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Introduction

	 Mineral exploration in Canada has become increas-
ingly reliant on identifying and tracing to a bedrock source 
anomalous concentrations of dispersed indicator mineral 
grains in till and, to a lesser degree, in glaciofluvial and allu-
vial gravel.  Gold grains, for example, have been employed 
successfully in many exploration programs (e.g. Averill 
1988, 2001, 2013, 2015) since the watershed discovery in 
northern Quebec in 1984 of the Casa Berardi gold deposits 
by following gold grain anomalies in till beneath thick clay 
cover (Sauerbrei et al. 1987).  As well, many of the kimber-
lites that were discovered in the 1990s and the first decade 
of this century, including the pipes that host Canada’s 
first diamond mine, Ekati in the Northwest Territories, 
were found by identifying and tracing kimberlite indicator 
mineral (KIM) dispersal trains in till (e.g. Blusson 1998; 
Kong et al. 1999; Strand et al. 2009; Grütter 2016).  Now, 
indicator minerals are being used to explore for deposits 
of base metals and other commodities (Thorleifson 2009), 
particularly porphyry Cu, Ni-Cu-PGE and VMS deposits 
both in Canada (e.g. Averill, 2001; Plouffe & Ferbey 2015, 
McClenaghan et al. 2013, 2015a,b; Hashmi et al. 2015) and 
internationally (Averill 2011, Kelley et al. 2011).
	 The greatest strength of indicator min-
eralogy in exploring glaciated terrains is its 
ability to detect overburden-covered mineral 
deposits from afar with very widely spaced 
samples, thereby greatly reducing explora-
tion costs.  The Casa Berardi gold deposits 
in northern Quebec, Canada were found 
at a total cost of just $248,000 CAN (1984 
figures) using till samples from reverse circu-
lation drill holes spaced 400 m apart (Sau-
erbrei et al. 1987).  The gold grain dispersal 
train from the Rainy River gold deposit in 
northwestern Ontario, Canada is 15 km long 
(Averill 2013) and was initially detected by 

the Ontario Geological Survey in till samples collected from 
holes drilled ~3 km apart across a previously untested clay 
belt (Bajc 1991).  Most remarkably, Chuck Fipke and Stew-
art Blusson discovered the Ekati kimberlite field by tracing 
a KIM dispersal train for 600 km using alluvial and glacio-
fluvial (esker) gravel samples collected up to 40 km apart 
(Blusson 1998).
	 Shilts (1973, 1993) showed by sampling till up to 50 km 
down-ice from the large Thetford Mines (asbestos) ophio-
lite complex in Quebec that the concentration of ophiolite 
indicator minerals, clasts and elements in the till decreased 
exponentially with increasing distance from the ophiolite 
source; i.e. the glacial dispersal train had a strong but short 
head followed by an exponentially weaker but much longer 
tail (Fig. 1) that, in theory, would never completely dis-
sipate.  Thus, a mineral deposit can only be identified from 

Figure 1.  Three-dimensional plot of Ni concentrations in till down-ice 
from (southeast of) the Thetford Mines ophiolite belt, southeastern 
Quebec.  Note the strong, short heads and exponentially weaker 
but much longer and very slowly dissipating tails of the Ni dispersal 
trains.  Excerpted from Shilts (1993) under copyright licence No. 
3907820314085. 
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afar with a wide sample spacing, as in the Rainy River and 
Ekati examples, if the sampling method is sufficiently sensi-
tive to detect the weak tail of the train with a high level of 
confidence.  The required sensitivity is attained by (a) col-
lecting large samples; and (b) employing a sample treatment 
method that provides a very low detection limit of one grain 
per sample for each targeted indicator mineral in the prin-
cipal grain size fraction (e.g. 250-500 µm) within which that 
mineral would be expected to occur.  A further caveat is 
that the indicator minerals must have a specific gravity suf-
ficient to be concentrated to a level at which a single grain 
can be identified at a practical cost.  While gravity concen-
trates can be refined by other means to further concentrate 
some indicator minerals and thereby ease their identifica-
tion, not all minerals benefit from this treatment.  Therefore 
the final caveat is that the grain size fractions of the heavy 
mineral concentrate (HMC) that match the expected sizes 
of the targeted indicator minerals must be examined in full 
to obtain the benefit of collecting a large sample.
	 Kimberlite is such a rare rock that the till in most 
regions of Canada contains no KIMs. A sample size of 10 
to 20 kg is generally adequate for detecting KIMs at very 
low concentrations in the distal parts of glacial dispersal 
trains (Grütter 2016).  Gold grains, in contrast, are rather 
ubiquitous in till because: (a) auriferous bedrock is much 
more common than kimberlite; and (b) gold grains do not 
physically break down during glacial transport because gold 

is malleable – the grains simply become reshaped (Aver-
ill 2001).  On gold exploration programs, therefore, a till 
sample containing 10 kg of <2 mm (-10 mesh) material will 
be sufficient. The gold background in a sample of this size 
can range from just 0 to 5 grains in infertile regions to as 
much as 40 grains on the down-ice end or side of a long or 
wide auriferous belt such as the Abitibi Greenstone Belt 
in Ontario and Quebec (Averill 1988).  In areas where the 
gold background of the till is high, anomalous populations 
of gold grains derived from nearby mineralized zones of po-
tential economic interest are recognizable by: (a) their more 
uniform grain size; and (b) limited modification of their 
primary pristine morphology (Averill 1988, 2001, 2013).
	 The indicator mineral surveys that contributed to the 
discovery of  the Casa Berardi, Rainy River and Ekati mines 
adhered closely to the above sample collection and treat-
ment protocols.  Large samples were collected, their heavy 
mineral fraction was extracted, either the entire concentrate 
or its most prospective grain size fractions were studied and 
the number of grains of each indicator mineral was estab-
lished.  The grains were identified and classified visually 
using stereoscopic microscopes (Fig. 2a), a process that 
requires ~15 minutes for gold grains and 2 hours for a full 
suite of kimberlite, base metal and other types of indicator 
minerals.
	 In recent years, software programs such as MLA® 
and QEMSCAN® have been developed that allow rapid, 
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b)a)

automated identification and analysis of the minerals in a 
HMC using scanning electron microscopy (SEM) (Fig. 2b) 
and energy dispersive x-ray spectroscopy (Sylvester 2012; 
Agnew 2015; Layton-Matthews et al. 2015).  In this article, 
it is shown mathematically that the effectiveness of these 
automated techniques for indicator mineral surveys in glaci-
ated terrains, where a large sample is required and its entire 
heavy mineral component or the most prospective grain size 
fractions thereof must be analyzed at a 1-grain detection 
limit, is presently constrained by: (a) the surface area of the 
block on which the grains are mounted, polished and ana-
lyzed being too small to hold the large numbers of mineral 

grains that are present in a typical HMC; (b) the tendency 
of many indicator minerals to be relatively coarse grained, 
further limiting the number of grains that can be analyzed 
per block; and (c) the impracticality of analyzing multiple 
blocks per sample on a routine basis.

Preferred Natural Grain Sizes of Indicator Minerals

	 Till is an unsorted sediment deposited directly by gla-
ciers (Goldthwait 1971; Dreimanis 1976).  Within its <2000 
µm (<2 mm) matrix, the particles range in size upward (Fig. 
3) from clay (<2 µm) through very fine to very coarse silt 
(2-63 µm) to very fine to very coarse sand (63-2000 µm).  
For each successive particle size class shown in Figure 3, 
the width is double that of the adjacent smaller class.  For 
example, the range for medium sand grains is 250-500 µm, 
twice the 125-250 µm range for fine sand grains.
	 Most oxide, sulphide and silicate indicator miner-
als occur preferentially as sand-sized grains (Averill 2001, 
2011; McClenaghan et al., 2013, 2015a, b) but ~90% of gold 
grains and platinum group minerals (PGMs) occur as silt-
sized or smaller grains (<63 µm wide; Averill 2001).  KIMs 
are relatively coarse grained, ranging up to 2 mm (Fig. 3), 
because they originally crystallized as macrocrysts in the 
mantle.  The principal grain size targeted on KIM surveys 
is medium sand – i.e. 250-500 µm – because this is the peak 
grain size for most KIMs (Averill & McClenaghan 1994) 
including Cr-pyrope garnet as illustrated in Figure 3.  Most 
of the base metal indicator minerals that are currently being 

Figure 2.  Examples of: (a) visual and (b) automated (MLA) 
methods of indicator mineral identification.  Sources: (a) labo-
ratory of Overburden Drilling Management Limited, Nepean, 
Ontario; (b) Queens University, Kingston, Ontario.
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utilized are sand sized because the main types of base metal 
sulphide deposits being targeted by indicator minerals are 
either magmatic (e.g. porphyry, skarn, IOCG, Ni-Cu) or 
metamorphosed (e.g. Broken Hill-type deposits and VMS 
and SEDEX deposits in amphibolite-facies terranes) and 

thus relatively coarse grained (Averill 2011; McClenaghan 
2013, McClenaghan et al. 2013).

The Grain Deficit Issue of Automated Analyzers
	 If an automated analyzer is used to identify and count 
the indicator mineral grains present in a HMC, grains of a 
similar size are mounted in an epoxy block, typically 25.4 x 
25.4 mm, which is then polished to expose the grains.  Only 
~2000 grains of the commonly used 250-500 µm size frac-
tion can be mounted on one 25 mm square block (Agnew 
2015). However, each gram of 250-500 µm heavy minerals 
contains ~11,000 grains (Table 1), requiring analysis of 
5.5 epoxy blocks to identify and count all of the contained 
indicator mineral grains.  Moreover, the 250-500 µm heavy 
mineral fraction of a 10 kg till sample typically weighs ~20 g 
(Fig. 4) and thus contains ~220,000 mineral grains.
	 If a single, 25 mm square, 2000-grain epoxy block from 
the 220,000-grain, 250-500 µm fraction of the HMC is 
analyzed, the only representative analyses that are obtained 
will be for minerals that comprise >0.1 percent (1 grain in 
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Figure 3.  Typical size distribution of Cr-pyrope grains in an anomalous till sample in relation to the average proportion (%) of silt and 
sand-sized particles in till and the number of particles per gram of silt and very fine to very coarse sand.  Note that fewer Cr-pyrope 
grains are present in the fine sand fraction than the medium sand fraction even though fine sand constitutes a higher proportion of the 
till and contains eight times more particles per gram than medium sand.  Till particle distribution data from northern Quebec courtesy 
of Beth McClenaghan (Geological Survey of Canada).
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1000) of the HMC, i.e. minerals that would be obvious from 
a simple visual inspection of the HMC.  The analyses ob-
tained for the most commonly targeted indicator minerals 
will not be representative because these minerals normally 
occur at ppb levels in till and ppm levels in till HMCs (Aver-
ill 2001).  In fact, grains of these minerals would seldom be 
detected by automated analysis of a single 2000 grain block 
even where present in significantly anomalous numbers in 
the HMC.  Analysis of the entire 250-500 µm fraction of the 
HMC, or 110 epoxy blocks, would be required to determine 
the number of grains of each indicator mineral species that 
are present, if any.  If this were not done, there would be no 
point in collecting such a large sample as the ability to de-
tect mineralization from afar would be lost.  Unfortunately, 

it is presently impractical to analyze multiple grain blocks 
from a large till sample on a routine basis because from 30 
minutes (Agnew 2015) to 1-2 hours (Layton Matthews et al. 
2015) are required to identify the targeted indicator miner-
als in each block. This time estimate does not include time 
required for mounting and polishing the grains and subse-
quent interpretation of the acquired analytical data.
	 In theory, analyzing the fine, 125-250 µm rather than 
medium, 250-500 µm sand fraction of the HMC would im-
prove the detection limit of an automated analyzer because 
four times as many grains could be mounted on an epoxy 
block (Fig. 5, Table 1).  However till generally contains a 
higher proportion of 125-250 µm grains than of 250-500 um 
grains (~12% versus 10%; Fig. 3) and thus a greater weight 
of heavy minerals requiring examination.  Furthermore, 
each 125-250 grain has only one-eighth the volume of a 
250-500 um grain (Fig. 5).  Consequently, even if the weight 
of the 125-250 µm HMC does not exceed the 20 g weight of 
the 250-500 µm HMC, eight times as many grains and twice 
as many grain blocks (220) would need to be examined to 
identify the targeted indicator mineral grains in the 125-250 
µm grain size fraction despite the fourfold increase in grain 
capacity per block for this fraction (Fig. 4, Table 1).  Finally, 
the 125-250 µm fraction commonly contains fewer grains of 
coarse-biased indicator minerals such as Cr-pyrope (Fig. 3); 
i.e. the frequency of these mineral grains is less than one-
eighth that in the 250-500 µm fraction, compounding the 
time and effort required to identify them among the many 
non-indicator mineral grains in the HMC.

Detection Limits for Gold Grains

	 As noted above, ~90% of gold grains in till are silt 
sized.  While one 25-mm-square epoxy mount will hold up 

Epoxy Block

20 g HMC, 250-500 µm
= 220,000 grains
= 110 epoxy blocks

1 cm

Figure 4.  Grain capacity of an automated mineral analyzer.  Each epoxy block in the sample tray will hold ~2,000 grains of 250-500 
µm (medium sand) size or 8,000 grains of 125-250 µm (fine sand) size.  However, a typical 10 kg till sample contains ~20 g of heavy 
minerals of each size and each gram  contains 11,000 or 88,000 mineral grains, respectively, for a total of 220,000 or 1,760,000 grains 
requiring 110 or 220 epoxy blocks to be analyzed completely.

Figure 5.  Relationships between grain diameter, area and 
volume.  Halving the size of a spherical or cubic mineral grain 
from 250-500 µm (medium sand) to 125-250 µm (fine sand) 
quarters the surface area that the grain occupies on an epoxy 
block (area = πr2 or d2).  However the volume of the grain 
decreases by a factor of eight (volume = 4/3πr3 or d3) such that 
eight times more grains and twice as many epoxy blocks must 
be analyzed per gram of sample.

250-500 µm grains

125-250 µm grains

Not to Scale
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to 200,000 mineral grains of this size (Agnew 2015), silt is 
a major component of till, typically comprising ~44% of 
the matrix of samples collected over the crystalline rocks 
of the Canadian Shield (Fig. 3).  Moreover, a single gram 
of silt contains ~50 million mineral grains (Table 1, Fig. 3).  
Consequently, a typical 10 kg till sample contains 4400 g or 
~220 billion grains of silt and one gold grain in this silt – 
the required detection level – represents just 0.0045 ppb or 
4.5 ppt by volume.  If the 4400 g of silt were simply reduced 
to a routine >3.2 specific gravity heavy mineral concentrate 
weighing 20 g, the targeted gold grain would still represent 
only 1 ppb by volume of the HMC and thus be essentially 
impossible to find either visually or with an automated 
mineral analyzer.  However, since gold has a much higher 
specific gravity (~19 vs. 3.2-5.5) than most of the other 
minerals in HMCs, gold grains can be further concentrated 
to as much as 1000 ppm (1 grain in 1000).  They can then be 
identified either visually in a few minutes or instrumentally 
by analysis of a single epoxy block.

Identifiable Mineral Associations and Grain Morphologies
	 When conducting an indicator mineral exploration pro-
gram, it is important to recognize potentially useful associa-
tions between and physical features of the various minerals 
in the HMCs, including: (1) the major minerals that com-
prise the background suite in the HMC, particularly their 
implications for the main source rocks of the till and hence 
for the locations of the bedrock sources of any indicator 
minerals that the till contains; (2) the morphology of the 
indicator mineral grains, particularly their degree of wear 
relative to their susceptibility to wear (e.g. hardness, malle-
ability, cleavage); and (3) any other indicators of the prov-
enance of these grains such as the presence or absence of 
surface alteration, inclusions or mineral intergrowths.  Also, 
as illustrated by the major Voisey’s Bay Ni-Cu-Co discovery 
which ensued from the observation of anomalous concen-
trations of chalcopyrite grains in a KIM survey (McNish 
1998), it is important to recognize minerals indicative of any 
type of mineral deposit, not just the type being targeted in 
the survey.
	 While most KIMs are sufficiently distinctive to be 
recognized visually in HMCs by a trained indicator mineral 
technician, visually analyzing a HMC for a full range of both 
background and indicator minerals while simultaneously 
evaluating the significance of these minerals, as described 

above, requires an attentive geologist/mineralogist with an 
aptitude for mineral exploration and good knowledge of 
rock-mineral associations and ore deposit and hydrothermal 
alteration models.  The grains are examined whole and thus 
can be turned and studied from any angle and compared to 
one another.  If a SEM is available, any mineralogical un-
certainties can be resolved in minutes by qualitative analysis 
of the natural (unpolished) surfaces of the problematic 
grains.  Timely decisions such as placing more (or less) em-
phasis on specific minerals and mineral associations can be 
made based on the patterns observed in the initial samples 
of the survey.  Significant trends normally become apparent 
as the work proceeds; therefore little further interpretation 
is required.
	 In the case of automated investigation of HMCs at the 
above level, all of the minerals grains of the most prospec-
tive sizes must be analyzed; it is not sufficient to selectively 
search for and analyze grains of the targeted indicator min-
erals.  While the beneficial human element of a visual analy-
sis is lost, a more precise and objective analysis is obtained, 
either as an actual grain count by analyzing the centre of 
each particle as is done with MLA® or as a modal mineral 
count by analyzing grid points as is done with QEMSCAN® 
(Layton-Matthews et al. 2015).  As well, the chemical com-
positions of the grains are measured and the mineralogy of 
any small inclusions can be determined.  Due to the need 
for a finely polished section of the grains, however, no in-
formation is obtained on their natural surface features.  As 
well, the acquired data must still be interpreted in depth by 
a geologist with broad experience in both indicator mineral-
ogy and mineral exploration.

Conclusions

	 Detecting a mineral deposit from afar with widely 
spaced till samples, as is required for practical, cost-ef-
fective indicator mineral exploration in glaciated terrains, 
requires: (a) large samples, typically 10 kg of the -2 mm till 
matrix; (b) extraction of the heavy mineral fraction from 
the sample to concentrate the indicator minerals; (c) an 
ultra-sensitive detection limit of one grain in the particle 
size fraction of the HMC within which the targeted indica-
tor minerals preferentially reside; and (d) examination of all 
of this size fraction of the HMC in order to determine how 
many indicator mineral grains are present, if any.

Class µm Per Gram Per Expoxy Block

Very coarse sand 1000-2000 170 125 1.5

Coarse sand 500-1000 1,400 500 3

Medium sand 250-500 11,000 2,000 5.5

fine sand 125-250 88,000 8,000 11

Very fine sand 63-125 700,000 32,000 22

Very coarse silt 32-63 5,600,000 130,000 45

Coarse silt 16-32 45,000,000 500,000 90

Particle Size

Approximate Number of

Heavy Mineral Grains
Approximate No. of 

Epoxy Blocks per 

Gram
Table 1.  Variation with 
particle size in the number 
of epoxy blocks required 
for automated analysis of 1 
gram of heavy minerals.
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	 While automated methods are now available for 
analyzing HMCs, only a very small portion of an HMC can 
presently be analyzed on a practical basis, typically 1 % of 
the most critical particle size fraction.  Therefore traditional 
visual analysis is still essential to obtain meaningful indica-
tor mineral data for exploration programs. Visual analysis 
can also provide important information on the physical 
features of the grains that is lost when grains are mounted 
and polished for automated analysis.  If, however, a till 
HMC is known from visual analysis to be enriched in an 
indicator mineral to the 1000 ppm range, or if this mineral 
is present in a mineralized rock sample at the 10 ppm level 
and is distributed optimally as very small grains (<20 µm; 
Cabri 2015), automated analysis of a single epoxy block can 
reliably identify the mineral and determine its concentra-
tion in the sample.  Automated analysis also determines the 
composition of each mineral and may identify mineral inclu-
sions that are not apparent visually.
	 In summary automated mineral analysis, in its pres-
ent form, is a useful complement to, not a replacement for 
visual analysis of HMCs in indicator mineral exploration in 
glaciated terrains.
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Recently Published in Elements
Volume 12, nos. 3 and 4

The June 2016 edition 
of Elements magazine 
is devoted to the 
subject of cosmic 
dust. An introductory 
article on Cosmic 

Dust: Building Blocks 

of Planet Falling from 
the Sky by Brownlee 
defines what cosmic 
dust is and how it 
is sampled. Taylor, 
Messenger and Folco 
describe in more 
detail the challenges 
associated with 
sampling cosmic 
dust in their article, 

Cosmic Dust: Finding a Needle in a Haystack. Flynn, Nittler 
and Engrand discuss the origins of cosmic dust in their 
contribution, Composition of Cosmic Dust: Sources and 

Implications for the Early Solar System. Organic Matter in 

Cosmic Dust, some of the earliest preserved material in 
the solar system, is described by Sandford, Engrand and 
Rotundi. Peuker-Ehrenbrink, Ravizza and Winckler discuss 
Geochemical Tracers of Extraterrestrial Matter in Sediments, 
particularly helium, osmium and iridium. Finally, Westphal, 
Herzog and Flynn describe the Analytical Toolset available 
to geochemists to study cosmic dust at the sub-nanometer 
scale. A fascinating edition!

	 The August edition of Elements magazine is devoted to 
the subject of deep-
mined geological 
disposal of radioactive 
waste, a recurring 
theme for the nuclear 
industry and one 
which has proved 
more intractable 
than initially thought. 
Ewing et al. provide 
an introduction to the 
topic in Geological 

Disposal of Nuclear 

Waste: A Primer. 
Granbow examines 
Geological Disposal 

of Radioactive Waste 

in Clay, whereas 
Hedin and Olsson describe the use of Crystalline Rock as 

a Repository for Swedish Spent Nuclear Fuel. The Russian 

Strategy of using Crystalline Rock as a Repository for Nuclear 

Waste is presented by Laverov et al. and Berlepsch and 
Haverkamp describe Salt as a Host Rock for the Geological 

Repository for Nuclear Waste. The American perspective is 
provided by Swift and Bonano who discuss the Geological 

Disposal of Nuclear Waste in Tuff: Yucca Mountain (USA). 
Metlay provides a wrap-up article on Selecting a Site for 

a Radioactive Waste Repository: A Historical Analysis. It’s 
interesting to see how different countries have taken 
different approaches to the disposal of radioactive waste.
Dennis Arne


