instrumentation was primitive by today’s standards —
U was determined by fluorimetry and the minerals
were determined by x-ray diffraction analysis of single
grains — the test was very definitive. The principal Ni
and U minerals in the Vixen Lake train were deter-
mined to be niccolite and pitchblende and those in the
Collins Bay train were rammelsbergite and coffinite.

From the above evidence, it was deduced that the
Vixen Lake train originated from an undiscovered large
Ni-U deposit and that this deposit lay somewhere along
a 220° line between Collins Bay and Vixen Lake. With
the aid of an electromagnetic survey, the Collins Bay
“B” deposit was found beneath the bay, 13 km up-ice
from Vixen Lake and 2.5 km down-ice from the origi-
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Sulphide-depleted concentrate

Figure 3. Photograph of a typical till sample pit in non-per-
mafrost terrain. The sample is normally collected at a depth
of 0.5 to 1 m from the C-horizon of the soil profile, which is
less oxidized than the overlying B-horizon but still depleted of
sulphide minerals as illustrated by the extracted heavy min-
eral concentrate. At this site, duplicate 10 kg samples of
sieved till matrix were taken for quality control. Source:
Overburden Drilling Management archives.
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therefore, any sulphide mineral grains that were entrained
during glaciation are preserved.
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nal “A” deposit. The “B” deposit was subsequently
mined, producing more than $1 billion of uranium. 

SHIFT TO GOLD EXPLORATION: 

SUCCESS AT CASA BERARDI

A few years later, due to a major increase in the price
of gold, RC drilling began to be applied to exploration
for this metal, particularly in the clay-covered Abitibi
region. It was soon determined that significant anom-
alies indicative of a gold dispersal train could be iden-
tified much more reliably by studying the gold grains
recovered in the HMCs than by analyzing the HMCs
for Au, although analyzing the HMCs for elements
such as As was useful for rapidly identifying the pres-
ence in the till of gold pathfinder minerals such as
arsenopyrite. In 1984, the discovery of the Casa
Berardi East gold mine on the northern frontier of the
Abitibi Greenstone Belt from a strong gold grain
anomaly identified by RC drilling, at a cost of just
$248,000 (Sauerbrei et al., 1987), started an explo-
ration rush so large that it created a job for every geol-

ogist remaining unemployed from the 1980‒1984
recession.

TRANSITION FROM DEEP TILL

SAMPLING TO SURFACE SAMPLING

The use of gold grains in exploration was soon
extended to areas where the till was thinner and not
covered by clay. Reverse circulation drilling was not
required in these areas; suitable till samples could be
obtained simply by digging pits ~1 m deep, either by
hand or mechanically, to reach the C-horizon of the soil
profile where the till is still compact and undisturbed.
However, the till at this depth is significantly oxidized
(Fig. 3) unlike the fresh till obtained from drill holes
(Fig. 4) and thus it now contains few if any of the sul-
phide mineral grains that were dispersed during glacia-
tion. Therefore, the only remaining gold pathfinder
minerals are oxide or silicate minerals, mainly those
produced by hydrothermal alteration and/or metamor-
phism, such as the abundant spessartine garnet that
occurs in the gold dispersal train of the Blackwater
deposit in British Columbia (Averill, 2017).

An important consideration when working with
chemically resistant silicate and oxide indicator miner-
als such as spessartine or KIMs is that their presence in
a HMC generally cannot be detected by chemical
analysis because the indicator elements in these miner-
als (i.e. Mn in spessartine and Mg and/or Cr in KIMs)
are plentiful in other, non-indicator minerals in the
HMC. Moreover, the required detection limit for most
of these minerals is one grain per 10 kg sample — too
low for the minerals to be identified and/or quantified
by automated scanning electron microscope (SEM)

analysis (Averill and Huneault, 2017). Therefore,
visual analysis of the HMC is required.

LEARNING FROM THE 
DIAMOND EXPLORERS

The demand in Canada for KIM identification in thou-
sands of till samples that were collected from surface
pits and frost boils following the discovery, in 1991, of
the Ekati diamond mine in the Northwest Territories
led to the recognition of a heavy mineral suites that
could potentially be used as indicators for other types
of mineral deposits (Averill, 2001). The most suitable
deposit types for indicator mineral exploration have
proved to be those that, like kimberlite, have (a) a large
variety of distinctive heavy minerals, particularly alter-
ation minerals given the instability of most ore miner-
als in the surficial environment; and (b) a high concen-
tration of at least one of these minerals. 

In Canada, the most useful indicator mineral suites
identified to date have been those associated with Ni-
Cu-PGE (e.g. Averill, 2011; McClenaghan et al., 2011),
porphyry Cu (e.g. Plouffe and Ferbey, 2016), and skarn
(e.g. Palmer et al., 2015) deposits. Indicator minerals
have also proved to be very useful in unglaciated
regions, particularly for porphyry Cu and epithermal
Au exploration (e.g. Averill, 2011). For a given deposit
type, the number of available indicator minerals may
vary with the type of climate (e.g. Averill, 2013). In the
hyper-arid parts of Chile and Arizona, for example,
chalcopyrite and arsenopyrite have been converted to
chemically stable turquoise and scorodite, respectively,
allowing the sample size for porphyry Cu exploration
to be reduced from 10 kg to 1 kg (Averill, 2011).

BENEFITING FROM THE PAST

In the 40 years since it was demonstrated at Collins
Bay that the power of indicator mineralogy for locating
mineral deposits from afar was not limited to gold and
diamond deposits, some indicator mineral patterns

Till Gold Grain Morphology
Pristine Modified Reshaped

100 m 500 m >1,000 to >10,000 m
Distance of Transport

Figure 5. Backscatter electron images of gold grains from till
illustrating the relationship between grain wear and distance
of transport. The wear processes are compressional (infold-
ing and compaction) and do not reduce the mass of the gold
grain. Scale bars = 50 μm. From Averill (2001).
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have become so well established that they can now be

considered basic rules for indicator mineral explo-

ration. These fundamental rules include but are not lim-

ited to the following:

1. Till exposed at surface in Canada has been oxi-

dized following glaciation to a depth of only 2 to

3 m (Fig. 4); below this depth it is as fresh as at

the time of deposition ~10,000 to 15,000 years

ago.

2. Till in frost boils in northern permafrost regions

is oxidized to the same degree as till in the C-

horizon further south but may contain unoxidized

felsenmeer blocks if it is less than 2 m thick.

3. Gold naturally tends to crystallize in bedrock as

silt-size (<63 µm) grains and because gold is

malleable, the grains do not break down into

smaller grains during glacial transport. Therefore

>90% of gold grains in mineralized zones are silt

size, even in gold deposits where most of the gold
value resides in coarse, nuggety grains. 

4. Low-density quartz and feldspar grains settle in
water almost as slowly as silt-size gold grains
(Stokes Law) and because >90% of gold grains
are of this size, high-energy, gravel-depositing
streams, whether pre-glacial, glacial or modern,
actually expel most of the gold grains; only the
largest grains lag behind and eventually accumu-
late in placers. Therefore, a gravel sample nor-
mally contains less than one-tenth as many gold
grains as a neighbouring till sample. 

5. During glacial transport, the pristine primary
form of a gold grain becomes progressively mod-
ified until the grain is reshaped to a simpler,
physically stable form (Fig. 5). This process is
normally complete after ~1 km of glacial trans-
port, which can be readily observed in gold dis-
persal trains hosted at depth by fresh till. Many
dispersal trains exposed at surface, however, also
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Figure 6. Longitudinal section of the Blackwater dispersal train showing the concentrations of gold and 0.25‒0.5 mm spessar-
tine grains in the heavy mineral fraction of the till samples. Note that the dispersal train is thick and rises within the till in the
down-ice direction, leaving a barren zone at the base. From Averill (2017).
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contain gold grains that were chemically liber-
ated in situ from inclusion-bearing sulphide min-
eral grains by post-glacial oxidation. These gold
grains chemically liberated from gold inclusions
tend to be smaller than 25 µm and are pristine
regardless of the distance of glacial transport.

6. Sulphide minerals have varying chemical stabil-
ity in oxidized acidic (carbonate-poor) till, and a
similar range of stabilities in fluvial sediments in
unglaciated regions with moderate climates and
significant relief (e.g. the hilly to mountainous
parts of Peru, Turkey and Tanzania), and their
general order of stability has been established
(e.g. Averill, 2011, 2013). Only cinnabar and
molybdenite are completely stable, though
molybdenite is susceptible to physical degrada-
tion. Sperrylite, a Pt-arsenide mineral. is also sta-
ble. Chalcopyrite is marginally more stable than
pyrite. By comparing the number of surviving
chalcopyrite grains in a sediment sample to the
number of surviving pyrite grains, an estimate
can be made of the original number of chalcopy-
rite grains that were present before the sediment
was oxidized, and thus the true strength of a chal-
copyrite anomaly. In carbonate-rich sediments,
most sulphide minerals are stable. 

7. Dispersal trains in till, which originate at the till-
bedrock interface, rise progressively above
bedrock with increasing distance of glacial trans-
port. Both the thickness of the train and its sepa-
ration from bedrock may increase markedly if the
bedrock source is located at a higher elevation
than the train, as can be observed at the
Blackwater deposit (Fig. 6; Averill, 2017). In drill
holes, therefore, the till must be sampled from top
to bottom to ensure identification of the train. The
term “basal till sampling” is a misnomer; it has
no place in mineral exploration.

INTO THE FUTURE

Over the last 40 years, the indicator mineral story has
been progressively evolving from an innovative con-
cept for deep sampling of till in Canada to shallow
sampling of a variety of surficial sediments in increas-
ingly diverse regions and landscapes for a growing
variety of mineral deposit types. Recent years have
seen a shift from indicator mineralogy to indicator min-
eral chemistry (e.g. Spry and Teal, 2009; Layton-
Matthews et al., 2014; Agnew, 2015), and this trend
can be expected to continue over the next decade.
However, many regions of the world, including signif-
icant parts of Canada (e.g. the Interior Plateau of
British Columbia; Ferbey et al., 2014), are ripe for indi-
cator mineral exploration using existing technology in
combination with the extensive knowledge gained over

the last four decades. For these regions, the past is the
key to the future.
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Intrusion-centred mineral districts host a diversity of
ore deposits of variable metal associations, alteration
assemblages and genesis. Porphyry systems represent
particularly important exploration targets but the prior-
itization of conventional geochemical or geophysical
anomalies that might represent a deposit, particularly
when systems are buried, is extremely difficult. Three
key questions arise: (1) Is the alteration (particularly
when only propylitic alteration is observed) related to a
porphyry system? (2) How can the fertility of a system
be assessed at an early stage of exploration in order to
reduce exploration risk? (3) How can the centre of the
system (in 3 dimensions) be predicted ahead of exten-
sive, potentially deep, drilling? These fertility and vec-
toring challenges have been the subject of recent work,
primarily based on mineral chemistry, in a series of
AMIRA projects based out of the University of
Tasmania, now also being continued at the Natural
History Museum in London.

The approach to assessing the possible presence of a
porphyry system has been to establish mineral chemi-
cal criteria that discriminate between porphyry and
non-porphyry environments based on (1) the composi-
tion of igneous minerals (e.g. plagioclase, zircon,
apatite, magnetite); and (2) the composition of
hydrothermal alteration phases, particularly those
developed in the propylitic domain (epidote, chlorite,
magnetite, calcite, quartz). Many of these phases may

be reworked via erosion into paleo or modern sediment
transport systems and are thus available for assessment
from catchment areas. Some of the characteristics of
these minerals may allow the distinction between
extensively mineralized and ostensibly barren environ-
ments (the system “fertility”) by tracing key igneous
processes (Wilkinson, 2013); clearly these features are
of significant exploration utility (Fig. 1).

The vectoring challenge has been addressed by the
completion of numerous orientation studies on known
porphyry systems to establish any systematic spatial
variations in mineral chemistry that may exist, prima-
rily within the propylitic environment. These studies
have shown that characteristic and, to variable degrees,
reproducible patterns of major and trace element varia-
tion exist that enable vectoring towards the centre of a
hydrothermal system, as well as discrimination
between porphyry-related and non-porphyry mineral
assemblages (Cooke et al., 2014a, 2015, 2017; Baker et
al., 2015, 2017; Wilkinson et al., 2015a, 2017). In par-
ticular, chlorite has proven to be particularly effective
for prediction of absolute distances to the system cen-
tre, even allowing estimation of the depth of a buried
system. Both epidote and chlorite appear to contain sig-
nals that reflect the potential metal endowment of a
system. The ability to define these characteristics of a
system from a limited number of samples of distal
“green rocks” marks a major step-change in the way
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that exploration for porphyry systems can be done (Fig.
1).

PORPHYRY INDICATOR MINERALS

The ability to discriminate minerals from a porphyry
magmatic-hydrothermal system as opposed to other
kinds of hydrothermal, geothermal, or metamorphic
environments would be a valuable addition to the por-
phyry exploration toolbox. Clearly, the field recogni-
tion of characteristic mineral assemblages is an obvi-
ous first step, as well as delineating these assemblages
and their textural variations. Extending this to trans-
ported grains is possible, where the occurrence of rela-
tively characteristic minerals (e.g. molybdenite) and,
more usefully, composite grains (containing typical
mineral associations) may be indicative of an eroded
bedrock porphyry source. However, many minerals
that occur in porphyry-type deposits are not diagnostic,
even when occurring in mineral assemblages. This is
particularly true in the distal, propylitic alteration envi-
ronment, where there is little chance of finding any-
thing that could be indicative of a nearby porphyry cen-
tre. 

As a result, recent work has increasingly focused on
mineral chemistry, particularly trace element chem-

istry, in the hope that distinctive “porphyry” signatures
may exist. Much of this work has been made possible
by the development and decreasing cost of laser abla-
tion inductively-coupled-plasma mass spectrometry
(LA-ICP-MS). This technique, with its high spatial res-
olution (generally 25–50 μm) and low limits of detec-
tion (in the 10s of ppb range for many elements), now
allows the simultaneous determination of approxi-
mately 40 elements in a wide range of silicate, oxide,
and sulphide minerals—subject to careful checks on
analytical artefacts such as mass spectrometer interfer-
ences.

Apatite

Limited work has been done on assessing the utility of
apatite for porphyry discrimination. Mao et al. (2016)
analysed 20 samples from a variety of porphyry system
types and found that these types could be distinguished
quite effectively from one another using multivariate
discriminant projection. Porphyry-type deposits in gen-
eral could also be distinguished to some degree from
other hydrothermal ore types (Fig. 2), but the authors
made no attempt to compare porphyry-related apatite
with that from unmineralized rocks. Rukhlov et al.
(2016) also analysed apatite from a variety of porphyry
systems and showed that alkalic porphyry systems
could be discriminated from calc-alkalic systems,
probably due to the more oxidized state and less
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Figure 1. Schematic diagram of an eroded and reburied por-
phyry system illustrating potential sources of fertility and vec-
toring information. 

Figure 2. Discriminant projection plot separating apatite from
porphyry-epithermal systems from other deposit types. There
is significant overlap between porphyry and skarn-related
apatite on this diagram. Elements used are Mg, Mn, Y, Ce,
Eu, Dy, Yb, Pb, Th, and U. From Mao et al. (2016).
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evolved magmas associated with the former. Bouzari et
al. (2016) carried out a similar study and showed that
apatite associated with different porphyry alteration
styles could be discriminated by cathodoluminescence
colour and certain chemical characteristics such as
Mn/Fe ratio. Again, however, there was no explicit dis-
crimination of porphyry-related apatite from other
sources of the mineral. 

Epidote

The potential utility of epidote as an indicator mineral
for porphyry systems stems from its frequent occur-
rence within porphyry alteration assemblages. It can
occur within the potassic zone (e.g. El Teniente, Chile:
Vry et al., 2010) and within two surrounding domains
(actinolite and epidote subzones; Cooke et al., 2014b;
see also Fig. 1). However, epidote frequently also
occurs in regional metamorphic rocks (e.g. Wilson and
Leake, 1972) and geothermal systems (Bird and
Spieler, 2004), as well as in other hydrothermal settings
such as skarn deposits and granite-associated veins
(e.g. Lindgren, 1933). In addition, it is generally only

abundant in intermediate to mafic volcanic country
rocks and is much less common in felsic igneous rocks,
such as those that host many deposits in southwest
USA.

Although a full evaluation of epidote discrimination
between such settings using major and trace element
chemistry remains to be done, some initial findings
provide hope that this may be possible. For example,
skarn-associated epidote may be relatively depleted in
heavy rare earth elements (HREE) (if coeval with gar-
net) or enriched in HREE (if it has replaced garnet),
and is typically enriched in As, Sb, Sn, Ga, Ge, Pb, U,
and Th relative to other types of epidote (Wilkinson et
al., 2015a,b). Porphyry-related epidote tends to be
enriched in elements that are fluxed by porphyry-
hydrothermal fluids and that are compatible in the epi-
dote structure, such as As, Sb, Zn, and Pb (Fig. 3), and
also in Au, Ag, and Bi, which could be hosted by nano-
inclusions (e.g. Cooke et al., 2014a; Pacey, 2017). By
contrast, metamorphic epidote is conspicuously
depleted in these elements, plus Ta, U, and Th, and
tends to be relatively enriched in Hf, Y, and the HREE
(e.g. Fig. 3). In addition, there is a difference between
epidote from Cu-Mo and Cu-Au systems, with the for-
mer being enriched in As and Sb and depleted in Yb.

The application of multivariate statistical methods is
increasingly being used in attempts to discriminate
indicator minerals formed in different environments
(e.g. Mao et al., 2016). In a study of the Oyu Tolgoi
porphyry Cu-Au system, Hart et al. (2015) used this
approach to distinguish epidote that was associated
with the ore-forming system from a later generation
unrelated to ore (Fig. 4). The second event overprints
post-ore Carboniferous volcanic rocks and granitoids,
as well as the host rock sequence; clearly, recognizing
two distinct events within the same sequence is critical
for a realistic interpretation of vectoring or fertility
information.

Chlorite

Chlorite is widely developed in porphyry systems,
occurring in late chlorite-sericite assemblages in more
proximal positions, and throughout the epidote and
chlorite subzones of the propylitic domain. From work
done in the AMIRA projects (Cooke et al., 2015, 2017;
Wilkinson et al., 2017), we know that it falls into the
compositional range of clinochlore but with significant
minor and trace element variation. As with epidote,
chlorite is very common in many other geological envi-
ronments, meaning that the discrimination of por-
phyry-related propylitic chlorite is critical for identify-
ing the distal parts of potentially mineralized
hydrothermal systems.

Again, it is fairly early in the development of tools
for the discrimination of porphyry-related chlorite.

Figure 3. Epidote compositions from Cu-Au (pink dots) and
Cu-Mo (blue dots) porphyry systems (Baguio district, El
Teniente, Resolution) compared with metamorphic epidote
(large green dots) from the Dalradian and Moine
Supergroups in Scotland (n = 288), and the Proterozoic
Georgetown Inlier (n = 29) and Harts Range (n = 46) in
Australia. Note that a large proportion of metamorphic analy-
ses (not shown) were below the limit of detection for As and
Sb (typically ~1 ppm for As and 0.1 ppm for Sb). Data from
AMIRA P1060 project.
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However, comparison of spatial mineral chemistry data
from the propylitic halo of the Batu Hijau Cu-Au sys-
tem, Indonesia (Wilkinson et al., 2015a), showed Fe
and Li contents in metamorphic chlorite were fairly
distinct from those of porphyry-related chlorite (Fig.
5). Although metamorphic compositions overlap with
proximal chlorite compositions for Al, Si, Ca, and Sr,
there is a clear distinction between those from distal
propylitic chlorite (Wilkinson et al., 2015a). This is the
key capability; it is only for the porphyry-distal chlo-
rites in very nondescript propylitic rocks without whole
rock geochemical anomalies that discrimination is of
paramount importance for exploration. 

Other elements that are useful for discrimination
purposes are Ag, Sb, and As. Probably for similar rea-
sons as epidote, these elements appear to be taken up at
low concentrations in chlorite in the propylitic halos of
porphyry systems but are not present at significant lev-
els in metamorphic fluids, and/or are not partitioned
into crystallizing metamorphic chlorite.

Magnetite

Magnetite offers significant promise as a tool for dis-
crimination of different kinds of magmatic and

hydrothermal environments because of its wide range
of potential element substitutions. Furthermore, its
magnetism and relatively robust character mean that it
survives within, and is easily sampled from, sediments
and soils.

The Ca + Al + Mn vs. Ti + V plot developed by
Dupuis and Beaudoin (2011) was one of the first
attempts to distinguish magnetite derived from por-
phyry, iron-oxide Cu-Au, skarn, Kiruna-type, Fe-Ti
and V deposits, and banded iron formations. Calcium
contributes only negligible amounts to the overall
cation sum (typically 1–2 orders of magnitude less than
the concentrations of Al and Mn) and can effectively be
dropped from the y-axis (cf. Nadoll et al., 2014). Ga
and Sn have also been identified as useful in the dis-
crimination of magnetite from various hydrothermal
systems, with porphyry- and skarn-related hydrother-
mal magnetite having elevated Ga (>10 ppm) relative
to other types (Nadoll et al., 2014), potentially due to a
higher temperature of formation.

The Ti vs. Ni/Cr plot proposed by Dare et al. (2014)
for the discrimination of hydrothermal and igneous
magnetite from felsic magmatic-hydrothermal systems
has been shown to be ineffective (Sievwright, 2017). In
fact, the simplest and most robust way to separate the
two types is based on Ti alone, with a cut-off at 1 wt%
correctly separating them in 97.5% of cases in the data-
base of Sievwright (2017). The correct identification of

Figure 5. Comparison of metamorphic chlorite compositions
(black symbols) with chlorite from Batu Hijau binned by the
distance of the samples from the porphyry centre (warm
colours are more proximal). Box-and-whisker symbols show:
mean value (black/white dot), median (horizontal line), sec-
ond and third quartiles (extent of box), whiskers (maximum
and minimum values that are not outliers), circles (outliers
that are greater than 1.5 times the interquartile range from
the box). Numbers of analyses included in each bin are
shown. From Wilkinson et al. (2015a).

Figure 4. Discriminant projection plots of epidote data from
the Oyu Tolgoi district, Mongolia (from Hart et al., 2015). All
epidote data were classified into two groups (P1, P2) based
on cluster analysis. Epidote data from intrusive units (top
right) shows that the Devonian causative intrusions (QMD)
classify in P1 whereas Carboniferous granodiorite- and horn-
blende-biotite andesite-hosted epidote mostly classify in P2.
Data from the Devonian augite basalt host rocks (lower left)
classify in both groups, which is consistent with primary
propylitic and secondary overprinting (Carboniferous) epi-
dote. Epidote data from the post-mineralization, allochtho-
nous Heruga Sequence basaltic volcanic breccia (Da4a) and
post-mineralization Carboniferous basaltic-andesitic vol-
canics (CS3) classify in P2.
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hydrothermal and igneous populations of magnetite in
either rock, heavy mineral concentrates, or soils is a
key first-step in the interpretation of its mineral chem-
istry. Although hydrothermal magnetite is relatively
easy to identify we do not yet have a robust tool for
identifying porphyry-related populations from those
developed in other types of system. However, it is pos-
sible to discriminate porphyries of different metal tenor
(Sievwright, 2017).

PORPHYRY FERTILITY INDICATORS

“Fertility” — the mineralization potential — of a por-
phyry system can be assessed at several stages and on
several scales of exploration. The fertility of arc seg-
ments can be evaluated using a variety of igneous min-
erals (e.g. zircon, magnetite, apatite) and can indicate
whether magmas were suitably hydrous, oxidized, and
sulphur-rich to be capable of developing extensive
hydrothermal systems with mineralization potential.
These tools can also be used on a district scale to iden-
tify magmatic complexes, or individual intrusions
within such complexes, that may be most likely to host
mineralization. Such tools are thus particularly useful
as a way of prioritizing geophysical targets. Once a
hydrothermal system has been identified, but poten-
tially just its distal propylitic domain, other minerals
can be used to evaluate whether it may be extensively
mineralized or not (e.g. epidote, chlorite, hydrothermal
magnetite).

Zircon

Zircon is extremely useful in the study of igneous and
metaorhic petrogenesis because of its robustness
through weathering, its utility as a geochronometer, the
sensitivity of certain trace element substitutions to
intensive parameters, and its resistance to high-temper-
ature diffusive re-equilibration.

One aspect of zircon chemistry that has received sig-
nificant recent interest is the effect of magmatic redox
conditions on partitioning rare earth elements Ce and
Eu. Experimental studies have shown that the magni-
tude of Ce and Eu anomalies varies as a function of
melt fO2 (e.g. Burnham and Berry, 2012), such that zir-
cons from more oxidized systems have larger positive
Ce anomalies, and smaller negative Eu anomalies. This
redox sensitivity is of particular relevance in the explo-
ration for porphyry deposits because they appear to
form from especially oxidized arc magmas (Sillitoe,
2010; Richards, 2014). Zircons from magmatic rocks
closely associated with mineralization have been
shown to have high values of Ce4+/Ce3+ and Eu/Eu*,
with moderately elevated Ce/Ce* (Fig. 6; see Loader et
al., 2017), ascribed by most authors to oxidizing condi-
tions at the time of crystallization (e.g. Dilles et al.,
2015; Shen et al., 2015; Lu et al., 2016). It was sug-
gested by these authors that this characteristic may be

used to distinguish magmatic systems with high and
low ore-forming potential. 

However, as shown by Buret et al. (2016), the co-
crystallization or prior crystallization of apatite and/or
titanite can significantly impact zircon trace element
chemistry. Furthermore, Loader et al. (2017) demon-
strated that titanite crystallization can have a major
effect on Eu anomalies. It was recommended that only
high-Ta zircons (>0.2 ppm Ta) should be used to test
for magmatic redox because these are not likely to have
had their chemistry modified by titanite crystallization.
Ce/Ce* may be unaffected but is difficult to determine
accurately; Loader et al. (2017) proposed the use of the
formulation Ce* = NdN2/SmN to estimate Ce* in the
absence of precise analytical data for La and/or Pr. A
lot of overlap exists between barren and fertile magmas
in terms of Ce/Ce* but values above ~100 are only
rarely seen in barren suites and, when combined with
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from barren and fertile igneous suites. From Loader et al.
(2017).



robust Eu/Eu* values above 0.4 (Fig. 6), provides a
powerful discriminator of fertile rocks.

Loucks et al. (2016) developed some additional
parameters in zircon (EuN/Eu*/YbN and CeN/NdN/Y)
that can help to discriminate barren and fertile igneous
suites. Zircons are thought to inherit the negligible neg-
ative Eu anomaly that characterizes fertile magmas as
recognized in whole rock data and also to acquire a
large positive Ce anomaly in fertile, oxidized melts.
Normalizing either of these “fertile-high” parameters
to HREE that are typically low in fertile magmas
(assuming that zircon inherits this feature too), such as
Yb or Y (as a proxy for Ho), enhances the fertility sig-
nal (Fig. 7). Because of the difficulty in precisely meas-
uring Ce/Ce*, the Ce anomaly proxy CeN/NdN was
proposed.

Plagioclase

Recent interest in the potential application of plagio-
clase as a fertility indicator has come from the recogni-
tion that it appears to be unusually enriched in Al –
above normal stoichiometric levels – in fertile por-
phyry systems (Williamson et al., 2016; see Fig. 8).
Although these results are promising, there remains
more work to be done to confirm that this behaviour is
systematically observed in mineralized systems and,
indeed, what it represents. Experimental studies by
Kyono and Kimata (2001) suggested that this may be
due to substitution of water into vacancy sites [ ]Si4O8

as a result of high H2Omelt.

Apatite

Limited work has investigated apatite chemistry as a
potential tool for assessment of fertility, although it

undoubtedly offers significant potential because it can
track key melt parameters, such as halogen content (or
Cl/H2O ratio), sulphur content, redox sensitive ele-
ments like Mn (Miles et al., 2013), and tracers of melt
evolution like the REE.

Belousova et al. (2002) showed that low Mn, low
Y/ΣREE, high La/Sm and high Ce/Th characterized
apatite from more oxidized igneous rocks, but these
authors did not study porphyry systems specifically.
Rukhlov et al. (2017) evaluated apatite composition as
a proxy for the oxidation states of porphyry Cu-Mo-Au
deposits and concluded that S, V, and Eu correlated
with the oxidation state of the magmas. However, there
was no explicit assessment of differences between min-
eralized and unmineralized systems. Recently, Brugge
et al. (2017) illustrated the complexity of apatite chem-
istry that can be observed in a single porphyry system
(Chuquicamata, Chile; see Fig. 9), emphasizing that
our understanding of its chemistry in porphyry deposits
is in its infancy.

Epidote

The chemistry of propylitic epidote in part reflects
metasomatic mass transfer by magmatic-hydrothermal
fluids, as well as crystallization conditions, precursor
phase chemistry (if formed by replacement), and com-
petition with co-crystallizing minerals. Cooke et al.
(2014a) suggested that chalcophile metalloids As and
Sb, which may be incorporated into epidote, are prefer-
entially sequestered by pyrite within the pyrite halo of
porphyry systems, leading to low concentrations in
other phases. However, in the more distal propylitic
zones where H2S has been consumed, their concentra-
tions in epidote increase. Assuming As and Sb are pri-
marily derived from magmatic-hydrothermal fluids,
the levels attained in epidote may be a qualitative
proxy for the total metal flux in the system.
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Figure 7. Comparison of (EuN/Eu*)/YbN versus (CeN/NdN)/Y
for zircon from barren (blue/green) and fertile (orange/red)
igneous suites. From Loucks et al. (2016).

Figure 8. Plot of excess Al in plagioclase (atomic proportion
of Al/Ca+Na+K) as a function of anorthite content. Plagio-
clase from barren systems falls on or below the stoichiomet-
ric line shown, whereas grains from mineralized systems fall
above the line. From Williamson et al. (2016).
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Enrichments of other fluid-mobile metals that can be
incorporated into epidote, such as Zn, may also prove
to be useful for assessing metal endowment in por-
phyry systems but remain to be evaluated.

Chlorite

Chlorite chemistry offers a lot of potential as a fertility
tool, but there is no information in the public domain to
date. However, results from the AMIRA projects show
that the Mn and Zn contents in chlorite are potential
indicators of endowment in porphyry systems (Fig.
10). It is also evident that these elements reach a peak
concentration in chlorite at distances of ~1-3 km from
porphyry centres, coincident with the whole rock geo-
chemical maxima that are commonly observed for
these metals (e.g. Pacey, 2017). 

PORPHYRY VECTORING TOOLS

Epidote

Propylitic epidote shows some fairly systematic spatial
variations in relation to the ore zone of porphyry sys-
tems. In the Baguio district, Philippines, Cu, Mo, Au,
and Sn were found to be high proximal to the known
porphyry centres but it is not yet clear if this is related
to substitution of these elements into the epidote struc-
ture or if it reflects an increased abundance of nano-
inclusions (Cooke et al., 2014a). Similar to chlorite,
Mn and Zn are enriched in epidote just outside the
pyrite halo, as are La, Y, Zr, and Sr. Elements that are
enriched most distally are As, Sb, and Pb. Broadly sim-
ilar patterns are reported for the El Teniente system,
Chile (Fig. 11), indicating that epidote shows compara-
ble behaviour in both Cu-Au and Co-Mo porphyry
environments (Wilkinson et al., 2017).
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Figure 9. Primary igneous apatite in biotite from
Chuquicamata, Chile, overprinted by secondary alteration
resulting in crystallization of monazite and pitting (from
Brugge et al., 2017). Note: Ap = apatite; Bt = biotite; Chl =
chlorite; and Mnz = monazite.

Figure 10. Zn versus Mn plot (n = 5015) for chlorite from por-
phyry systems. Contoured data are from metamorphic back-
ground, prospects, and small deposits (West Scotland,
Georgetown Inlier, Harts Range, Shebandowan Greenstone
Belt, Central Chile, Baguio district); 97.7% of the data from
these systems fall below the black line indicated. A large pro-
portion of the giant porphyry system data (coloured symbols:
Batu Hijau, El Teniente, Collahuasi District) also fall below
the line, but the majority of data that fall above it (95.0%) are
from these fertile settings. Thus, chlorite with elevated Mn
and Zn content are fairly characteristic of the propylitic halo
of economic porphyry deposits. Data from AMIRA P1060
project.

Figure 11. Gridded epidote compositional data (log of sam-
ple average, cell size 200 m, minimum smoothing distance 4
cells) for trace elements in epidote from El Teniente, Chile,
showing proximal lows and highs just outboard of the ore
zone. Outline of the 0.5 wt% Cu shell is shown for reference.
Note the apparent westward offset between some of the epi-
dote anomalies and the location of the orebody at depth, pos-
sibly due to post-ore westward tilt. From Wilkinson et al.
(2017).



These systematic zonation patterns can be used as a

broad vectoring tool within the propylitic halos of por-

phyry systems. Decreases in As, Sb, and Pb content in

epidote would be expected as the centre is approached,

with a range of other elements increasing to a maxi-

mum on the fringes of the pyrite halo. Proximal high

elements should be supportive of other geological evi-

dence (potassic alteration, whole rock anomalism of

normal porphyry pathfinder elements) indicating that a

hydrothermal centre is nearby. They may even be

indicative of mineralization as opposed to just a barren
hydrothermal system, but this has yet to be tested.

Chlorite

Propylitic chlorite has been convincingly demonstrated
to delineate the thermal anomaly associated with por-
phyry systems (Fig. 12) as well as display systematic
major and trace element variations as a function of dis-
tance from the hydrothermal centre (Baker et al., 2015;
Wilkinson et al., 2015a, 2017). Furthermore, trace ele-
ment ratios can be used to predict the absolute distance
to the system centre. A range of ratios have been pro-
posed (e.g. Ti/Sr, Ti/Ni, Ti/Li, Ti/Pb, Ti/Ba, Mg/Sr,
Mg/Ca, V/Ni) that vary up to four orders of magnitude
and therefore provide clearly recognizable, roughly
exponential gradients (e.g. Fig. 13). Thus, chlorite is
extremely useful for exploring within fairly unremark-
able greenrock terrains and for buried deposits.

Quartz

Quartz veins are ubiquitous in all but some alkalic por-
phyry systems but form over a wide range of tempera-
ture and from diverse fluids. Consequently, a signifi-
cant degree of heterogeneity might be expected in
quartz trace-element chemistry, as indicated by micro-
probe studies (Rusk et al., 2008). However, in some
sediment-hosted porphyry systems, such as Bingham
Canyon, quartzite host rocks are pervasively cemented
by hydrothermal quartz (Fig. 14) that can show more
systematic trace element behaviour.

At Bingham, quartz cements show consistent
decreases of over ~3 orders of magnitude in trace ele-
ment ratios, including Ti/As, Cu/Sr, Cu/Li and Ti/Li,
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Figure 12. Gridded chlorite geothermometry results (sample
mean data, 100 m pixels) for the Batu Hijau porphyry Cu-Au
system, Indonesia. Chlorite clearly maps out the thermal
anomaly associated with the ore deposit as well as a west-
northwest-trending ridge that follows the underlying intrusive
complex and a zone of elevated (inner propylitic) grade at
surface. Sample locations are shown. From Wilkinson et al.
(2015a).

Figure 13. Gridded chlorite trace element ratios (log of sam-
ple average, cell size 200 m, minimum smoothing distance 5
cells) for samples from El Teniente, Chile. Outline of the 0.5
wt% Cu shell is shown for reference. From Wilkinson et al.
(2017).
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Figure 14. Scanning electron microscope-cathodolumines-
cence image of quartzite from the Bingham Canyon porphyry
system, Utah. The sample, which was collected 1310 m from
the deposit centre, shows dull grey luminescent quartz
cement (qc) that has overgrown and cuts detrital grains, and
is associated with pyrite (py) and chalcopyrite (cpy). Image
courtesy of Jo Taylor, AMIRA P1060 project.
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out to ~3.5 km (Fig. 15), beyond which there is either
a lot of scatter or ratios stabilize to a constant value
(e.g. Cu/Li). Ti substitution in quartz is known to be
thermally controlled (Wark and Watson, 2006) so the
high proximal concentrations observed at Bingham are
not unexpected. Copper also appears to substitute into
quartz in greater concentrations near the orebody,
although the existence of nano-inclusions of sulphides
cannot be ruled out. Trace elements that are low in
proximal quartz are the same as those that are depleted
in proximal chlorite, suggesting that chemical controls
on partitioning are not important; we assume that fluid
properties and complexation behaviour of these ele-
ments prevent their incorporation into silicates at the
elevated temperature and lower pH/higher fO2 condi-
tions likely to exist in more proximal regions.

Hydrothermal magnetite

Hydrothermal magnetite is common in the potassic
zone of porphyry systems and is particularly abundant
in porphyry Cu-Au deposits. However, it also extends
beyond the typical potassic zone in biotite-magnetite
domains (e.g. Northparkes, New South Wales; Pacey,
2017) and further into the propylitic domain.
Sievwright (2017) showed that hydrothermal over-
printing of precursor igneous magnetite is common in
propylitic rocks, with euhedral overgrowth of mag-
netite on igneous titanomagnetite and/or partial recrys-
tallization/re-equilibration of igneous magnetite (e.g.
Fig. 16).

In exploration, just the proportion of hydrothermal
magnetite in a stream sediment concentrate may be a
useful indicator of the likely location of a hydrothermal
centre relative to stream catchments. Sievwright (2017)
developed this further and showed that the alteration
association of hydrothermal magnetite (i.e. whether
magnetite was derived from potassic, propylitic, phyl-
lic, or intermediate argillic domains) could be discrim-

inated (Fig. 17). Similar vectoring potential is offered

by apatite (Bouzari et al., 2016). Given the instability

of magnetite in phyllic and intermediate argillic alter-

ation, it is assumed that magnetite present in these

domains is a partially overprinted relic from precursor

potassic or propylitic assemblages. The magnetite dis-

crimination plot allows hydrothermal magnetite from

different domains to be identified, which would be par-

ticularly useful when using stream sediments to map

catchment areas.

SUMMARY

The major and trace element chemistry of a range of

igneous and alteration phases associated with porphyry
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Figure 16. Backscattered scanning electron microscope
image showing euhedral hydrothermal magnetite overgrowth
(h-m) on an igneous titanomagnetite (i-t) core. Volcanic lithic
breccia sample collected 1.1 km from the deposit centre,
Batu Hijau, Indonesia. Image from AMIRA P1060 project.
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Figure 17. Discriminant projection plot showing that hydro-
thermal magnetite from different alteration domains can be
quite effectively discriminated using multivariate trace ele-
ment geochemistry (from Sievwright, 2017).

Figure 15. Chemistry of quartz cement in quartzites from the
halo of the Bingham Canyon porphyry system. Systematic,
approximately exponential, decreases in trace element ratios
are observed out to ~3.5 km. Data from AMIRA P1060 proj-
ect.



systems provide a valuable record of processes that
resulted in the genesis of these major ore deposits.
Recognizing and deciphering these fingerprints
remain, for the most part, in their infancy but there is
now clear evidence that valuable information is locked
up in these indicator minerals that can be utilized as
valuable discrimination, fertility, and vectoring tools.
In concert with conventional approaches, these meth-
ods have a good chance of improving discovery suc-
cess for porphyry ore deposits, particularly under
cover.
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Currently no rare earth element (REE) metals are
mined or processed in Canada, however, significant
REE resource potential exists. Because Canada has a
glaciated landscape, indicator mineral methods have
the potential to be useful exploration tools. The focused
recovery of REE indicator minerals from glacial sedi-
ments such as till, however, is relatively new. Simandl
et al. (2015) summarized potential REE indicator min-
erals that could be of use in glaciated terrain, which
include pyrochlore (e.g. DiLabio, 1988, 1995; Lehtonen
et al., 2011), columbite-tantalite (Mackay and Simandl,
2015), phosphates (e.g. monazite, rhabdophane)
(Lehtonen et al., 2011), carbonates (e.g. bastnaesite,
kainosite, parasite, synchysite), barite, Na-pyroxenes
(e.g. aegirine), Na- and K-amphiboles (e.g. arfved-
sonite, richterite) (e.g. Hawthorne et al., 2001), badde-
leyite, Nb-rutile, Ti-Zr garnet, magnetite, apatite (e.g.
Belusova et al., 2002a), fluorite (e.g. Makin et al.,
2014), and zirconosilicates such as gittinsite, zircon,
and elpidite (e.g. Birkett et al., 1992; Salvi and
Williams-Jones, 1995; Belusova et al., 2002b;
Lehtonen et al., 2011).

The undeveloped Strange Lake peralkaline complex
in eastern Canada (Fig. 1) is one of the world’s largest
deposits of Zr, Y, and heavy rare earth elements
(HREE) (Zajac, 2015). The Geological Survey of
Canada, under the auspices of the Geo-Mapping for
Energy and Minerals Program (GEM2), collected
bedrock and till samples at the deposit to evaluate and
test modern indicator mineral methods for detecting
REE deposits using glacial sediments. This chapter
provides an overview of the indicator mineral methods
tested and the results.

GEOLOGY

Bedrock geology

The bedrock geology of the area is summarized below
from Miller (1986, 1988, 1990, 1996), Sinclair et al.
(1992), Kerr (2013), and Gowans et al. (2014). The
Strange Lake pluton is a Mesoproterozic peralkaline
granite dated at 1240 +/- 2 Ma (Miller et al., 1997) that
intruded along the contact between older quartzo felds-
pathic and amphibolitic gneisses to the north and
quartz monzonite to the south (Fig. 1). The complex
consists of at least three varieties of peralkaline granite,

which have been divided into four granitic subunits by
Miller (1986, 1990, 1997) based on their mineralogy
and the presence of inclusions (Fig. 2). The highest
grade of mineralization is in pegmatite-aplite dykes
that are associated with the exotic-rich granite in the
central part of the intrusion (Main Zone) and the north-
west edge (B Zone) (Fig. 1). Table 1 provides a list of
potential indicator minerals contained in the deposit
and the elements they host; this list is summarized from
Jambor et al. (1996,1998), Birkett et al. (1992, 1996),
Miller et al. (1997), and Zajac (2015). 

The Strange Lake intrusion was discovered by the
Iron Ore Company of Canada in 1979 in the follow-up
of a lake sediment anomaly reported by the GSC
(Hornbrook et al., 1979; McConnell and Batterson,
1987; Zajac, 2015). From 1980 to 2006, several com-
panies explored the property and two mineralized
zones were identified, the Main Zone (formerly the A
Zone) and the B Zone (Fig. 2). The B Zone is the
largest resource with indicated mineral resources of
278 Mt at 0.93% total rare earth element oxide (TREO)
and inferred mineral resources of 214 Mt at 0.85%
TREO (Gowans et al., 2014). The resource for the
smaller Main Zone has been estimated at 55.8 Mt with
a grade of 2.99% ZrO2, 0.38% Y2O3, 0.29% Nb2O5,
0.08% BeO (Kerr and Rafuse, 2012; Kerr, 2013). The
Strange Lake intrusion has a strong gamma-ray signa-
ture (Geological Survey of Canada, 1980), as can be
seen in Figure 3, and it also has a glacial dispersal train
of radioactive boulders and minerals in till at least 50
km down-ice to the east-northeast. 

Surficial geology

During the Wisconsin glacial event, the Strange Lake
deposit was strongly scoured by the Laurentide Ice
Sheet flowing outward from an ice dome over central
Quebec (Dyke and Prest, 1987). Most of the landscape
is covered by till of variable thickness, from <2 m to
over several metres. The morphology is characterized
by streamlined landforms that were carved out by fast
glacial flow from an ice stream that flowed toward the
east-northeast (Paulen et al., 2017). Boulders, cobbles,
and glacial sediment have been dispersed in a ribbon-
shaped train that can be traced for more than 50 km
down-ice to the northeast and can be detected by boul-
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Figure 1. Location of the study area in eastern Canada (inset) and regional bedrock geology map of the Strange Lake area
(modified from Miller et al., 1997).
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der mapping (Batterson et al., 1985; Batterson, 1989),
matrix till geochemistry—most notably Be (Fig. 4),
Ce, Zr, La, Nb, Pb, Rb, Th, U, and Y (McConnell and
Batterson, 1987; Batterson, 1989; Batterson and
Taylor, 2009)—and airborne gamma-ray spectrometry
(Fig. 3). 

METHODS

Several bedrock samples were collected from the

Strange Lake Main and B zones. Colour photographs
of sample sites and polished bedrock sample slabs,
hand sample descriptions, and petrographic descrip-
tions are reported in McClenaghan et al. (2017).
Several till samples were collected around (up-ice,
overlying, down-ice) the Strange Lake deposit in 1981
and 1983, and again in 2015 (Fig. 4).

Till and bedrock samples were processed to produce
heavy mineral concentrates (HMC) for indicator min-

ice flow

Figure 3. Equivalent Th (ppm) from airborne gamma-ray spectrometry data for the Strange Lake intrusion (black outline) and
the northeast-trending glacial dispersal train (white outline). Data from Geological Survey of Canada (1980).
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Figure 4. Distribution of Be (ppm) in the <0.063 mm fraction of till samples (total digestion/ICP-ES) collected overlying and
down-ice of the Strange Lake intrusion (modified from Batterson and Taylor, 2009). Locations of Geological Survey of Canada
bedrock and till samples are shown as red dots.
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eral examination using procedures described in Spirito
et al. (2011) and McClenaghan et al. (2013, 2017).
Bedrock samples were disaggregated using an electric
pulse disaggregator prior to processing. The <2.0 mm
material from each bedrock and till sample was
processed following tabling and heavy liquid methods
described by McClenaghan (2011) and McClenaghan
et al. (2017) to produce a non-ferromagnetic HMC
(>3.2 specific gravity (SG)) and a mid-density (3.0–3.2
SG) mineral concentrate for examination of indicator
minerals. The non-ferromagnetic HMC (SG >3.2) of
bedrock and till samples was sieved and the 0.25–0.5,
0.5–1.0, and 1.0–2.0 mm size fractions examined. The
0.25–0.5 mm portion of the mid-density (SG 3.0–3.2)
fraction of bedrock and till samples was also examined.
Mineral grains were identified using a binocular micro-
scope and potential indicator minerals of the REE min-
eralization at Strange Lake were counted. Some min-
eral grains were removed from the samples and set
aside for further analyses. The visual identification of
some mineral species was verified with a scanning
electron microscope (SEM) and electron microprobe
analysis (EMPA). 

RESULTS

Indicator minerals that were observed in bedrock sam-
ples are listed in Table 1. Most indicator minerals in
bedrock HMC were difficult to identify visually
because of their small size, tendency to be intergrown
with other indicator minerals and quartz, and dis-
colouration from hematite staining. Minerals observed
in bedrock samples in the recent Strange Lake study
(McClenaghan et al., 2017) but not reported in earlier
studies of the deposit include cerianite, uraninite,
komarovite, chevkinite, fluorapatite, rhabdophane, par-
asite, thorianite, danburite, and molybdenite. 

Indicator minerals observed in till samples in the
recent  study (McClenaghan et al., 2017) are listed in
Tables 1 and 2 and include minerals not reported in ear-
lier studies of the Strange Lake deposit (e.g.
komarovite, chevkinite, parasite, anthophyllite, thorite,
thorianite, and rhabdophane). Colour photographs of
some of the minerals recovered from bedrock and till
samples are shown in Figure 5. The most abundant
minerals recovered from till are discussed below. 

Zircon was difficult to distinguish from Ca-rich git-
tinsite  if the zircon was intergrown with calcite or a
REE carbonate mineral, such as parasite. Thus, some
zircon grains may have been reported as gittinsite,
which is a common post-magmatic mineral phase in
the Strange Lake intrusion and is a valuable ore min-
eral for Zr. It is present in both bedrock and till sam-
ples. It may be a useful indicator mineral proximal 
(<2 km) to highly altered REE deposits such as Strange
Lake. Zircon grains recovered from bedrock and till in
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the recent study (McClenaghan et al., 2017) are not
individual grains but fragile aggregates with other min-
erals and are often red, indicating the presence of
hematite (Fig. 5f). 

Titanite at Strange Lake is occasionally Sn-bearing
(McClenaghan et al., 2017) and this feature may help
to link some of the titanite grains recovered from till to
titanite in the deposit. It is otherwise unremarkable in
its occurrence.

a)

300 µm
300 µm

0.5 mm

0.5 mm0.5 mm

c)

e)

b)

d)

f)

1 mm

Figure 5. Colour photographs of select indicator minerals from till and bedrock samples overlying and down-ice of the Strange
Lake deposit: a) pyrochlore, sample 15-MPB-010; b) bastnaesite, till sample 15-MPB-007; c) arfvedsonite, till sample 15-MPB-
010; d) aegerine, till sample 15-MPB-008; e) chevkinite, till sample 15-MPB-010; f) zircon, till sample 15-MPB-008. Photographs
provided by Michael J. Bainbridge Photography. 
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Monazite and rhabdophane are both RE-phosphate
minerals with very similar compositions, which makes
it difficult to reliably distinguish between the two
based on EMPA or SEM-EDS data alone. Their high
RE-content makes them useful indicators of the pres-
ence of RE-rich rocks. 

Pyrochlore occurs as a common primary euhedral
phase in the Strange Lake granite and is also a valuable
ore mineral for Nb. The Strange Lake pyrochlore is
moderate brown to orange in colour (Fig. 5a). It is con-
sidered to be a useful indicator mineral because of its
compact habit (usually octahedra), high density, resis-
tate nature, and ease of recognition in HMC. 

Bastnaesite (Fig. 5b) is a source of Ce in the deposit
and kainosite is an important ore mineral of Y in the
deposit. Both minerals are rare in till samples but their
presence is a strong indication of the presence of REE
mineralization up-ice. Chevkinite is a REE-silicate that
is visually distinct (Fig. 5e) and sufficiently abundant
in the till at Strange Lake to be considered a useful
indicator mineral of REE mineralization. Allanite is a
REE-silicate that is visually distinct and sufficiently
abundant in the till at Strange Lake to be considered a
useful indicator mineral of REE mineralization.
Parisite has a distinctive reddish brown colour and
compact habit and could, when grain size is sufficiently
large, be a useful indicator mineral for RE-rich rocks.
A few grains were observed in proximal till samples in
this recent study (McClenaghan et al., 2017).

Arfvedsonite (Fig. 5c) and aegirine (Fig. 5d) are
common major minerals in sodic alkaline rocks and
hence good indicators of their presence. However,
these minerals reveal little about the rare metal content
of their host rocks. Thorite and thorianite are heavy
dark brown minerals found in pegmatite. They were
difficult to distinguish between in bedrock and till
HMC and thus were counted and reported as one group
(McClenaghan et al., 2017).

Distance of transport

A glacial dispersal train trends east-northeast from the
Strange Lake deposit for at least 50 km and has been
defined using airborne gamma-ray spectrometry,
radioactive boulders, lake sediment geochemistry, and
till geochemistry. Indicator minerals are most abundant
in till samples collected directly overlying the Strange
Lake intrusion and between 2 and 5 km down-ice
(Table 2). However, a few grains of pyrochlore, gittin-
site, bastnaesite, and chevkinite were still detectable in
till up to 35 km down-ice, and a few grains of rhabdo-
phane, parasite, and allanite were recovered from till
50 km down-ice. 

Advantages of indicator mineral methods

The advantages of REE indicator mineral methods over

geochemical analysis of the till matrix are that the indi-
cator mineral grains (1) are visible and can be exam-
ined with a binocular or scanning electron microscope;
(2) may be chemically analyzed to provide information
about the nature of the mineralizing system; (3) pro-
vide physical evidence of the presence or absence of
mineralization or alteration; (4) may be present in very
low abundances (a few grains in a 10 kg till sample)
that can be readily detected by indicator mineral meth-
ods but not by till geochemical methods (Averill, 2001;
McClenaghan, 2011). Also, spacing of regional indica-
tor mineral samples is typically broader (>5 km) than
till geochemical samples (>2 km) and thus fewer sam-
ples need to be collected in a regional survey.

There are several benefits from visually examining
the >0.25 mm fraction of till samples to identify indi-
cator minerals: (1) the method described here is well
established and has been used by industry and govern-
ments for more than 30 years and thus it is possible to
compare results from surveys conducted during differ-
ent years or by different organizations; (2) the method
is fast and moderately priced; (3) identification of
REE-minerals can be conducted as part of any indica-
tor mineral survey undertaken for other purposes, i.e.,
precious and base metal exploration; and (4) the grains
in this fraction are sufficiently large enough to be
manipulated and their 3-dimensional shape and surface
textures examined.

CONCLUSIONS

The Strange Lake study is the first detailed investiga-
tion of the indicator mineral signature of a major REE
deposit in glaciated terrain. The deposit contains a
large number of oxide and silicate, phosphate, and car-
bonate indicator minerals, some of which were
observed in till overlying and up to 50 km down-ice.
Several minerals were observed in bedrock and/or till
samples in this recent study (McClenaghan et al., 2017)
that had not been previously reported for the Strange
Lake deposit.

The most useful indicator minerals of the REE min-
eralization include Zr-silicates (secondary gittinsite
and many other hydrated Zr±Y±Ca-silicates),
pyrochlore, thorite/thorianite, monazite/rhabdophane,
chevkinite, parasite, bastnaesite, kainosite, and allanite.

The Strange Lake test site is exceptional for two rea-
sons. First, a large volume of debris was glacially
eroded from the deposit and second, the debris was
glacially transported a long distance by a paleo ice
stream of the Laurentide Ice Sheet. The net result is a
remarkably long ribbon-shaped dispersal train formed
by unidirectional ice-flow. This remarkable dispersal
train was ideal for the collection of metal-rich till at
varying distances down-ice to test and develop REE
indicator mineral methods. The indicator mineral abun-
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dances for till that are reported here offer a guide to
contents in till that might be expected proximal and
distal to other REE mineralization in the region, and
elsewhere.

This case study demonstrates that REE indicator
minerals can now be added to a large suite of indicator
minerals that are used to explore glaciated terrain for a
broad range of deposit types and commodities. This
broad suite of indicator minerals can be recovered from
the same till or stream sediment samples collected dur-
ing exploration for diamonds, precious metals, base
metals, strategic metals, and/or rare metals.
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