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Abstract

Qualitative portable X-ray fluorescence (pXRF) offers a novel method of rapid, non-destructive identification of sand-size, single mineral
grains. Using a (pXRF) instrument on 60 single-grain (0.5-1.0 mm) samples comprising 17 different rock-forming and accessory minerals, we
detected essential constituents that readily identify ambiguous grains recovered from concentrates (e.g., Ca-P for apatite, Ca-Ti-Si for titanite,
Ca-Nb-Ta for pyrochlore). Thus real-time readings (30-150 s) from a factory-calibrated instrument can help identify separated sand-sized
single mineral grains in the field or laboratory. Considering the popularity of pXRF instruments, this simple method will be useful in mineral
exploration and in other areas using mineral separates, such as industrial mineral, geochronologic, and provenance studies.
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indicator minerals, REE, Nb, Ta, Zr, Ti, apatite, olivine, zircon, titanite, ilmenite, pyrochlore, ferrocolumbite, zirconolite, alkali feldspar,

amphibole, pyroxene, nepheline

1. Introduction

Geochemical surveys using dispersal of heavy
(>2.8 g-em?) and indicator minerals in drainage and glacial
sediments are long-established methods of mineral exploration
in regions covered by extensive overburden (e.g., Averill,
2001; McClenaghan, 2005; Gent et al., 2011; Lett and Rukhlov,
2017). Generally resistant to abrasion during glacial transport
and weathering, indicator minerals characteristic of a specific
ore deposit or alteration type can be detected across a greater
area than the source. Mineral fractions are recovered from
rocks and sediments for prospecting and for geochronologic,
detrital provenance, mineral chemistry, and tracer isotopic
studies. Indicator minerals are typically identified and counted
by hand-picking under a binocular microscope. Fractions
(typically 0.25-0.50, 0.5-1.0, and 1-2 mm) are recovered by
on-site screening and panning and by laboratory processing of
bulk samples using shaking tables, magnetic separators, and
heavy liquids (e.g., McClenaghan et al., 2014; Plouffe et al.,
2014). Although modern automated techniques such as MLA
(Mineral Liberation Analysis) and QEMSCAN® (Quantitative
Evaluation of Materials by SCANning electron microscopy;
see Layton-Matthews et al., 2014 for an overview) allow rapid
modal analysis of even finer-grained fractions (e.g., Mackay
et al., 2016), many applications still use hand-picked mineral
fractions.

Visually identifying small mineral grains can be a challenge,
especially for worn detrital grains. Quantitative sorting of
mineral grains thus requires more sophisticated methods,
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either optical, using immersion liquids, or analytical, using
for example, X-ray diffraction, scanning electron microscopy
with energy-dispersive X-ray spectrometry (SEM-EDS) or
reflectance spectroscopy. However, some of these methods
destroy the sample, need additional sample preparation (e.g.,
grain mounts), and require costly laboratory equipment and
time-consuming procedures. Having a rapid, in-field technique
to confirm ambiguous mineral grains would be beneficial to
prospecting and regional indicator mineral surveys.

Energy dispersive X-rayfluorescence (ED-XRF) spectrometry
is a well-established method of rapid, non-destructive, multi-
elemental analysis, whereby X-rays generated by an anode tube
excite electrons in sample atoms, resulting in the emission of
X-rays characteristic of specific elements (e.g., Piorek, 1994).
Recent advances in the ED-XRF technology have made it
field portable, and thus it has become an increasingly versatile
technique for in situ geological, environmental, pedological,
archaeological and other applications (e.g., Bishop et al., 2004;
Glanzman and Closs, 2007; Potts and West, 2008; Palmer et al.,
2009; Liritzis and Zacharias, 2011; Chen et al., 2013; Weindorf
et al., 2013; Wiedenbeck, 2013; Simandl et al., 2014; Quye-
Sawyer et al., 2015; Sarala et al., 2015; Chiari et al., 2016;
Martin-Peinado and Rodriguez-Tovar, 2016; Young et al.,
2016; Bull et al., 2017; Cohen et al., 2017; Ryan et al., 2017;
Steiner et al., 2017; Zhang et al., 2017). Modern portable X-ray
fluorescence (pXRF) spectrometers are capable of achieving
accuracy and precision of multi-elemental determinations
comparable to those of larger XRF instruments and other
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laboratory methods (e.g., Knight et al., 2013; Rukhlov, 2013;
Rouillon and Taylor, 2016; Ryan et al., 2017; Steiner et
al., 2017). Although pXRF has been widely used in mineral
exploration for in-field and laboratory analysis of different
types of media such as rocks, drill cuttings, sediments, and
pulverized samples (e.g., Wiedenbeck, 2013; Simandl et al.,
2014; Sarala et al., 2015), we are unaware of reported pXRF
applications to sand-size, single mineral grains.

In this paper we propose a novel method of rapid, non-
destructive identification of <1 mm-size, single mineral grains
by qualitative pXRF. Relative proportions of essential elements
readily identify minerals (e.g., Ca-P for apatite, Fe-Nb for
ferrocolumbite). Real-time readings (30-150 s) from a factory-
calibrated instrument help identify ambiguous grains in the field
or laboratory. Considering the popularity of pXRF instruments,
this simple method will be useful in mineral exploration and in
other areas that require mineral fractions be rapidly identified,
such as geochronologic, provenance, and mineral chemistry
studies.

2. Materials and methods

Samples for this study comprised individual grains (mostly
0.5-1.0 mm) of known rock-forming and accessory minerals
separated from carbonatites and associated silicate rocks of the
Blue River area, east-central British Columbia (Pell, 1994; Table
1). Rock samples were examined in thin sections, and mineral
compositions were subsequently confirmed by wavelength-
dispersion, electron-probe micro-analysis (EPMA). Sample
preparation and pXRF analyses were carried out in the British
Columbia Geological Survey (BCGS) laboratory. Rock
samples were crushed to <3 mm-size using a steel mill, sieved
to 0.5-1.0 and 1-2 mm-size fractions, and the ferromagnetic
fraction separated using an MRM-1 hand magnet. The 0.5-1.0
mm-size fraction was washed and processed in bromoform
(CHBr,; SG=2.85 g-cm™) into the light and heavy fractions,
followed by hand-picking under a binocular microscope. In the
field, panning would replace the heavy liquid processing step.

All measurements were carried out on a self-contained
Thermo Scientific Niton FXL 950 ED-XRF instrument (Fig. 1)
equipped with 50 kV, 200 pA, 4W silver X-ray anode and a
proprietary GOLDD (Geometrically Optimized Large Area
Drift Detector) high-resolution detection system, capable of
low detection limit, high-precision measurement of up to 42
elements (from Z=12 to 92). The instrument software includes
fully automated data correction and reduction protocols
optimized for determining elemental concentrations ranging
ppm to ~100 wt.% in soils and rocks (Thermo Scientific, 2011).
Real-time concentration results are displayed for each analysis
and stored, along with the raw X-ray counts, in the internal
memory for offline interpretation.

At each start up (~2 min) the system self-calibrated the energy
resolution of the detector. The instrument detector resolution
averaged 155 £3 eV (1o) over three-year period (n=76). Each
sample was analyzed in a plastic cup (2.45 cm diameter) with
a bottom made of ultra-thin (4 um) polypropylene film held by
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Fig. 1. Thermo Scientific Niton FXL 950 pXRF instrument and a
sample container placed on the measurement window. A shielded
sample chamber with an interlock system protects from X-ray
radiation when the chamber door is closed and X-ray tube energized.

two concentric plastic rings (Fig. 2). The sample cup was placed
onto the instrument measurement window so that mineral grain
was centred above the 8 mm-diameter X-ray source (Fig. 1).
For some measurements, air in the X-ray path was replaced
with helium at a gas flow rate of 62.5 mL-min! to test if it
would improve the detection of low atomic number elements
such as Mg, Al, Si, P, S and Cl.

We used factory-calibrated ‘Mining Cu/Zn or Ta/Hf’
protocols based on fundamental parameters, because they
measure a large number of elements with optimal sensitivity in
different X-ray energy ranges via four excitation filters (Table
2; Thermo Scientific, 2011). Elements of the Main energy
range were always measured, whereas the optional Low, High,

Fig. 2. Close-up of a sample holder (2.45 cm diameter) with a bottom
made of ultra-thin (4 pm) polypropylene film held by two concentric
plastic rings.
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Table 1. Summary of minerals analyzed by pXRF as single grains. Essential elements detected are highlighted in bold.

Mineral Source N'  Size General formula Elements detected Counting
lithology fraction? time?
Albite Fenites 5 0.5-1.0 (Na,Ca)[Al(Si,AD)Si,0,] Si, Ca +Sr 105-150
Amphibole Carbonatite 1 1.0 AB,C,[(Si,Al),0,,](OH,F,CL,0), Si, Fe, Ca, Mn 150
A =Na, K; B=Li, Na, Mg, Fe, Mn, Ca; C = Li,
Na, Mg, Fe, Mn, Al, Cr, Ti
Apatite Carbonatites, 13  0.5-1.0 A(BO,),(F,CL,OH) P, Ca, Sr, Y £S +Ce +£Th 30-120
alkaline silicate A =Ca, Sr, Mn, Na, Y, REE*, Pb, Th, U; B=P,
rocks Si, S, As
Calcite Fenite 1 1.0 (Ca,Sr,Mg,Fe,Mn)CO, Ca, Fe, Mn, Sr, Y 115
Dolomite Carbonatites 2 0.5-1.0 (Ca,Sr)(Mg,Fe,Mn)(CO,), Ca, Fe, Mg, Mn, Sr 100
Fe sulphide Carbonatite 1 1.0 Fe, S —FeS, Fe, S, Cu 100
Ferrocolumbite Carbonatites 4 0.5-1.0 (Fe,Mn,Mg)(Nb,Ta),0, Fe, Nb, Ta, Mn, Si, Zr, Y 115-130
+Hf U
[lmenite Carbonatites 8 0.5-1.0 (Fe,Mg,Mn,Zn)(Ti,Nb)O, Fe=Ti, Nb +Mn £Si +Zr 50-150
Magnetite Carbonatites 2 0.5-1.0 AB,O, Fe, Si £Ti #Mn +Cr 100-115
A =Fe, Mn, Mg, Zn, Co, Ni, Cu;
B =Fe, Cr, AL, V, Mn, Ti
Nepheline Tjolite 2 0.5-1.0 (Na,K,Ca)[Al(Si,A1)O,] Si, Al K, Ca, Rb, Sr 120
Olivine Carbonatites 7 0.5-1.0 (Mg,Fe,Mn,Ca),[SiO,] Fe, Si, Mn +Mg 35-115
Orthoclase Granite 1 20 x40 (K,Na,Ba)[Al(Si,Al)Si,0,] Si, AL, K, Ba, Fe, Ca, Sr, 150
Mn, Rb, Ti,
Pyroxene Carbonatites, 4 0.5-1.0 AB[(Si,Al),0,] Si, Ca, Fe +Mn £K 100-120
fenite A =Li, Na, Ca, Mg, Fe, Mn;
B =Mg, Fe, Mn, Al, Cr, V, Sc, Ti
Pyrochlore Carbonatites 3 0.5-1.0 AZ_XB206(F,OH,O)1_y Nb, Ca, Ta, U, Fe, Sr, Zr, 115-130
A=Na, Ca, U, Sr, Y, REE, Th, Ba; B=Nb, Ta, Y £Si=+S +Ce +Th
Ti, Zr, Si, Fe
Titanite Fenite, ijolite 2 0.5-1.0 ABJ[SiO,](0,F) Ca, Ti, Fe, Zr, Nb, Sr, Y, 150
A=Ca,Na, Y, REE, Sr, Mn, Mg; B=Ti, Sn, V, 4Si’
Al, Ta, Nb, Zr, Fe
Zircon® Carbonatites 2 0.5-2.0 (Zr,Hf,U,Th,Y,REE)[SiO,] Zr, Hf, Nb, Y 115-150
Zirconolite Carbonatites 2 0.5-1.0 (Ca,Y,REE)Zr(Ti,Nb,Fe,Al),O, Zr, Ti, Ca, Fe, Nb, Ta, Y, 130-150

U, Hf, Sr+Ce, +Th

"Number of analyzed grains. > Grain size in millimetres. * Total measurement time in seconds. * Rare earth elements. > Abundant Zr impedes Si

detection due to spectral overlapping.

and Light energy filters were enabled to analyze samples
containing these elements (Table 1). The measurements were
15-30 seconds each per energy range, except for the Light
range elements, which were typically measured for 60 seconds.
Although longer counting generally improves precision of the
XRF analysis (e.g., Rukhlov, 2013), the total measurement time
of 100-150 seconds provided acceptable counting statistics for
detecting essential elements.
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3. Results

We performed qualitative ED-XRF measurements on a total
of 60 grains of different minerals (Table 1). An Ar peak was
present in the X-ray spectra for all measurements (Figs. 3-9),
except for a 2x4 cm orthoclase megacryst (larger than the
instrument 8 mm sample spot; Fig. 7c). Although the pXRF
detection system cannot resolve ArKa (2.958 keV) and Agla
(2.984 keV) energies, we attribute the Ar peak to the excitation
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Table 2. Measurement conditions using Niton FXL “Mining” protocol in this study.

Filter! Optional Counting time (s) Analyzed elements

Main No 15-30 Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, Sn,
Sb, Hf, Ta, W, Re, Au, Pb, Bi, Th, U

Low Yes 15-30 K, Ca, Ti, V, Cr

High Yes 0-30 Ag, Cd, Sn, Sb, Ba, La, Ce, Pr, Nd

Light Yes 0-60 Mg, Al, Si, P, S, Cl

! X-ray energy range.
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Fig. 3. Representative pXRF measurement on a single apatite grain
(0.5 mm). a) Low-energy filter X-ray spectrum. b) Instrument read-
out of the elemental abundances based on a factory-calibrated Mining
protocol. Although the results are qualitative, relatively high Ca and P
abundances, coupled with detectable Sr and Y, confirm apatite.

of air containing ~0.9% Ar in the X-ray path while measuring
<1 mm-diameter samples on the instrument with 8 mm sample
spot (K. Grattan, pers. comm. 2017). Due to using the Ag X-ray
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Fig. 4. pXRF low energy filter X-ray spectra on single carbonate
mineral grains (0.5-1.0 mm). a) Dolomite measured with He purge. b)
Calcite measured with air in the X-ray path.

tube, all X-ray spectra had an elevated background or “hump’ in
the region corresponding to the characteristic X-ray energies of
Ni, Cu, and Zn (Figs. 3-9), thus yielding false minor abundances
of these elements in most measurements. In addition, minor
ClI detected in most measurements (Table 3) is likely due to
unresolved spectral interferences in the low-energy range of
the X-ray spectrum. Therefore, we will not further consider the
results for Cl, Ar, Cu, Ni, and Zn.
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Fig. 5. pXRF low energy filter X-ray spectra on single silicate grains
(0.5-2.0 mm) measured with He purge. a) Olivine. b) Zircon.

3.1. Apatite

We measured 13 apatite grains ranging from 0.5 to 1.0 mm.
Two measurements were carried out with He in the X-ray path,
which improved counting statistics only for Mg compared to
those with air (Table 3). The pXRF measurements yielded
essential Ca and P concentrations, as expected in apatite, along
with relatively minor Si, Fe, Sr, and Y£S+Ce+Th (Fig. 3), thus
readily identifying the apatite grains.

3.2. Carbonate minerals

For two dolomite samples and one calcite sample (Table
1), the pXRF measurements yielded different proportions of
the essential elements. Calcite yielded much higher Ca/(Fe,
Mg, Mn) ratios than those of the dolomites, though Mg was
detected only in measurements with He, which improved
counting statistics on this element by an order of magnitude
relative to the measurement with air in the X-ray path (Fig. 4;
Table 3). The pXRF measurements also detected minor Sr and
Si (Table 3).
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3.3. Silicate minerals
3.3.1. Olivine

Six olivine samples from the Blue River carbonatites (Table
1) were measured with a He purge, whereas one sample
was analyzed with air in the X-ray path. Main energy range
elements were analyzed for 35 seconds. Counting statistics
were similar to those for the longer measurements (100-115
seconds) using all four energy filters. All measurements showed
essential Fe and Si abundances, coupled with relatively minor
Mn and Ca+S+Sr+Zr+Nb+Th, with Mg detected only in one
measurement made with He in the X-ray path (Fig. 5a; Table
3).

3.3.2. Zircon

Two pXRF measurements performed on zircon crystals from
carbonatites (Table 1) yielded essential Zr abundances, coupled
with relatively low Y, Nb, and Hf contents (Table 3; Fig. 5b).
Other elements, including Si, were below the detection limits.
Generally, the detection limits for low atomic number elements
were much higher than those measured by pXRF on other
minerals. Despite the poor counting statistics, the Si peak just
visible in the X-ray spectrum, along with the prominent Zr
peak at 15.78 keV (Fig. 5b), clearly identified zircon.

3.3.3. Titanite

Two titanite crystals from ijolite and fenite (Table 1) were
measured for 150 seconds each using all four energy filters
with air in the X-ray path. The pXRF measurements revealed
essential Ti, Ca, and Si, along with minor Fe, Nb, Zr, Y, and
Sr (Table 3), consistent with the available EPMA data on
titanites from Blue River alkaline rocks (Mitchell et al., 2017).
Similar to zircon, elevated Nb and Zr in titanite interfere with
the low-energy range of the X-ray spectrum, resulting in
elevated background for Si, Al and other elements (Table 3).
However, the essential elements detected by pXRF (Fig. 6a)
unambiguously identified titanites.

3.3.4. Pyroxenes and amphiboles

We measured four clinopyroxene (diopside to aegirine-
augite) and one amphibole (actinolite-richterite) from
carbonatites for 100-150 seconds (Table 1). Helium used in
two measurements did not improve counting statistics relative
to the analysis with air in the X-ray path. For diopside and
amphibole, pXRF measurements detected essential Si, Ca,
and Fe abundances, with diopsides showing much higher Si/
Ca and Ca/Fe ratios than those of amphibole (Figs. 6b and d;
Table 3). Minor Mn£Sr+Zr+Nb=+Th abundances indicate both
substitutions (e.g., Mn) and inclusions (e.g., zircon and Nb-Ta
oxides) in these minerals. Aegirine-augite yielded prominent
Si and Fe abundances, along with detectable Mn, K and Rb.
Calcium was not detected (Fig. 6¢; Table 3), consistent with
the mineral chemistry (Chudy, 2013; Mitchell et al., 2017). It
should be noted that the Niton FXL instrument cannot detect
elements with atomic number lower than Mg (Z=12), thereby
limiting its application on Na-minerals. Although some modern
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Fig. 6. pXRF low energy filter X-ray spectra on single silicate grains (0.5-1.0 mm). a) Titanite. b) Diopside. ¢) Aegirine-augite. d) Actinolite-
richterite. All samples analyzed with air in the X-ray path, except (b) measured with He.

pXRF instruments capable of measuring Na and F (e.g., Bruker ~ 3.4. Fe-Ti oxides

TRACER 5i) do not have this limitation, our results suggest We performed pXRF measurements on two magnetite and
that other elements in single-grain samples detected by pXRF  eight ilmenite samples from carbonatites (Table 1). Total
readily identify pyroxenes and amphiboles. counting time was 50-150 seconds. Counting statistics for

three ilmenites measured using He in the X-ray path did not
3.3.5. Alkali feldspars and nepheline improve compared to samples measured without He. The

We measured five albite (~An,) and two nepheline single-  pXRF measurements readily distinguished between magnetites
grain (0.5-1.0 mm) samples from undersaturated alkaline rocks  and ilmenites by different relative abundances of essential Fe
and fenites, and one orthoclase megacryst (2x4 cm; Table and Ti in these minerals (Fig. 8). Minor elements detected by
1). All measurements, which were carried out for 105-150 pXRF in the magnetites (Si=Mn+Cr£Nb) and ilmenites (Si,
seconds without He, yielded essential Si and minor Ca and  Nb+Mn+Ca+S+Sr+Zr+Ba+U) reflect common impurities in
Sr+Fe+Rb+Ba abundances (Fig. 7; Table 3). Essential Aland K these minerals and possible inclusions (Table 3).
abundances were detected in orthoclase and nephelines but not
in albites, with nephelines yielding much higher Al/K and Si/K  3.5. Rare-metal minerals
ratios than those of orthoclase (Table 3). Although Na could We analyzed single-grain samples of ferrocolumbite,
not be measured using our pXRF instrument and hence alkali  pyrochlore, and zirconolite, which together with ilmenite,
feldspars and feldspathoids cannot be unambiguously identified, titanite, zircon and baddeleyite, are the principal hosts of Nb,
our tests indicate that at least they can be distinguished from  Ta, Ti, Zr, Y, rare earth elements (REE), Th, and U in Blue
visually similar minerals (e.g., apatite) based on other essential ~ River carbonatites and related rocks (Table 1).
elements (e.g., P).
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Fig. 7. pXRF low energy filter X-ray spectra on silicates measured with
air in the X-ray path. a) Albite (~1 mm grain). b) Nepheline (~1 mm
grain). ¢) Orthoclase megacryst (2x4 cm); note significant reduction of
Ar peak compared with measurements on sand-size grains.

3.5.1. Ferrocolumbite

Four ferrocolumbite samples, measured 115-130 seconds
each without He, yielded essential abundances of Fe and Nb,
with minor Ta, Mn, Si, and Zr (Fig. 9a; Table 3). The qualitative
pXRF results are generally consistent with ferrocolumbite
compositions from Blue River carbonatites (Mariano, 1982;
Chudy, 2013; Mackay and Simandl, 2015).

3.5.2. Pyrochlore

Measurements on three pyrochlore samples revealed
essential Ca, Nb, Ta, and U abundances (Fig. 9b; Table 3),
consistent with pyrochlore compositions from Blue River
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Fig. 8. pXRF low energy filter X-ray spectra on single Fe-Ti oxide
grains (0.5-1.0 mm) measured with air in the X-ray path. a) Ti-
magnetite. b) [lmenite.

carbonatites (Mariano, 1982; Chudy, 2013; Mackay and
Simandl, 2015). Minor elements detected by pXRF were Fe, Sr,
Zr, Y£S£Ti+Ce+Th (Table 3). Although Si was also detected,
we attribute it to Ta interference.

3.5.3. Zirconolite

pXRF measurements on two zirconolite samples (Table 1)
readily detected essential Ti, Fe, Ca, Zr, and Nb, along with
minor Sr, Y, Hf, Ta, and U+Ce+Th (Fig. 9c; Table 3). As with
other Zr-rich minerals, spectral interference in the low-energy
range of the X-ray spectrum rendered low-atomic number
elements undetectable. Our qualitative pXRF results on single
mineral grains are broadly consistent with the zirconolite
chemistry (Mitchell et al., 2017) and thus demonstrate the
effectiveness of pXRF for rapid identification of rare-metal
minerals.

3.6. Other minerals
One pXRF measurement on a Fe sulphide grain (~0.5 mm)
yielded essential Fe and S with less abundant Cu and Si
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Fig. 9. pXRF low energy filter X-ray spectra on single grains of complex oxides and sulphide (0.5-1.0 mm) measured with air in the X-ray path.

a) Ferrocolumbite. b) Pyrochlore. ¢) Zirconolite. d) Fe sulphide.

(Fig. 9c; Table 3), demonstrating the pXRF utility to confirm
sulphides. Silicon likely reflects tiny amphiboles intergrown
with the sulphide as suggested by petrographic examinations.

4. Discussion

Seventeen different minerals studied here, their general
formulae, and essential and minor constituents detected
by pXRF on single-grain (generally <1 mm) samples are
summarized in Table 1. They include widespread rock-forming
or accessory minerals that have a wide range of petrogenetic
applications and are commonly recovered in indicator mineral
surveys.

4.1. Significance of indicator minerals

Detrital dispersal of indicator minerals across a large area can
be traced up the paleoflow direction to a much smaller source
(Averill, 2001; McClenaghan, 2005; Gent et al., 2011; Lett and
Rukhlov, 2018). Heavy (2.9-4.5 g-cm*) and generally resistant
to weathering, extensive solid-solution series within the

olivine, pyroxene and amphibole groups record crystallization
conditions, and thus have a broad range of petrogenetic and
mineral-exploration applications (e.g., Averill, 2001; Gent
et al., 2011; Lett and Rukhlov, 2018). Although low-density
(2.55-2.76 g-cm?) feldspars and feldspathoids are usually
not recovered in indicator mineral surveys, Williamson et al.
(2016) suggested that plagioclase chemistry can be used as
an exploration indicator for porphyry Cu deposits. Generally
recessive for indicator mineral surveys, carbonates fix CO, and
can concentrate Sr and REE, thereby making them important in
stable and radiogenic isotopic applications among others (e.g.,
Rukhlov et al., 2015; Chakhmouradian et al., 2016).
Ubiquitous accessory or rock-forming minerals such as
magnetite, ilmenite, titanite, zircon, and apatite have been
widely used as indicator minerals and petrogenetic tools,
because their chemistry fingerprints magmatic-hydrothermal
processes and bedrock sources (Sha and Chappell, 1999;
Hoskin and Ireland, 2000; Belousova et al., 2002a and b;
Hayden et al., 2008; Bouzari et al., 2011, 2016; McLeod et al.,
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2011; Gentetal., 2011; Carmody et al., 2014; Miles et al., 2014,
Grimes et al., 2015; Bruand et al., 2016; Canil et al., 2016;
Mao et al., 2016, 2017; Rukhlov et al., 2016, 2017; Smythe and
Brenan, 2016). In addition, precise U-Pb ages and O-Hf-Nd
isotopic compositions of detrital zircons provide insights into
the Hadean crust-mantle evolution (e.g., Amelin et al., 1999;
Wilde et al., 2001; Harrison et al., 2008).

Economic concentrations of minerals containing essential
Nb+Ta+Ti+Zr+Hf+Y+U+Th+REE abundances are found
mainly in carbonatites, related undersaturated rocks, and
peralkaline complexes, with relatively minor production
from granites, pegmatites and other sources (Mariano, 1989;
Chakhmouradian, 2006; Chakhmouradian and Zaitsev, 2012;
Mackay and Simandl, 2015; Mitchell, 2015). Burt (1989) listed
about 190 minerals containing these elements as essential
constituents. The most common minerals considered in this
study are complex A-B oxides (A=Na, K, Ca, Fe**, Mn, Mg, Sr,
Ba, Pb, Y, REE, Th, and U; B=Al, Fe*', V, Ti, Zr, Sn, Nb and
Ta) such as pyrochlore (AZ_XB206(F,OH,O)l_y-zHZO), columbite
(AB,O,), and zirconolite-zirkelite (AB,0.); zircon (ZrSiO,);
and titanite (ABSiO,). Pyrochlore and ferrocolumbite are the
major ore minerals in carbonatite-hosted Nb-Ta deposits in
the Canadian Cordillera (Rowe, 1958; Mariano, 1982; Chudy,
2013; Chakhmouradian et al., 2015). Zirconolite was also
found in Cordilleran carbonatites (A.N. Mariano, pers. comm.,
1993, cited by Williams and Gieré, 1996) but analytical data
were not available until recently. Millonig et al. (2012, 2013)
reported accessory zirconolite (0.4-0.6 mm) associated with
biotite, sulphides, magnetite, ilmenite, zircon, and baddeleyite
in a carbonatite of the Blue River area. Mitchell et al. (2017)
also noted rare zirconolite as inclusions in apatite and mantles
(20-30 um wide) on baddeleyite in some carbonatites and
phoscoritic rocks at the Howard Creek locality mentioned
by Williams and Gieré (1996). Because these minerals are
resistant to physical and chemical weathering, they are useful
indicators in exploration for Nb-Ta and REE deposits (Kogarko
et al., 2013; Mackay and Simandl, 2015; Mackay et al., 2016).

4.2. Implications for mineral exploration

Regional geochemical surveys recovering heavy or
indicator minerals from drainage and glacial deposits have
been increasingly important for mineral exploration in
regions covered by extensive overburden (e.g., Averill, 2001;
McClenaghan, 2005; Gent et al., 2011; Lett and Rukhlov,
2018). Although bulk samples are usually processed for
indicator minerals in the laboratory (McClenaghan et al., 2014;
Plouffe et al., 2014), exploration companies and prospectors
commonly examine the mineralogy of pan concentrates in the
field (e.g., Gorham et al., 2009). However, visual identification
and counting of worn detrital grains is challenging, because they
lack crystal shape and may appear similar to other minerals.
In our experience, 30-50% of grains hand-picked from 0.12-
0.50 mm, 2.96-3.32 g-cm, non-paramagnetic (>1.2 A) fraction
of granitic rocks were consistently rejected by EPMA as non-
apatites (Mao et al., 2016). Though commercial laboratories
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routinely check ambiguous mineral grains by SEM-EDS (e.g.,
Averill and Huneault, 2006), we applied the Niton FXL pXRF
instrument in search of a rapid, in-field method of confirming
ambiguous mineral grains.

Our qualitative pXRF measurements (30-150 seconds) on
sand-size, single grains of different minerals demonstrate that
essential constituents in minerals are readily detectable (Tables
1 and 3) using a factory-calibrated instrument, equipped with
a standard 8§ mm-wide sample spot, thereby providing a means
to identify ambiguous grains. Although we used a benchtop
pXRF instrument ideal for in-house applications, widely
available hand-held pXRF instruments can be easily used in a
benchtop mode with auxiliary test stands (Thermo Scientific,
2011). Instruments equipped with a smaller sample spot (e.g.,
3 or I mm in diameter) and an XY control of the spot position
(Thermo Scientific, 2011) would be optimal for measuring
small samples such as single grains of sand.

4.3. Instrumental limitations

Unlike larger ED-XRF instruments and some newer
pXRF analyzers, the Niton pXRF detection system does not
determine Na (Z=11) and hence cannot unambiguously identify
minerals containing essential Na concentrations. Despite this
fundamental limitation, our pXRF measurements on single
grains of such minerals (e.g., alkali feldspars, feldspathoids,
clinopyroxenes and amphiboles) demonstrate that these
minerals could be distinguished from visually similar minerals
(e.g., apatite) on the basis of other essential elements detected
by pXRF (Tables 1 and 3).

The 50 kV Ag X-ray target on the Niton FXL 950 pXRF
instrument used in this study yields a broad peak in the low-
energy range of the X-ray spectrum at ~8 keV, thus overlapping
the region of the characteristic X-ray lines for Ni, Cu, Zn
and other elements (e.g., Fig. 3a). Consequently, most pXRF
measurements in this study had false minor abundances of
these elements. Although factory-calibrated pXRF instruments
are capable of precise and accurate determination of these
elements on conventional samples such as soils and pulps (e.g.,
Knight et al., 2013; Rukhlov, 2013; Ryan et al., 2017; Steiner
et al., 2017), these protocols may be inadequate for small-
size samples such as <1 mm-diameter single mineral grains.
However, our measurement on an Fe-sulphide grain indicated
Cu content (Fig. 9d; Table 3). More measurements on small
grains of minerals containing Ni, Cu, and Zn will help evaluate
if they can be determined by pXRF.

4.4. Air interference with measuring small grains

All pXRF measurements on <l mm-diameter samples in
this study yielded an Ar peak in the X-ray spectra (Figs. 3-9)
due to excitation of air (~0.9% Ar) in the X-ray path with an
8 mm-diameter sample spot (K. Grattan, pers. comm., 2017).
Because the Ar peak size is inversely related to sample size,
it may overlap adjacent low-energy lines of elements in the
sample (e.g., Si, S, Cl, K, P, and Ca) with measurements on
very small grains. However, Ar did not affect qualitative
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detection of the essential elements for 0.5-1.0 mm-size single
grains. Furthermore, our measurements to confirm ambiguous
mineral grains in other studies (Rukhlov etal., 2017; Mao et al.,
2018), on single grains as small as 0.12-0.25 mm, consistently
detected P and Ca in apatite grains, suggesting that pXRF is
a reliable, rapid method to confirm the identity of ambiguous
grains.

4.5. Air versus helium in the X-ray path

Replacing air in the X-ray path with He is recommended for
pRXF applications to low atomic number elements such as Mg,
AL Si, P, S and Cl1 (Thermo Scientific, 2011). Using He with the
pXRF measurements in this study improved counting statistics
(and hence detection limits) up to an order of magnitude only
for Mg in some measurements on apatites, dolomites, and
olivines (Table 3). However, He did not make a significant
difference for detecting Mg in other minerals. Although Mg
is an essential element in dolomites and olivines (Table 1),
with the olivines from Blue River carbonatites containing 77-
88 mol.% Mg,SiO, end-member (Mariano, 1982; Mitchell et
al., 2017), Mg was below the detection limit in these minerals
measured with air in the X-ray path. These results illustrate
the limitation of pXRF instruments for Mg determination on
small samples. However, even with undetectable Mg, our
pXRF measurements distinguished other essential elements
in carbonate minerals (Ca-Fe-Mn) and olivine (Si-Fe-Mn).
Helium did not significantly improve the detection limits for
other low-atomic number elements, which were also generally
detectable with air in the X-ray path in this study.

4.6. Spectral interferences

Magmatic carbonates and carbonatitic apatites are typically
Sr-rich (Chakhmouradian et al., 2016, 2017; Mao et al., 2016).
Although Si commonly substitutes into apatite via charge
compensating reactions (see Mao et al., 2016 for an overview),
minor Si detected by pXRF in apatites and carbonates in this
study (Table 3) is likely due to Sr interference, because the
pXRF detection system (~0.16 keV resolution) cannot resolve
the SiKa (1.740 keV) and SrLa (1.807 keV) X-ray energies.
Similarly, minor Si detected in Ta-rich pyrochlores is likely due
to the Ta interference (Table 3).

Although CI can be present in some mineral (e.g., apatites
and amphiboles), minor CI detected by pXRF for most samples
in this study (Table 3) likely reflects unresolved spectral
interferences in the low-energy range of the X-ray spectrum.
Therefore, pXRF on small single grains cannot reliably
determine Cl. Similarly, we attribute minor Hf and Ta detected
in some apatites, olivines and diopsides (Table 3) to unresolved
spectral interferences.

Detection limits for Mg, Al, Si, P, S and Cl in the pXRF
measurements on Zr-rich minerals (zircon, titanite, zirconolite)
were much higher than those on other minerals (Table 3). The
poor counting statistics on these elements, due to the strong
Zr+NbY interference on the low-energy range of the X-ray
spectrum, thus somewhat limits pXRF application to identifying
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Zr-bearing minerals. However, visual characteristics of these
minerals, coupled with the robust detection of Ca, Ti, Fe, Y,
Zr, Nb and other elements by pXRF (Figs. 5b, 6a and 9c),
unambiguously identify these minerals.

4.7. Influence of inclusions in mineral grains

Relatively minor Ca+S#Sr+Zr+Nb+Th detected by pXRF
in some olivines, Mn£=Sr+Zr+Nb=Th in clinopyroxenes and
amphibole, and Si in Fe-sulphide (Table 3) may reflect both
inclusions of other minerals and chemical impurities (e.g., Ca
in olivine and Mn in clinopyroxene and amphibole). However,
traces of these elements could also be falsely detected by pXRF
due to unresolved spectral interferences, especially in the low-
energy range of X-ray spectrum as discussed above. As far as
essential elemental abundances are concerned, the uncertain
minor elements detected by pXRF will not impact the decision
making with ambiguous mineral grains.

5. Future work

Our results demonstrate that qualitative pXRF is a powerful,
rapid technique to identify sand-size, single mineral grains
recovered in indicator mineral surveys. Although the pXRF
measurements identified 17 different minerals in this study,
future work is needed to test the technique on minerals
containing essential Ni, Cu, Zn and other elements (e.g., As,
Sb, REE). Systematic measurements on different minerals will
help develop an algorithm that would improve the confidence
of visual mineral identification using the qualitative pXRF
element determinations. Low limits of detection for most
elements determined by pXRF instruments permit first-order,
in-field applications to distinguish indicator minerals based on
mineral chemistry, such as for kimberlites (e.g., Cr-pyrope and
Cr-diopside).

6. Conclusions

We tested pXRF instrument on single-grain (0.5-1.0 mm)
samples of 17 different rock-forming and accessory minerals.
Sixty qualitative measurements (30-150 seconds) using
a factory-calibrated Mining mode based on fundamental
parameters demonstrate that essential constituents detected by
pXRF readily identify the minerals, thereby providing a new
efficient, in-field technique for indicator mineral surveys and
laboratory applications.
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