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1. Introduction

Fluorite (CaF)) belongs to the isometric system, with
a cubic, face-centred lattice. Fluorite commonly forms
cubes or octahedrons, less commonly dodecahedrons and,
rarely, tetrahexahedrons, trapezohedrons, trisoctahedrons,
hexoctahedrons, and botyroidal forms. Fluorite is transparent
to translucent, and has vitreous luster. It occurs in a variety of
colours including purple, green, blue, or yellow, however it can
also be colourless, and can exhibit colour zoning, (Staebler et
al., 2006). Fluorite from many localities is fluorescent (Verbeek,
2000).

Fluorite density varies from 3.0-3.6 g/cm’, depending to a
large extent on inclusions and impurities in the crystal lattice
(Staebler et al., 2006), and its hardness is 4 on Mohs scale
(Berry et al., 1983). Many single fluorite crystals display sector
zoning, reflecting preferential substitution and incorporation
of trace elements along successive crystal surfaces (Bosce and
Rakovan, 2001). The Ca** ion in the fluorite crystal structure
can be substituted by Li*, Na*, K*, Mg*, Mn*, Fe*"¥, Zn*,
Sr?*, Y3, Zr*, Ba*, lanthanides ions, Pb?*", Th*, and U*
ions (Bailey et al., 1974; Bill and Calas, 1978, Gagnon et al.,
2003; Schwinn and Markl, 2005; Xu et al., 2012; Deng et al.,
2014). Concentrations of these impurities do not exceed 1%
(Deer, 1965) except in yttrofluorite (Ca,Y)F, , ., and cerfluorite
(Ca,Ce)F, , ,, (Sverdrup, 1968).

Fluorite occurs in a variety of rocks, as an accessory and
as a gangue mineral in many metalliferous deposits and, in
exceptional cases, as the main ore constituent of economic
deposits (Simandl, 2009). Good examples of fluorite mines are
Las Cuevas, Encantada-Buenavista (Mexico); St. Lawrence
pluton-related veins and the Rock Candy Mine (Canada); El
Hamman veins (Morocco) and LeBurc Montroc—Le Moulinal
and Trebas deposits (France) as documented by Ruiz et al.
(1980), Grogan and Montgomery (1975), Gonzalez-Partida
et al. (2003), Munoz et al. (2005), and Fulton IIT and Miller
(2006).

Fluorite also commonly occurs adjacent to or within
carbonatites and alkaline complexes (Kogut et al., 1998;
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Hagni, 1999; Alvin et al., 2004; Xu et al., 2004; Salvi and
Williams-Jones, 2006); Mississippi Valley-type (MVT) Pb-
Zn-F-Ba deposits; F-Ba-(Pb-Zn) veins (Grogan and Bradbury,
1967 and 1968; Baxter et al.,, 1973; Kesler et al., 1989;
Cardellach et al., 2002; Levresse et al., 2006); hydrothermal
Fe (£Au, £Cu) and rare earth element (REE) deposits (Borrok
et al.,, 1998; Andrade et al., 1999; Fourie, 2000); precious
metal concentrations (Hill et al., 2000); fluorite/metal-bearing
skarns (Lu et al., 2003); Sn-polymetallic greissen-type deposits
(Bettencourt et al., 2005); and zeolitic rocks and uranium
deposits (Sheppard and Mumpton, 1984; Cunningham et al.,
1998; Min et al., 2005).

Ore deposit studies that document the trace element
distribution in fluorite are provided by Mboller et al. (1976),
Bau et al. (2003), Gagnon et al. (2003), Schwinn and Markl
(2005), and Deng et al. (2014). The benchmark paper by Moller
et al. (1976) identified variations in the chemical composition
of fluorites according their origin (sedimentary, hydrothermal,
or pegmatitic).

Recently, Makin et al. (2014) compiled trace-element
compositions of fluorite from MVT, fluorite-barite veins,
peralkaline-related, and carbonatite-related deposits. They
showed that fluorite from MVT and carbonatite deposits can be
distinguished through trace element concentrations, and that the
REE concentration of fluorite from veins is largely independent
of the composition of the host rock. Based on the physical and
chemical properties of fluorite, its association with a variety of
deposit types, and previous studies, it is possible that fluorite can
be used as a proximal indicator mineral to explore for a variety
of deposit types. Unfortunately, the compilation by Makin et
al. (2014) contained chemical analyses performed at different
laboratories using different analytical techniques (including
laser ablation-inductively coupled plasma mass spectrometry
(LA-ICP-MS), electron microprobe, neutron activation, and
ICP-MS), and precision and accuracy varied accordingly.

As an orientation survey, herein we present data from five
deposits, with two samples from the Rock Candy deposit
(British Columbia), and one sample from each of Kootenay
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Florence (British Columbia), Eaglet (British Columbia), Eldor
(Quebec), and Hastie quarry (Illinois) deposits (Table 1).

The main objectives of this study are to: 1) assess variations
in chemical composition of fluorite in the samples and deposit
types; 2) evaluate relations between analyses made using laser
ablation-inductively coupled plasma mass spectrometry on
individual grains [LA-ICP-MS(IG)], and those made using
laser ablation-inductively coupled plasma mass spectrometry
on fused beads [LA-ICP-MS(FB)] and X-ray fluorescence
(XRF); 3) test the use of stoichiometric Ca content as an
internal fluorite standard, such has been done by Gagnon et al.
(2003) and Schwinn and Markl, (2005); 4) select the elements
that are commonly present in concentrations above the lower
limit of detection of LA-ICP-MS and available for constructing
discrimination diagrams; 5) consider if our results agree with
the preliminary discrimination diagrams of Makin et al. (2014).

2. Laboratory methods
2.1. Sample preparation

Fluorite crystal fragments measuring 0.2-2.5 cm were broken
from six fist-size rock samples. These fragments were crushed,
and inclusion-free fluorite grains (0.5 to 3 mm) were selected
under a binocular microscope. Grains from each inclusion-free
fluorite concentrate were mounted and polished in epoxy pucks
for in situ trace element analysis of individual grains by LA-
ICP-MS(IG). The remaining material, approximately 25-35
fragments, was ground into powder using an agate mortar and
fused into glass beads for bulk fused bead XRF and LA-ICP-
MS(FB) analysis.

To determine the deviation of Ca composition of fluorite
from the stoichiometry content, and to determine the accuracy
of our LA-ICP-MS results, the Kootenay Florence (AHS-1)
and the Rock Candy (RC-08-8) samples were duplicated to test
the repeatability of fused-bead LA-ICP-MS and confirm the
homogeneity of the powder.

2.2. In situ LA-ICP-MS(IG) analysis

LA-ICP-MS(IG) analyses of fluorite grains were performed
on a Thermo X-Series II (X7) quadrupole ICP-MS at the School
of Earth and Ocean Sciences, University of Victoria. For LA-
ICP-MS(IG), a New Wave UP-213 was coupled to the X-Series
IT with Helium as the carrier gas.

Fluorite grains were analyzed with a 55 pm laser spot
diameter, a pulse rate of 10 Hz, and measured fluence ranged
from 7.69 to 12.55 J-cm™. A pre-ablation warm-up of 5 seconds
was used to avoid unstable laser energy at the beginning of each
ablation. All spectra were recorded for 120 seconds including
~30 seconds gas blank before ablation started, 60 seconds
during ablation, and ~30 seconds after ablation. At least 60
seconds of gas flushing occurred between analyses. The ICP-
MS was optimized to maximize sensitivity and minimize oxide
formation. Forward RF was 1400 watts. The dwell time was 10
ms for all elements.

A total of 114 analyses from 6 samples was obtained. For
each sample, 12-42 data points were collected from different
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grains, and most grains contain two random analyses for
examining the trace element variations due to potential zoning.

The stoichiometric Ca content (51.33 wt.%) of fluorite was
used as the internal standard for LA-ICP-MS -calibration.
NIST glass standards (611, 613, 615) were used for external
calibration (Jochum et al., 2011). Each analysis session started
with NIST glasses 615, 613, and 611, followed by the Rock
Candy fluorite (potential secondary matrix-matched standard),
and then six to seven unknowns, and then all four standards
were repeated. During the data reduction, time-resolved count
rates were carefully checked and any spectra with spikes,
indicating possible inclusions, were excluded. The data
reduction procedure for each element was: 1) selection of the
time intervals for the background and signal region of each
spectrum; 2) calculation of the mean CPS (counts per second)
of these intervals; 3) background correction of the signal
CPS; 4) external and internal standard normalizations; 5) drift
correction using a linear drifting factor determined from repeat
analyses of NIST 611; and 6) calibration using sensitivities for
each element determined from the initial analyses of NIST 615,
613 and 611 in each load to achieve the concentration value of
each element.

Thirty-nine trace elements were analyzed by LA-ICP-MS(IG)
for reconnaissance. The experimental precision was determined
by repeat analyses of NIST glasses 613 and 615. Based on NIST
613, the 20 precision for elements with concentrations ranging
from dozens to several hundred ppm is <10% for Mg, Mn, Rb,
Sr, Y, Ba, lanthanide, W, Pb, Th and U; and from 10% to 15%
for Fe. For NIST 615, which contains lower concentrations of
all elements than NIST 613, the precision is 10-15% for Rb,
Nb, Ba, Pr, Eu, Tb, Ho, Tm, Lu, W, Pb, and Th; between 15-
20% for Mg, Zr, Sm, Er, Yb, and U; from 20% to 25% for Dy;
and >25% for other elements.

Due to instrument drifting, the limit of detection (LOD) was
determined for each element per session using the following:

3 x (STDev background signal)
Sensitivity (per analyte element, per session)

LOD =

where ‘STDev background signal’ is the standard deviation of
the signal for a given element collected before ablation for each
sample (gas blank), and ‘Sensitivity’is the calibrated sensitivity
determined from NIST 615, 613 and 611 in each session.

The detection limits are typically <20 ppm for Fe; <15 ppm
for Sr; <5 ppm for Mg; <3 ppm for Mn and Y; <2 ppm for Ba;
<1 ppm for Rb, Ce, Nd, and Pb; <0.5 ppm for La, Pr, Sm, Gd,
Dy, Th, and U; <0.2 ppm for Zr, Nb, Mo, Eu, Tb, Ho, Er, Tm,
YD, Lu, and W.

2.3. Fused bead XRF and LA-ICP-MS(FB) analysis

Milled samples (Table 2) were shipped to Bureau Veritas
Mineral Laboratories (ACME) in Perth, Australia for bulk
XRF and LA-ICP-MS(FB) analysis. An aliquot of sample
was weighed and intimately mixed with LiBO,/Li,B,O, flux
into a platinum crucible and fused in an electric furnace. The
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Table 1. Summary of the fluorite-bearing deposits sampled for this study.

Deposit name

Deposit type

Main host rock

Key information

Mineral assemblage

Eldor, QC

Eaglet, BC

Rock Candy, BC

Kootenay
Florence, BC

Hastie Quarry, IL

Carbonatite-related
REE+fluoritet+apatite

Fluorite-barite
vein/porphyry Mo
granite-syenite
related

Fluorite-barite vein

Sedimentary-
related Ag-Pb-Zn/
Polymetallic Ag-Pb-
Zn vein

MVT

Carbonatite complex (1.88-1.87 Ga,
U-Pb); Pcl and columbite in the 2nd
stage carbonatite; REE4f] in the 3rd stage
carbonatite. (Gagnon et al., 2012).

Early Mississippian granitic orthogneiss
(375-335 Ma, U-Pb zircon; Mortensen
et al., 1987) intruded by dikes and pods
of aplite, pegmatite, lamprophyre and
feldspar-porphyry dikes, adjacent to
contact with the Neoproterozoic biotite-
garnet metapelite (Pell, 1992).

Tertiary andesitic volcanic rocks adjacent
to Coryell syenite intrusion. Subparallel
veins from a few cm to 10 m wide and
breccia in a silicified fracture zone
(MINFILE BC, 082ESE070).

1) veins and replacements along contact
with limestone and overlaying schist;

2) fissure veins in contact with quartz
and sheared greenstone (MINFILE BC,
082FNEO016).

In bedded replacement zones parallel

to Mississippian host rocks, which are
mainly oolitic or fossiliferous limestones
underlying a sandstone unit (Pelch et

al., 2015). Age of mineralization is 272
+17 Ma (fluorite, Sm-Nd; Chesley et al.,
1994).

At the contact of

SC (Proterozoic
metasedimentary rocks
and amphibolites) and
Gerido (Le Moyne

and Doublet groups,
and Eldor carbonatite)
zones (Gagnon et al.,
2012).

F1 veinlets/veins/pod
disseminated on mol
in the proximity of the
fl mineralization but
not overlapping (Hora
et al., 2008).

Breccia and composite
veins with multiple
generations of green
and purple fl are
exposed in a trench,
containing fragments
of severely-altered
country rock (Pell,
1992).

Sample cavity at the
No. 7 level at the
contact between vein
and limestones (Fyles,
1967).

Steeply dipping faults
and fractures are
spatially associated
with the deposits

and may have

acted as feeders for
mineralizing fluids
(Pelch et al., 2015).

3rd stage (A zone)
contains 1.5-3+%
TREO (mnz)
+fl+breunnerite

in Fe-dol matrix.
Accesssory minerals
are ap, py, sp, mag,
xtm, qz, Nb-bearing
rt, nioboaeschynite,
ferrocolumbite and ilm
(Wright et al., 1998;
Gagnon et al., 2012).

Qz, mol, fl, carbonate
minerals, clt, prismatic
REE-bearing
carbonates, gn, sp,

Py, gp, dck, aln, pcl
(Pell, 1992; Hora et al.,
2008).

F1, brt, chalcedony,
kin, py, qz, and cal
(Pell, 1992; Mauthner
and Melanson, 2006).

Ore minerals: coarsely
crystalline gn, sp, py,
pcl, and ccp. Gangue
minerals: fl, gz and cal
(Pell, 1992; Mauthner
and Melanson, 2006).

Fluorite occurs in
hydrothermal Stage

II and IIT with sp, gn,
qz, and ccp. Gangue
minerals: brt, qz, and
cal (Richardson and
Pinckney, 1984; Pelch
et al., 2015).

Table 2. Summary of fluorite samples and analyses.

Sample Name Deposit/Locality Name  Fluorite Color No. of Analyses LA-ICPMS(IG) No. of Analyses LA-ICPMS(FB)
ELDOR2 Eldor, QC Purple 23 1
EAGLET9 Eaglet, BC Light Purple 12 1
RC-08-5P Rock Candy, BC Purple 12 1
RC-08-8 Rock Candy, BC Green 42 2
AHS-1 Kootenay Florence, BC Pale green 13 2
HQ-3-12S-9EY Hastie quarry, IL Yellow 12 1
253

Symposium on critical and strategic materials. British Columbia Geological Survey Paper 2015-3



Mao, Simandl, Spence, and Marshall

melt was kept at constant temperature, and poured into a glass
bead. The beads were analyzed using XRF Spectroscopy, for
Ca, F, and Ba, and for LA-ICP-MS(FB) using a New Wave
NWR193 coupled to an Agilent 7700 for 59 trace elements
(Bureau Veritas Mineral Laboratories, 2015). Each fused bead
of fluorite was ablated for 60 seconds with a laser spot size
of 150 pm in diameter, a pulse rate of 20 Hz, and measured
fluence of minimum 5 J/cm? Data reduction was performed
using the LIMS software (Sorby Minerals) and a proprietary
internal calibration and standardization process, of Burecau
Veritas Mineral Laboratories. No external standard was used.

3. Results

In total, 114 analyses from 51 individual fluorite grains were
performed using LA-ICP-MS(IG). Eight equivalent samples
in form fused beads were analyzed using XRF and LA-ICP-
MS(FB) for major and minor elements (Table 2).

3.1. Results of XRF and LA-ICP-MS(FB)

The XRF results show that the Ca contents from 8 analyses
of different fluorites range between 51.0% and 51.3% (Table
3). The F content of the samples ranges from 48.4% to 48.8%
(Table 3), and the Ba concentrations are consistently below
detection limit (0.01%).

The LA-ICP-MS(FB) results (Table 3) show that Sr contents
are from 95.6 to 4,880 ppm; Y contents are from 15 to 337 ppm;
Zn contents are from 50 to 175 ppm; Cu content varies from
below the detection limit to 48 ppm; lanthanide contents are
from 3.5 to 299 ppm. Elements with concentrations between 1
ppm and above the limit of detection are Be, Co, As, Rb, Nb,
Mo, Ag, Cd, Sn, Te, Hf, Ta, W, Bi, and U. Elements that are
almost always consistently below the detection limit are Sc,
Ga, Ge, In, Se, Cs, Re, and TI.

3.2. Results of LA-ICP-MS(IG)

Strontium concentrations across all analyzed fluorite have
large variations, from 47 to 3,526 ppm. Fluorite from the Hastie
Quarry (HQ-3-12s-9EY) has the lowest Sr contents (47-103
ppm). The range of Sr concentrations in Kootenay Florence
(AHS-1) samples overlap with those from Hastie Quarry, but are
slightly higher (83 to 142 ppm). Fluorite from Eaglet (Eaglet9)
has the highest Sr contents (2,679-3,526 ppm). Fluorite from
Eldor (Eldor2) has the second highest Sr contents (920-1,112
ppm). Fluorite from Rock Candy (RC-08-8 and RC-08-5p) has
a variation in Sr content from 177 to 654 ppm (Table 4).

Yttrium contents range from 4 to 1,448 ppm. Hastiec Quarry
samples have consistently low Y concentrations, from 9 to 13
ppm. Kootenay Florence samples have a range from 6 to 31
ppm Y. The Y concentrations in Eaglet samples vary from 44
to 60 ppm; those from Eldor vary from 153 to 220 ppm. The
analyses of Y concentrations from Rock Candy yield the widest
variation, from 4 to 1,448 ppm (Table 4).

Total REE content is restricted to the lanthanides. The light
REE (LREE) analyses include La, Ce, Pr, Nd, Sm, Eu, and
Gd (it does not include Sc). The heavy REE (HREE) analyses
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include Tb, Dy, Ho, Er, Tm, Yb, and Lu (it does not include Y).
Contents of the sum of the lanthanides of all analyzed fluorite
range from 2 to 831 ppm. The lowest ZREE contents are
from Hastie Quarry (2.26-2.59 ppm). Fluorite from Kootenay
Florence is also low in the XREE contents (4.43-6.49 ppm).
The sums of LREE (XLREE) contents in fluorite from Hastie
Quarry are the lowest, from 1.03 to 1.43 ppm. Kootenay
Florence has the second lowest XLREE, ranging from 2.69 to
6.00 ppm. For the sum of HREE (XHREE), Kootenay Florence
has the lowest contents from 0.72 to 1.59 ppm, and the Hastie
Quarry samples are also low in XHREE ranging from 1.01 to
1.25 ppm. Fluorite from Rock Candy has the largest variation
in ZREE contents ranging from 10 to 831 ppm; the variations
of XLREE and HREE are also the largest, ranging from 9 to
534 ppm and from 2 to 296 ppm, respectively (Table 4).

Iron contents in the fluorite samples display a relatively
limited range, from 104 to 184 ppm (Table 4), and there are
no distinct differences between any of the samples. Manganese
contents of most samples (92 analyses) are below detection
limit (1-3 ppm typically), except for some grains from the Rock
Candy and Eaglet deposits. Manganese is detectable in almost
all grains from Eaglet, with contents of 3-5 ppm. Magnesium,
Sc, Ti, V, Cu, Zn, Zr, Nb, Mo, Rb, Ba, W, Th, and U are rarely
present at concentrations above the detection limits (Table 4).

4. Discussion

The calculated XRF average Ca content of analyzed fluorite
samples is 51.18%, and the variation of Ca contents through all
fluorite samples is 0.2%. This is very similar to the stoichiometric
Ca content of fluorite (51.33%), which indicates that it is
appropriate to use the stoichiometric Ca content (51.33%) as
the internal standard for LA-ICP-MS data reduction and to
construct traditional Tb/Ca—Tb/La discrimination diagrams
that were popularized by Mdller (1976).

4.1. Elements for constructing discrimination diagrams

Elements that may be suitable for constructing discrimination
diagrams can be assessed based on the concentrations of
individual elements and the relationships between elements in
concentrations above detection limits.

4.1.1. Concentrations of individual elements

Based on our results, Fe, Sr, Y, and the lanthanides are
consistently in concentrations above LA-ICP-MS(IG)
detection limits. Strontium contents have relatively restricted,
deposit-specific concentration ranges (Fig. 1a), with relatively
low (~100 ppm) values from Kootenay Florence and Hastie
quarry, and distinctly higher values from Rock Candy (~500
ppm), Eldor, and Eaglet fluorite (=900 ppm). The Y contents of
samples from these deposits show a comparable pattern to Sr.
Both samples from Rock Candy show large variations, beyond
those of all other samples (Fig. 1b). Based on similarities of
elemental concentrations and distributions, the lanthanides can
be divided into four groups: 1) La, Ce, Pr, Nd; 2) Sm, Eu; 3)
Gd, Tb, Dy, Ho, Er; and 4) Tm, Yb, Lu. Hastie Quarry fluorite
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mean value; box: interquartile range (25th-75th percentile); open circle (outlier): further than [1.5%(75™ percentile — 25" percentile)]; open

Fig. 1. Box plots of selected element contents of fluorite for each group: a) Sr; b) Y; ¢) La; d) Sm; e) Dy; f) Yb. Line: median value; solid dot:
triangle (outlier): further than [3*(75™ percentile — 25" percentile)]; whiskers: extreme values that are not outliers.
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contains the lowest La contents (<0.01 ppm), the Rock Candy
fluorite has the highest La contents (2-14 ppm), and in the other
three deposits La contents overlap (Fig. 1c). From La to Nd of
the lanthanides, the compositions of the Eaglet samples rise to
those of Rock Candy samples, and the contents of Kootenay
Florence and Eldor samples become increasingly close to each
other. Kootenay Florence and Hastie Quarry have the lowest
Sm (~0.1-0.6 ppm) and Eu contents, whereas Eldor, Rock
Candy (Green) and Eaglet all have higher Sm and Eu contents,
with small ranges. The Rock Candy sample (purple) shows
the highest Sm (~2-33 ppm) and Eu contents and the broadest
variation (Fig. 1d). Element content patterns for Gd, Tb, Dy, Ho,
and Er are almost identical, thus Dy is used as a representative
for this group. Dysprosium contents range from ~0.2-1 ppm and
are the lowest for Kootenay Florence and Hastie Quarry (Fig.
le). Dysprosium contents of Rock Candy (Green) samples lie
between, and partially overlap, Kootenay Florence and Eaglet
samples (Fig. le). Eldor samples yield higher concentrations,
but again, the Rock Candy sample (purple) has the highest Dy
contents with the most variation (Fig. 1e). Ytterbium, together
with Tm and Lu, is low in fluorite from Hastie Quarry and
Kootenay Florence (around 0.1 ppm), but high in fluorite from
other deposits. The Yb range is particularly well restricted in
Eaglet and Eldor samples (Fig. 1f).

These results suggest that Sr, Y, and the lanthanides are
strong contributors for discriminating the different deposits and
rock types in simple X-Y plots. For example, plotting Nd vs. Sr
concentrations (Fig. 2) displays distinct clustering for each of
the different deposits. The fluorite from Rock Candy (fluorite-
barite veins) and Eaglet contains higher Nd (generally greater
than 4 ppm), and the fluorite from Hastie Quarry and Kootenay
Florence (sedimentary-related deposits) have low Sr and Nd
concentrations. The Eldor fluorite samples (carbonatite-related
deposit) form a distinct group, with elevated Sr concentrations
and Nd concentrations below 4 ppm.

Iron concentrations are similarly variable in all samples, and
range consistently from 104 to 184 ppm, precluding its use for

T T el W
S
1000 - wgir ]
] ® A A A Al
£ A.:A o © .A A : A
: X
S
(2]
.
° ® Eaglet
o ®° ® Eldor
100 7 o ° o: . ® Kootenay Florence
] p Hastie Quarry
® Rock Candy (green)
A Rock Candy (purple) | T
ML LR | L R LR ML R |
0.1 1 10 100
Nd ppm
Fig. 2. Nd vs. Sr scatterplot for fluorite from different deposits.

259

discriminating deposit and rock types. On the other hand, many
elements such as Mn, Ba, and Th are detectable, and they may
be diagnostic for specific deposit types. The project requires
additional data from different samples and deposits to develop
comprehensive discrimination methods; this work is ongoing.

4.1.2. Relationships between elements

Fluorite from the MVT deposit (Hastie Quarry) and a
limestone-related Ag-Pb-Zn mine (Kootenay Florence) have
lower concentrations of trace elements, especially Sr, Y, Sm,
Eu, Gd, and HREE relative to higher temperature deposits
(Figs. 1-3; Table 4). From Y-Yb (Fig. 3) and Tb/La-Tb/Ca plots
(Fig. 4), the concentrations of impurities in fluorite can separate
the sedimentary-related deposits from the other deposits.

Eaglet and Rock Candy fluorite lie in the hydrothermal field
of the Tb/Ca vs. Tb/La diagram (Fig. 4). Rock Candy fluorite
shows wide variation in concentrations of Nd (Fig. 2), Y, Yb
(Fig. 3), Tb, and Tb/La ratio (Fig. 4). The variation of Tb/Ca
and Tb/La from sample RC-08-8 (green Rock Candy) probably
reflects the REE fractionation during mineralization (Moller,
1976).The trend from sample RC-08-5P (purple Rock Candy) is
distinct from both the fractionation trend during mineralization
and the remobilization trend (Fig. 4), and shows a progressive
increase in Tb relative to Tb/La fractionation. We are unsure
what causes this trend, but speculate that it might record a
magmatic overprint. Although fluorite from the Rock Candy
deposit is associated with barite, its Ba content remains below
detection limits. Fluorite from the Eaglet deposit shows little
concentration variations for Sr, Nd (Fig. 2), Y, Yb (Fig. 3), Tb,
and Tb/La (Fig. 4). The high Sr concentration in Eaglet fluorite
coincides with co-existing celestite in mineralized zones (Hora
et al., 2008).

Fluorite from Eldor, a carbonatite-related deposit, plots in

e Eaglet

e Eldor

Kootenay Florence |_|

o Hastie Quarry 3

® Rock Candy (green) | ]

A Rock Candy (purple) | 4
I

10 100 1000
Y ppm

Fig. 3. Y vs. YD scatterplot for fluorite from different deposits. The
solid red line defined by Makin et al. (2014) is the boundary between
MVT-related fluorite and carbonatite-related fluorite. The solid green
line separates the fluorite from sedimentary-related deposits and other
deposits.
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Fig. 4. Tb/La vs. Tb/Ca scatterplot of fluorite from different
deposits. The Ca content for all trace-element analyses is assumed
to correspond to the stoichiometric composition of ideal fluorite. The
red and blue dashed lines are those from Makin et al. (2014). They
were recalculated from the Moller (1976) diagram based on atomic
proportions of elements rather than their concentrations in ppm.
These lines represent the boundaries between fluorite of ‘pegmatitic’,
‘hydrothermal’, and ‘sedimentary’ origins.

the sedimentary field on the Tb/Ca vs. Tb/La diagram (Fig. 4)
and shows little variation in Tb/Ca, which is characteristic of a
remobilization trend. This phenomenon may be related to the
precipitation of LREE-rich mineral phase. At Eldor, monazite
is the main ore mineral (Gagnon et al., 2012), which can
incorporate most of LREE and leads to La depletion in fluorite
(Bau and Dulski, 1995). To better understand the relationships
between deposit types and trace element concentrations and
behaviors in fluorite, more analyses from different carbonatite
samples are required.

4.2. Comparison of LA-ICP-MS(IG) and LA-ICP-MS(FB)
We compare LA-ICP-MS(IG) and LA-ICP-MS(FB) using
Sr, Y, and the lanthanides, which are detectable in most fluorite
grains (Table 3), and evaluate the relationships between the
two methods using X-Y scatter diagrams (Figs. 5-10). Linear
regressions for each element were determined using the
following equation (from Simandl et al., 2014):
[mean value of LA-ICP-MS(IG) result] = m [LA-ICP-MS(FB) result] + b

Fitted parameters are listed in Table 3. On an X-Y plot, a
perfect match between data of the two methods will form a
regression line with a slope of unity (m=1); the line will pass
through the origin (intercept, b=0); and the coefficient of
determination will equal 1 (R*=1; i.e., all data points plot on
the regression line).

In the case of Sr, the best-fit line between the two methods
(Fig. 5) is characterized by m=1.07, and R?=0.995. This near-
perfect fit excludes sample Eaglet9, which has the mean value
of Sr determined by LA-ICP-MS(IG) significantly less than the
result from the fused bead (Fig. 5; Table 3). The large deviation
of the Eaglet9 data from the best-fit line may be due to celestite

0

T T T 1T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Sr ppm (Fused bead)

Fig. 5. Comparison of LA-ICP-MS analyses obtained from fused
fluorite powder and mean values of individual grains for Sr. Red solid
and dashed lines represent fitted regression lines and ideal 1:1 fit,
respectively. The red point represents the data which is not used for
fitting the regression line.

T T T d T d T T T
1 — Mean values 1
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O Eaglet9
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£ 200 o
3 8
o
> o
100 A
8
o - T T T T T T T
0 50 100 150 200 250 300 350

Y ppm (Fused bead)

Fig. 6. Comparison of LA-ICP-MS analyses obtained from fused
fluorite powder and mean values of individual grains for Y. Red solid
and dashed lines represent fitted regression lines and ideal 1:1 fit,
respectively.

inclusion(s) or intergrowth with fluorite. Celestite is commonly
associated with fluorite at Eaglet (Pell, 1992). This explanation
is further supported by the high Ba content (59 ppm) of Eaglet9
from fused bead relative to a mean of 12 analyses at 0.03 ppm
from grains (Table 3). Celestite (SrSO,) and barite (BaSO,) are
end-members of the same solid-solution series.

The sample RC-08-5P (Rock Candy, purple fluorite) shows
the highest mean values of all Y and lanthanides relative to
other samples (Figs. 6-10; Table 3) but it also has the largest
ranges of variations in these elements (Figs. 6-10). This
suggests that the fluorite in sample RC-08-5P formed from
fluid(s) with highly variable concentrations of these elements
(Mauthner and Melanson, 2006). Overall, the results of the
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Fig. 7. Comparison of LA-ICP-MS analyses obtained from fused
fluorite powder and mean values of individual grains for La. Red
solid and dashed lines represent fitted regression lines and ideal 1:1
fit, respectively.
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Fig. 8. Comparison of LA-ICP-MS analyses obtained from fused
fluorite powder and mean values of individual grains for Sm. Red
solid and dashed lines represent fitted regression lines and ideal 1:1
fit, respectively.

20

o

lanthanides and Y from fused beads are all notably higher
than mean values of results from grains (Figs. 6-10; Table 3).
The slope of the fitted regression lines are between 0.60 and
0.68 for the lanthanides, and 0.80 for Y, but the coefficients
of determination are between 0.991 and 1.000 for all elements
except La (0.94) and Ce (0.98) suggesting consistent differences
of trace element contents determined from the two methods
(Table 3). The difference between results from the two methods
may be caused by the use of different internal standards or the
presence of sub-microscopic or microscopic inclusions with
elevated-REE abundances.

The differences of lanthanide and Y contents from both
laboratories may be caused by the different internal standards
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and/or laser sources, which have different fractionation indices
for the lanthanides and Y. To determine the content of any
trace element, LA-ICP-MS requires that the external standard,
internal standard, and sensitivity of the instrument to the
detected element must be established. In practice, the selection
of these standards depends on the mineral and the elements
analyzed (Jackson, 2008). In the LA-ICP-MS(IG) analyses
of fluorite, NIST glass was used as the external standard, Ca
was the internal standard, and the sensitivities of all elements
were determined from NIST glass 611, 613, and 615. However,
in LA-ICP-MS(FB) analyses, an internal calibration and
standardization process, developed by Bureau Veritas Mineral
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Laboratories, was used without external standard. Different
laser sources [Nd: YAG 213 nm for LA-ICPMS(IG) and
Excimer 193 nm for LA-ICPMS(FB)] can generate distinct
fractionation indeces that contribute to the difference in results
from the two laboratories as previously reported by Gonzalez
et al. (2002).

To avoid visible inclusions with elevated-REE, fluorite
fragments were screened with a binocular microscope.
Furthermore, if an unexpected signal from a potential invisible
inclusion was detected during LA-ICP-MS(IG) analyses, the
analysis was rejected. However, for the LA-ICP-MS(FB),
fluorite and potential tiny inclusions such as monazite and
allanite were ground together and incorporated into glass
beads. The presence of such sub-microscopic inclusions could
cause significant bias. High Zn concentrations (50-175 ppm)
measured by LA-ICP-MS(FB) relative to LA-ICP-MS(IG) (<3
ppm) remain unexplained.

5. Summary

Previous studies (Moller et al., 1976; Eppinger and Closs,
1990; Gagnon et al., 2003; Schwinn and Markl, 2005; Makin
et al., 2014) and preliminary data analyses in our study all
show that fluorite is a potential indicator mineral for deposits
such as MVT, carbonatite-related REE, fluorite-barite veins,
and peralkaline-related REE deposits. This preliminary study
indicates that Sr, Y, and lanthanides in fluorite are quantifiable
by LA-ICP-MS(IG). Other elements, such as Mn, Ba, and
Th also have potential to discriminate fluorite from different
deposit types.

The differences in concentrations between LA-ICP-MS(IG)
and LA-ICP-MS(FB) points to dangers of comparing results
acquired using different instrumentation, methodology and
data reduction. LA-ICP-MS(IG) has an advantage over LA-
ICP-MS(FB) for indicator mineral studies, because smaller
samples (single grain) are required, whereas many grains are
required to create a single fused bead. The negative effects
of mineral inclusions on data quality of LA-ICP-MS(IG) can
be easily avoided by discarding data with anomalous spectra.
The variations in chemical composition of fluorite grains from
individual deposits suggest that ideally at least five fluorite
grains per sample are required to discriminate deposit types.
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