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Abstract
Fluorite is an accessory and a gangue mineral in many metalliferous deposits, and the trace element composition of fl uorite has been used to 
discriminate different deposit types. We examined fl uorite from 14 North American deposits by performing 514 LA-ICP-MS analyses for thirty-
four elements, to improve our database. This database will be required for future studies aiming to produce reliable discrimination diagrams 
for use in mineral exploration. Results of this study revealed that fl uorite from sedimentary-hosted deposits (Liard, Kootenay Florence, vein; 
Hastie Quarry, Barnett mine, Elmwood, Gordonsville, Young mine, MVT) has Sr concentrations less than 200 ppm (with the exception of two 
outliers), and Y concentrations less than 31 ppm. REE chondrite-normalized patterns are convex or have a negative slope; 75% of the data have a 
chondrite-normalized REE ratio below 3. Seventy-fi ve percent of fl uorite analyses from peralkaline/alkaline-related deposits (Kipawa, Rexspar, 
Eaglet, Rock Candy), and Rock Canyon Creek have chondrite-normalized ratios higher than 2 for each lanthanide, and fl at to weakly negative 
patterns. The 4th tetrad portion of the chondrite-normalized REE plots of sedimentary-hosted deposits has a weakly negative to negative slope, 
whereas the pattern for alkaline/peralkaline-related deposits varies from weakly negative to positive. Fifty percent of the data (between the 1st 
and 3rd quartile) from carbonatite-related deposits (Eldor and Wicheeda Lake) show sinusoidal patterns on chondrite-normalized REE plots, with 
wide element ranges in their fi rst tetrad. Barium, Th, and U also show potential for use in indicator mineral discrimination diagrams. Analyses of 
single crystals reveals compositional zoning that may not be optically apparent. Fifty analyses on a single Rock Candy fl uorite crystal identifi ed 
three compositional zones. One of these zones shows variations of trace elements (Ce, 14.5%; Pr, 13.9%; Nd, 14.9%; Sm, 16.9%; Eu 11.4%; Gd, 
19.2%; Dy, 18.8%) with similar or lower variability than NIST glass (615). This zone may be useful as a matrix-matched secondary standard. 
Intra-grain chemical zoning is unlikely to be a major cause of elemental variation within a deposit and, by extrapolation, between deposit types. 
Our results suggest that Y, Sr and REE are essential for constructing discrimination diagrams that use fl uorite as an indicator mineral. 
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1. Introduction
Fluorite (CaF2) belongs to the isometric crystal system, with 

a cubic, face-centred lattice. Fluorite commonly forms cubes or 
octahedrons, and less commonly dodecahedrons. Single crystal 
fl uorite is transparent to translucent, and has vitreous luster. 
Although fl uorite can be colourless, it occurs in a variety of 
colours, including purple, green, blue, yellow, and can exhibit 
colour zoning (Staebler et al., 2006). Fluorite from many 
localities is fl uorescent (Verbeek, 2006).

Fluorite density varies from 3.0-3.6 g/cm3, depending to a 
large extent on inclusions and impurities in the crystal lattice 
(Staebler et al., 2006). The Ca2+ ion in the fl uorite crystal 
structure can be replaced by Li+, Na+, K+, Mg2+, Mn2+, Fe2+, 
Fe3+, Zn2+, Sr2+, Y3+, Zr4+, Ba2+, Pb2+, Th4+, U4+, and lanthanide 
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). It is expected that the colour zoning observed in many 
fl uorite crystals is manifested by corresponding variations in 
concentrations of trace elements. Sector zoning (e.g., [111] 
relative to [100] sector), refl ecting preferential substitution 

and incorporation of trace elements was described by Bosze 
and Rakovan (2002). Concentrations of impurities in fl uorite 
commonly do not exceed 1% (Deer et al., 1965).

Fluorite, as an accessory and a gangue mineral, occurs in 
many metalliferous deposits and, in exceptional cases, it can 
be the main ore of an economic deposit (Simandl, 2009). 
Fluorite commonly occurs adjacent to or in: carbonatites and 
alkaline complexes (Kogut et al., 1998; 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, 1967,1968; 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); 
skarns (Lu et al., 2003); Sn-polymetallic greissen-type deposits 
(Bettencourt et al., 2005); and uranium deposits (Cunningham 
et al., 1998; Min et al., 2005).

Based on its physical and chemical properties, and its 
association with diverse deposit types, fl uorite can be used as 
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a proximal indicator mineral for mineralization if appropriate 
discrimination diagrams are established. The trace element 
distribution in fl uorite of ore deposits has been previously 
studied by Möller et al. (1976), Bau et al. (2003), Gagnon et al. 
(2003), Schwinn and Markl (2005), and Deng et al. (2014). The 
benchmark paper by Möller et al. (1976) divided the Tb/Ca vs 
Tb/La diagram into sedimentary, hydrothermal, and pegmatitic 
fi elds. Eppinger and Closs (1990) investigated fl uorite in 
south-central New Mexico, showing that Sr, Ba, Y, and U 
composition and Eu anomalies are useful in identifying fl uorite 
from epithermal Au-Ag-Cu-Pb-Zn veins, W-Be-Fe skarns, 
epithermal Ba-Pb veins, and epithermal calcite-silica-fl uorite 
veins. Gagnon et al. (2003) studied the Gallinas Mountains 
(New Mexico), Rock Canyon Creek (British Columbia), South 
Platte (Colorado), and St. Lawrence (Newfoundland) deposits. 
They concluded that chondrite-normalized REE patterns for 
fl uorite from granite-related deposits and alkaline rock-related 
deposits are distinct. Schwinn and Markl (2005) investigated 
the REE behaviors of hydrothermal fl uorite, showing that the 
REE are carried by basement-derived hydrothermal fl uids, and 
not from the country rock adjacent to fl uorite mineralization. 
More recently, Makin et al. (2014) compiled trace-element 
concentrations of fl uorite from MVT, fl uorite-barite veins, 
peralkaline-related, and carbonatite-related deposits to validate 
the previously published diagram by Möller et al. (1976).

A preliminary survey (Mao et al., 2015) investigated fl uorite 
from the Rock Candy deposit (British Columbia), Kootenay 
Florence (British Columbia), Eaglet (British Columbia), 
Eldor (Quebec), and the Hastie quarry (Illinois) by laser 
ablation-inductively coupled mass spectrometry (LA-ICP-
MS) analysis of individual grains and powder fused beads, and 
by X-ray fl uorescence (XRF) analysis. Their results showed 
that Sr, Y, and lanthanides concentrations in fl uorite can be 
reliably measured by LA-ICP-MS, and these elements have 
the potential to discriminate fl uorite from different deposit 
types. Other elements, such as Mn, Ba, and Th are present in 
detectable levels in some deposits and may further contribute 
to discriminating deposit types. The same study confi rmed that 
the stoichiometric Ca content of fl uorite can be used as the 
internal standard for LA-ICP-MS analysis of fl uorite.

A matrix-matched standard of fl uorite for LA-ICP-MS 
analysis is currently unavailable because reference minerals 
with homogeneous trace element contents are scarce (Klemme 
et al., 2008). Previous LA-ICP-MS studies on trace elements 
in fl uorite used National Institute of Standards and Technology 
(NIST) glasses as the main external standard and Ca as the 
internal standard (Gagnon et al., 2003; Schwinn and Markl 
2005; Dimitrova et al., 2011; Baele et al., 2012). Jackson 
(2008) showed that fl uorite REE contents analyzed by LA-
ICP-MS using non-matrix-matched standards (10-100 ppm) 
agree well with results from solution nebulization-ICP–MS. 
However, Jackson (2008) and Sylvester (2008) also revealed 
that large errors can occur when the fractionation indices of 
elements differ substantially from those of the internal standard. 
Therefore, fi nding a matrix-matched secondary standard would 

improve the accuracy of LA-ICP-MS analyses.
For this study, we analyzed samples from 14 North American 

deposits by LA-ICP-MS (Fig. 1; Table 1). The main objectives 
were to: 1) examine trace element variations in crystals; 2) 
evaluate the element composition of fl uorite on a deposit scale; 
3) document variations in chemical composition of fl uorite 
from different deposit types; and 4) assess fl uorite from Rock 
Candy as a matrix-matched secondary standard for LA-ICP-
MS.

2. Laboratory methods
2.1. Sample preparation

In total, 36 rock samples from 14 deposits in North America 
were selected for use in this study (Table 2). Twenty-eight 
samples were broken to select fl uorite fragments of sizes 
0.2-2.5 cm. These fl uorite fragments were then crushed 
and examined under a binocular microscope to select only 
inclusion-free fl uorite fragments (0.5 mm to 3 mm). Grains 
from each inclusion-free fl uorite concentrate were mounted 
and polished on epoxy pucks for trace element analysis of 
individual grains by LA-ICP-MS (Table 2). Another nine rock 
samples were prepared as polished thin sections 200 μm thick. 
These polished thin sections were analyzed by LA-ICP-MS for 
trace element concentrations.

Two single fl uorite crystals were covered by 57 LA-ICP-MS 
analyses to determine the trace element variations on the crystal 
scale. One of these, a dodecahedron green fl uorite (~1 cm in 
diameter) from the Rock Candy deposit, named RC-08-8X 
(from sample RC-08-8), was split close to its {111} cleavage 
and mounted with the cleavage face upward (Fig. 2). This Rock 
Candy crystal was selected because of its centimetre size and 

Fig. 1. Location of the 14 deposits examined in this study.
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Table 2. Statistical summary of fl uorite samples and analyses.

Deposit name/Location Sample Name Fluorite Colour No. of Analyses LA-ICP-MS Total analysis

Rock Canyon Creek, BC RC-9A-1 Purple 8

49

RC-9A-2 Colourless/purple 11
RC-9C Purple 12
DP-08-1 Purple 8
DP-08-2A Purple 10

Eldor, QC ELDOR2 Colourless/purple 23

40

ELDOR3 Colourless/purple 9
ELDOR4 Colourless/purple 8

Wicheeda lake, BC WI Purple 7 7

Rock Candy, BC RC-08-1 Green 10
RC-08-5 Purple/Green 26
RC-08-7 Pale 12
RC-08-8 Green 13
RC-08-8X Green 50 111

Eaglet, BC EAGLET7 Purple 17

38

EAGLET9 Colourless 12
EAGLET11 Colourless/purple 9

Rexspar, BC 08-GS-FL Purple 18
3108-GS-61A Colourless 13

Kipawa, QC Kipawa1 Colourless/purple 22 22

Kootenay Florence, BC AHS-1 Colourless 13 13

Liard, BC Liard-1 Colourless/purple 24
33Liard-2 Colourless/purple 9

Hastie Quarry, IL HQ-12S-9E Yellow/purple 24
28HQ-12S-9EB Yellow/purple 4

Barnett mine, IL BM-28-12S-8EV(W) Colourless 20
44BM-28-12S-8EMV(P) Purple 24

Gordonsville, TN 204-4 Colourless/purple 12

48

205-4 Colourless/blue 6
293-4 Colourless/blue 12
58-15 Colourless/blue 6
58#11 Colourless/blue 12

Elmwood, TN 20-78#8 Colourless/blue 13 13

Young mine, TN (Mascot-
Jefferson city)

YM9215-01 Colourless/purple 4

37

YM9215-02 Colourless/purple 10
YM9215L-01 Colourless/purple 8
YM9215L-02 Colourless/purple 8
YM9215-1X Colourless/purple 7

514
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lack of visible zoning using a petrographic microscope. The 
second sample is a cubic fl uorite crystal with macroscopically 
visible colour zoning from Young mine, named YM9215-1X 
(derived from sample YM9215-01), which was mounted with 
the (001) face upward (Fig. 3). 

2.2. LA-ICP-MS analysis
LA-ICP-MS analyses of fl uorite grains were performed on 

a Thermo X-Series II (X7) quadrupole ICP-MS at the School 
of Earth and Ocean Sciences, University of Victoria. A New 
Wave UP-213 was coupled to the X-Series II with Helium as 
the carrier gas.

Fluorite grains were analyzed with a 55 μm diameter laser 
spot, a pulse rate of 10 Hz, and a measured fl uence ranged from 
7.69 to 12.55 J/cm2. 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 fl ushing occurred between analyses. The ICP-
MS was optimized to maximize sensitivity and minimize oxide 
formation. Forward radio frequency ablation was carried out at 
1400 watts. The dwell time was 10 ms for all elements. 

The stoichiometric Ca content (51.33 wt.%) of fl uorite 
was used as the internal standard for LA-ICP-MS calibration 
(Mao et al., 2015), whereas 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 sample RC-08-8X, and then six to seven 
unknowns, before all four standards were repeated. During 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 
as follows: 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 analysis 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.

Thirty-four trace elements were analyzed by LA-ICP-MS for 
reconnaissance. The experimental precision was determined by 
repeat analyses of NIST glasses 613 and 615. Based on NIST 
613, the 2σ precision for elements with concentrations ranging 
from tens to several hundred ppm is <5% for Mn, Sr, and Nb; 
from 5% to 10% for Mg, Sc, Ti, V, Cu, Zn, Rb, Y, Zr, Mo, Ba, 
lanthanides, W, Pb, and Th; and from 10% to 20% for Fe and 
U. For NIST 615, which contains lower concentrations of all 
elements than NIST 613, the 2σ precision is <15% for Mg, Pr, 
Eu, Tb, Ho, Tm, Lu, Pb, and Th; between 15-20% for Rb, Sr, Y, 
Zr, Nb, Ba, La, Nd, Sm, Dy, Er, Yb, and W; from 20% to 30% 
for V, Ce, Gd, and U; and >30% for other elements.

The limit of detection (LOD) was determined for each 
element using the following:

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. 
Sensitivity = (corrected signal / element concentration).

The lower limits of detection are typically <20 ppm for Fe; 

Fig. 2. Composite photo of sample RC-08-8X (Rock Candy Mine) in 
epoxy puck under plane-polarized light. The red circles indicate the 
location of LA-ICP-MS analyses along lines systematically numbered 
from ‘a1-a18’ (bottom to top) and ‘b1-b31’ (left to right) intersecting 
at point ‘c’. Three analytical points (a4, b12, and b26) are offset from 
the lines ‘a1-a18’ and ‘b1-b31’; to avoid impurities, original analyses 
on the line were discarded due to abnormal signals. Compositional 
zones delineated by dashed lines.

Fig. 3. Photo of the sample YM9215-1X in epoxy puck. The red 
circles indicate analytical points systematically numbered from ‘d1-
d7’ (bottom to top).
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<15 ppm for Sr; <5 ppm for Mg; <3 ppm for Mn and Y; <2 
ppm for Ba; <1 for Rb, Ce, Nd, and Pb; <0.5 for La, Pr, Sm, 
Gd, Dy, Th, and U; <0.2 for Zr, Nb, Mo, Eu, Tb, Ho, Er, Tm, 
Yb, Lu, and W. 

3. Results
A total of 514 analyses were obtained from 38 samples (Table 

2). The number of analyses per sample varied from 4 to 26, and 
many individual grains in these samples were analyzed twice to 
estimate trace element variations. At least 80% of the analyses 
have detectable levels of Sr, Y, and all lanthanides except 
Tm and Lu, which were detected in approximately 70% of 
analyses. In a few analyses, Mg, Mn, Zr, Ba, W, Th, and U are in 
concentrations above the detection limits. Iron is detectable in 
almost all analyses, but shows little variation in concentration. 
Few of the remaining elements are above their detection limits 
(Sc, V, Cu, Zn, Rb) or show little variations (Na, Ti, Nb, Mo, 
Pb) and hence will not be discussed further because they show 
limited potential for establishing discrimination diagrams. 

3.1. Analytical results of trace elements by deposit (±2σ)
Strontium concentrations in analyzed fl uorite grains vary from 

3.41 (±0.57) to 3,530 (±180) ppm (Table 3; Fig. 4a). Fluorite 
from Eaglet has the highest Sr contents (1,830 ±90 – 3,530 ±180 
ppm), followed by fl uorite from Rexspar (1,110 ±60 – 1,640 
±80 ppm), Eldor (886 ±45 – 3,360 ±170 ppm), and Kipawa 
(952 ±48 – 1,240 ±60 ppm). Fluorite from Kootenay Florence, 
Liard, Hastie Quarry, Barnett mine, Young mine, Elmwood, 
Gordonsville, and Wicheeda Lake have Sr concentrations less 
than 200 ppm. Fluorite from the Elmwood has the lowest Sr 
contents (5.07 ±0.85 – 21.0 ±3.5 ppm), and the Gordonsville 
fl uorite has the second lowest Sr contents (3.41 ±0.57 – 38.6 
±6.4 ppm). The range of Sr concentrations (3.41 ±0.57 – 808 
±40 ppm) in the Rock Canyon Creek samples overlap with the 
other deposits except for Eaglet, Rexspar, Eldor, and Kipawa. 
Fluorite from Rock Candy has a variation in Sr content from 
125 (±6) to 701 (±35) ppm (Table 3; Figure 4a). 

The term ‘REE’, as used in this paper, includes all lanthanides 
and Y (Sc will not be discussed due to its low concentrations 
in fl uorite). The light REE (LREE) analyses include La, Ce, 
Pr, Nd, Sm, and Eu, and the heavy REE (HREE) analyses 
include Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu (Y is not included). 
From La to Eu, the general trends of element concentrations 
for all deposits do not show signifi cant variations, and are 
summarized by the results of Ce (Fig. 4b). The deposits with 
consistently high Ce contents (Table 3; Fig. 4b) are Kipawa 
(15.1 ±0.8 – 120 ±7 ppm), and Rexspar (18.2 ±1.0 – 70.2 ±3.9 
ppm). The Ce contents of fl uorite from Rock Canyon Creek 
(0.01 ±0.003 – 205 ±11.2 ppm), Rock Candy (2.07 ±0.55 – 123 
±7 ppm), and Eldor (0.01 ±0.003 – 54.4 ±3.0 ppm) all show 
wide variations. Fluorite from Wicheeda Lake, Young mine, 
Kootenay Florence, Liard, Elmwood, Gordonsville, Barnett 
mine, and Hastie Quarry mostly have Ce contents less than 2 
ppm (Fig. 4b). The lowest Ce contents are in Hastie Quarry 
fl uorite (0.005 ±0.001 – 0.04 ±0.01 ppm), followed by Barnett 

mine (0.007 ±0.002 – 0.38 ±0.01 ppm). Neodymium shows 
similar concentration trends to Ce in all the deposits (Figs. 4b, 
c).

The element concentrations of HREE are summarized by 
the results of Gd (Fig. 4d). The highest contents of Gd are 
most commonly from Rexspar (5.95 ±0.42 – 32.4 ±2.3 ppm), 
followed by Kipawa (4.63 ±0.50 – 12.9 ±0.9 ppm), and are only 
surpassed by outliers of Eldor and values above the 3rd quartile 
from Rock Canyon Creek and Rock Candy. Fluorite from 
Rock Canyon Creek (0.76 ±0.16 – 45.4 ±3.2 ppm) and Rock 
Candy (0.06 ±0.01 – 109 ±7.7 ppm) show wide variations in 
Gd. The Young mine fl uorite has the lowest Gd concentrations 
(0.01 ±0.002 – 0.27 ±0.05 ppm). Ytterbium shows similar 
concentration trends to Gd in all the deposits (Figs. 4d, e). 

Yttrium ranges from 0.03 (±0.006) to 1,450 (±120) ppm 
(Table 3; Fig. 4f), with wide variations in samples from Rock 
Candy (0.50 ±0.09 – 1,450 ±120 ppm) and Rock Canyon 
Creek (1.15 ±0.22 – 946 ±77 ppm), which overlap with all 
other deposits except Young mine, which has the lowest Y 
concentrations (0.03 ±0.006 – 4.2 ±0.8 ppm, mostly <1 ppm). 
Besides Y in fl uorite from Rock Candy and Rock Canyon 
Creek, there are very high Y contents in fl uorite from Kipawa 
(132 ±11 – 304 ±25 ppm), Rexspar (92.8 ±7.5 – 645 ±52 ppm), 
and Eldor (104 ±8 – 866 ±70 ppm). Fluorite from Kootenay 
Florence, Liard, Hastie Quarry, Barnett mine, Young mine, 
Elmwood, Gordonsville, and Wicheeda Lake have less than 31 
ppm Y. The Y concentrations in Eaglet samples vary from 27.7 
(±2.2) to 74.1 (±6.0) ppm (Table 3; Fig. 4f).

The behaviours of Ce and Eu can differ to those of the 
adjacent REEs due to their redox sensitivity. Large variations 
in Ce anomalies 

are seen in Hastie Quarry (0.43-1.25), Barnett mine (0.5-1.12), 
Rock Candy (0.69-1.05), and Eldor (0.6-1.06; Fig. 5a) samples. 
Sixty percent of the Ce anomalies from Eaglet are positive 
(>1). Fluorite from Young mine, Elmwood and Kipawa have 
Ce anomalies less than 0.93. Fluorite from Kootenay Florence 
(0.48-0.64) and Liard (0.51-0.68) have the strongest negative 
(<1) Ce anomalies. 

The Eu anomalies 

of fl uorite range from 0.17 to 4.1, but most are between 0.2 
and 2.8 (Fig. 5b). Fluorite from the Barnett mine shows the 
widest range in Eu anomalies, which are all positive (1.07-4.0). 
Generally, fl uorite from Eldor and Rock Canyon Creek has very 
small Eu anomalies (Eu/Eu* = 0.8–1.3, median = 1.05). Most of 
the fl uorite from Rock Candy, Elmwood, and Gordonsville has 
weak, positive Eu anomalies with magnitudes from 0.82 to 2.2. 
The remaining deposits generally have negative Eu anomalies. 
Kipawa has consistently strong negative Eu anomalies (Eu/Eu* 
= 0.32–0.37).

The main discriminations for lanthanides and Y in fl uorite 
from the different deposits are listed below.

(  ; Taylor and McLennan, 1985) 

(  ; Taylor and McLennan, 1985)
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Fig. 4. Box plots of selected elements from fl uorite of each deposit with the ratio of analyses above detection limit to total analyses. a) Sr; b) Ce; 
c) Nd; d) Gd; e) Yb; f) Y. Line: median value; solid dot: mean value; box: interquartile range (1st-3rd quartiles); open circle (outlier); farther than 
1.5 x (1st-3rd quartiles); open triangle (outlier): farther than 3 x (1st-3rd quartiles); whiskers: extreme values that are not outliers. If there are less 
than fi ve analyses above the detection limit, solid colour dots represent individual analyses.

a) b)

c) d)
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Fig. 4 continued. Box plots of selected elements from fl uorite of each deposit with the ratio of analyses above detection limit to total analyses. 
a) Sr; b) Ce; c) Nd; d) Gd; e) Yb; f) Y. Line: median value; solid dot: mean value; box: interquartile range (1st-3rd quartiles); open circle (outlier); 
farther than 1.5 x (1st-3rd quartiles); open triangle (outlier): farther than 3 x (1st-3rd quartiles); whiskers: extreme values that are not outliers. If 
there are less than fi ve analyses above the detection limit, solid colour dots represent individual analyses.

e) f)

Fig. 5. Box plots of a) Ce anomalies and b) Eu anomalies from fl uorite of each deposit. The ratios indicate the number of analyses for which 
anomalies could be determined, relative to the total number of analyses. Positive anomalies on these diagrams are higher than 1, conversely 
negative anomalies are lower than 1. Line: median value; solid dot: mean value; box: interquartile range (1st-3rd quartiles); open circle (outlier); 
farther than 1.5 x (1st-3rd quartiles); open triangle (outlier): farther than 3 x (1st-3rd quartiles); whiskers: extreme values that are not outliers. If 
there are less than fi ve analyses above the detection limit, solid colour dots represent each individual analyses.

a) b)
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• The Eldor fl uorite shows a large variation in La and 
progressively smaller variations in concentrations of Ce, 
Pr, Nd, Sm, and Eu (Figs. 4b, c, Fig. 6a; Table 3). 

• Fluorite from Kipawa and Rexspar always has the 
highest contents (3rd quartile) of lanthanides except 
Eu; only Kipawa has prominent negative Eu anomalies 
(Figs. 4b, c, d, e, Fig. 5b; Fig. 6b).

• Hastie Quarry and Barnett mine fl uorite has the lowest 
contents of La, Ce, Pr, and Nd (Figs. 4b, c, Fig. 6b; Table 
3).

• Rock Candy and Rock Canyon Creek fl uorite shows 
very wide ranges of lanthanide and Y concentrations 
(Figs. 4b, c, d, e, f; Figs. 6a, c). 

• Elmwood and Gordonsville fl uorite shows similar 
behaviors for all lanthanides and Y (Figs. 4b, c, d, e, f; 
Fig. 6c). 

• The chondrite-normalized LREE contents of Young 
mine fl uorite decreases from La to Eu (Fig. 6c). 

• Fluorite from the Young mine contains the lowest 
concentrations of Eu, and many of analyses show that 
Eu contents are less than detection limits (Table 3).

• The chondrite-normalized patterns from Gd to Ho 
(excluding Y) of fl uorite are fl at in all deposits except for 
Elmwood, Gordonsville, and the Young mine (Fig. 6). 

• Rexspar, Kipawa, Eldor, Rock Canyon Creek, Rock 
Candy, and Eaglet fl uorite have fl at or slightly negatively 
sloped chondrite-normalized patterns from Er to Lu, and 
their concentrations of Er, Tm, Yb, and Lu are elevated 
relative to those from other deposits in which the patterns 
from Er to Lu show a notable negative slope (Fig. 6). 

Magnesium concentrations in fl uorite are generally less 
than 10 ppm. Five to 45% of the analyses from each deposit 
contained detectable Mg, except for fl uorite from Rock Canyon 
Creek (>60%). Detectable Mg concentrations in Rock Canyon 
Creek are between 2.10 (±0.26) – 582 (±47) ppm, and most are 
above 10 ppm (Table 3).

Manganese was detected in 20% of all the analyses. More 
than 85% of the analyses from Rexspar and Eaglet yielded 
between 2.92 (±0.14) and 7.96 (±0.39) ppm Mn, and fl uorite 
grains from Eldor, Kipawa, Rock Candy, and Rock Canyon 
Creek contain detectable Mn, typically less than 10 ppm (Table 
3). 

Zirconium is detectable in 40% of all the analyses, and it is 
commonly present in concentrations less than 0.1 ppm. More 
than 85% of analyses from Liard have detectable Zr, ranging 
from 0.004 to 0.89 ppm. Approximately 75% of the analyses 
from Rock Canyon Creek contain Zr and have a large variation 
from 0.002 (±0.0003) to 11.3 (±0.9) ppm (Table 3).

More than half of all the analyses have detectable Ba, ranging 
from 0.001 (±0.0002) to 474 (±24) ppm, many of which are less 
than 1 ppm. Barium can be detected in 85% of analyses from 
Liard which has the highest content range (0.99 ±0.16 and 474 
±24 ppm). Barium is also commonly detected in concentrations 
above 1 ppm in fl uorite from Rock Canyon Creek (60% 
detectable, 0.1 ±0.02 – 83.7 ±4.3 ppm) and Wicheeda Lake 

Fig. 6. Chondrite-normalized REE plots of fl uorite for each deposit 
(chondrite data from Taylor and McLennan, 1985). a) Fluorite from 
Eldor, Rock Canyon Creek, Wicheeda Lake, Liard, and Kootenay 
Florence; b) Fluorite from Kipawa, Rexspar, Hastie Quarry, Barnett 
mine, and Eaglet; c) Fluorite from Rock Candy, RC-08-8X, Elmwood, 
Gordonsville, Young mine, and YM9215-1X. Lines split lanthanides 
into the four tetrads (McLennan, 1994). Solid line with open circle: 
median value; solid line with open downward triangle 1st quartile and 
upward triangle 3rd quartile.

a)

b)

c)
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(85% detectable, 0.63 ±0.10 – 5.84 ±0.93 ppm; Table 3).
Tungsten was detected in about half of all the analyses, 

although it rarely exceeds 1 ppm. Fluorite from Rexspar (90% 
detectable) has the highest W contents from 0.16 (±0.02) to 
1.31 (±0.20) ppm. Fluorite from Kipawa has similar W contents 
(75% detectable, 0.14 ±0.02 – 0.57 ±0.09 ppm) to Rexspar. 
Eighty-two percent of fl uorite analyses from Eaglet, and 63% 
from Eldor yield detectable concentrations of W, but values are 
rarely above 0.2 ppm. Fluorite from Rock Canyon Creek has 
detectable W in the 0.002 (±0.0003) to 0.71 (±0.1) ppm range. 
Detectable W is uncommon in other deposits (Table 3).

Thorium is detectable in 55% of all the analyses and 
concentrations are less than 1 ppm in most deposits. Rock 
Canyon Creek has the highest Th levels in fl uorite (95% 
detectable analyses) with values ranging from 0.42 (±0.06) to 
108 (±9) ppm (Table 3).

Uranium is detectable in more than 40% of all the analyses, 
mostly in concentrations less than 1 ppm. More than 85% of 
the analyses of Liard fl uorite contain detectable U with values 
ranging from 0.7 (±0.15) to 6.75 (±0.92) ppm. The Liard 
fl uorite has the highest U concentrations found in this study. 
The Rexspar deposit fl uorite also has detectable U in 75% of 
the analyses (0.02 ±0.01 – 0.24 ±0.05 ppm). Fluorite samples 
from Rock Canyon Creek area also have a large range of U 
values, from 0.001 (±0.0002) to 3.22 (±0.44) ppm (Table 3).

Iron is detectable in most of the sample analyses, with 
concentrations ranging from 14.4 (±5.0) to 291 (±51) ppm. 
There are large overlaps in Fe concentrations between individual 
deposits. Twenty-fi ve to seventy-seven percent of the analyses 
from Rock Canyon Creek show detectable levels of Sc, Ti, V, 
Nb, Mo, Ag, and Pb (Table 3). Other trace elements were not 
consistently detected in fl uorite from the studied deposits.

3.2. Variation of trace elements within particular crystals
Numerous analyses of fl uorite RC-08-8X and YM9215-1X 

were performed (Table 3) to test the homogeneity of trace 
elements in single fl uorite crystals. Fifty sites were analyzed on 
the RC-08-8X crystal along two approximately perpendicular 
lines (a1-a18 and b1-b31, Fig. 2). Three compositional zones 
were identifi ed along line a1-a18 (Fig. 7a). The fi rst zone, from 
a1 to a5, contains lower Sr (320-420 ppm) and Ce (6 ppm), 
and higher Y (30-40 ppm), Gd (2-3 ppm), and Yb (1-2 ppm). 
The second zone, from a6 to a14, displays high Sr (450-650 
ppm), varying Ce (10-20 ppm), and lower Y (8-20 ppm), Gd 
(1-2 ppm), and Yb (0.3-0.8 ppm). The third zone, from a15 to 
a18, has intermediate Sr and Y contents. Analytical line b1-b31 
also shows three compositional zones (Fig. 7b). The fi rst zone, 
from b1 to b11, has trace element contents that are between 
the compositions of the fi rst and second zones on line a1-a18 
(Fig. 7b). The second zone contains the highest Sr (500-700 
ppm), highly variable Ce (5-16 ppm), and the lowest Y (3-25 
ppm, mostly <10 ppm), Nd (2-5 ppm), Gd (0.3-2 ppm), and Yb 
(0.2-1.3 ppm), from b12 to b20. The third zone, from b21 to 
b31, contains the lowest Sr (320-400 ppm) and Ce (5-6 ppm), 
and the highest Y (30-40 ppm), Nd (5-6 ppm), Gd (2-3 ppm), 

Fig. 7. Concentration variation of selected elements in fl uorite along 
the analysis lines of RC-08-8X: a) line ‘a1-a18’ and b) line ‘b1-b31’ 
(see Fig. 2). The x axis represents the distances between the analytical 
points, ‘0’ is the intersection point of the analytical lines, the ‘c’ point. 
Black dashed lines indicate the critical analytical points defi ning 
compositional zones, and blue dashed line indicates the central ‘c’ 
point (see also Fig. 2).

a)

b)

and Yb (1-2 ppm). In summary, the RC-08-8X crystal shown in 
Fig. 2 displays three compositional zones.

Because trace element concentrations are generally low in 
fl uorite from the Young mine (Table 3), Sr, Ce, Pr, Nd, Tb, 
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and Er were selected to test for intra-grain variation (sample 
YM9215-1X). In the purple rim (Fig. 3) from d1 to d2, Sr 
and Tb contents decrease, whereas Ce, Pr, and Nd contents 
increase (Fig. 8). In the colourless zone from d3 to d4, Sr and 
Ce contents decrease, and Pr contents increase slightly. In 
the dark core from d5 to d7 (Fig. 3), the contents of Sr, Ce, 
Nd, and Tb show notable variations (Fig. 8), and Er content 
increases. More analyses would be required to establish a clear 
relationship between compositional and colour zonings 

4. Discussion
Our discussion of the results will focus on comparing trace 

element concentrations in fl uorite of specifi c deposits and 
groups of deposits, trace element variations within single 
fl uorite crystals and the potential use of Rock Candy fl uorite as 
a matrix-matched secondary standard.

4.1. Trace element composition of fl uorite from individual 
deposits

For the purpose of this discussion, deposits under 
consideration can be divided into: 1) Sedimentary-hosted 
deposits (Liard, Hastie Quarry, Barnett mine, Young mine, 
Gordonsville, Elmwood, Kootenay Florence), 2) Peralkaline/
alkaline rock-related deposits (Eaglet, Kipawa, Rexspar, 
Rock Candy, Rock Canyon Creek), and 3) Carbonatite-related 
deposits (Eldor, Wicheeda Lake).

Concentrations of Sr, Y, and lanthanides are consistently 
above LA-ICP-MS detection limits (Table 3) and show 
geochemical variations between deposits. To facilitate the 

comparisons between chondrite-normalized REE profi les, we 
adopted the ‘tetrad’ terminology as discussed by McLennan 
(1994), and Monecke et al. (2002). Lanthanides are divided 
into four tetrads: the 1st tetrad (T1) consists of La, Ce, Pr, Nd, 
the 2nd tetrad (T2) consists of Sm, Eu, Gd, the 3rd tetrad (T3) 
corresponds to Gd, Tb, Dy, Ho, and the 4th tetrad (T4) groups 
Er, Tm, Yb, Lu. Ratios between specifi c lanthanides, and 
lanthanide tetrads may be useful for constructing discrimination 
diagrams in addition to Ce and Eu anomalies and to Sr and Y 
contents,. 

4.1.1. Trace element behaviors of fl uorite from sedimentary-
hosted deposits

Fluorite from sedimentary-hosted deposits has low trace 
element concentrations, which plot mostly below 3 on 
chondrite-normalized REE ratio diagrams (Fig. 6). Strontium 
concentrations are typically less than 200 ppm (Fig. 4a), 
and Y concentrations are all less than 31 ppm (Fig. 4f). All 
sedimentary-hosted fl uorite, except from the Young mine, 
have nearly fl at or convex-shaped chondrite-normalized REE 
patterns; fl at or positively sloping T1, positively sloping T2, 
fl at or negatively sloping T3, and negatively sloping T4 (Fig. 
6; Table 5). The Young mine fl uorite has a negatively sloping 
chondrite-normalized REE pattern, where T1 and T2 are 
notably negative, and T3 and T4 weakly negative.

The Hastie Quarry and the Barnett mine (Illinois-Kentucky 
mining district) both have convex shaped chondrite-normalized 
REE patterns, with strong positively sloping T1, positively 
sloping T2, fl at T3, and negatively sloping T4 (Fig. 6b; Table 
5). Hastie Quarry has negative Eu anomalies, whereas Barnett 
mine has the strongest positive Eu anomalies and largest Eu 
variation in this study (Fig. 5b). Due to the lack of detailed 
geological information for Barnett mine, the origin of the high 
Eu source is unclear. However, Eu enrichment is generally 
associated with changes of oxidation state (Möller and 
Holzbecher, 1998; Bau et al., 2003).

The Elmwood and Gordonsville deposits (central Tennessee 
zinc district) both have similar convex chondrite-normalized 
REE patterns with positive slopes in T1, T2, and negatively 
sloping T3 and T4 (Table 5). The negatively sloping T3 is 
distinct from the fl at T3 of most other deposits (Fig. 6; Table 
5). The Elmwood and Gordonsville deposits are only a few 
kilometres apart (Lewchuk, 1996), and are likely to have formed 
from fl uid of the same composition and similar temperatures.

Liard (carbonate/shale-hosted fl uorite±witherite±barite 
deposit) and Kootenay Florence (sedimentary-related Ag-Pb-
Zn deposit) both have generally fl at to slightly convex shape 
chondrite-normalized REE patterns with similar REE contents 
(Fig. 6a). Tetrad patterns, T1 and T3 are fl at, T2 is positively 
sloping and T4 is negatively sloping. Unlike the other 
sedimentary-hosted (MVT) deposits discussed above, Liard 
and Kootenay Florence are not close to each other (Fig. 1).

The Young mine (Eastern Tennessee zinc district) is the 
only deposit that shows enriched LREE and depleted HREE 
(all tetrads are negative; Table 5, Fig. 6c). The reason for this 

Fig. 8. Concentration variation of selected elements in fl uorite along 
the analysis line of YM9215-1X. The ‘0’ on the x axis is the analytical 
point on the edge of the crystal (d1, Fig. 3).
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distinct chondrite-normalized REE pattern is unclear due to the 
lack of available information. 

4.1.2. Trace element behaviors of fl uorite from peralkaline/
alkaline-related deposits

Fluorite from peralkaline/alkaline rock-related deposits have 
chondrite-normalized ratios higher than 2 (Fig. 6, Table 5), 
and Sr contents higher than 100 ppm, except for Rock Canyon 
Creek (Fig. 4a). Eaglet, Kipawa, Rexspar, Rock Candy are 
relatively fl at in T1, have fl at or weakly sloping T2 and T3 
with variable Eu anomalies, and weakly negative or positive 
T4 slopes. The La to Nd of the Rock Canyon Creek fl uorite 
displays negative T1 and T2 slopes.

Fluorite from Kipawa and Rexspar has higher lanthanide 
contents than other deposits, and they have similar chondrite-
normalized REE patterns, with the exception of Eu anomalies 
(Fig. 6b). Rexspar fl uorite is commonly hosted by tuffaceous 
trachyte with pervasive potassic alteration (Pell 1992). The 
Rexspar fl uorite has a fl at chondrite-normalized REE pattern 
with weakly negative Eu anomalies. This pattern is similar 
to those of fl uorite from alkaline rocks (Gagnon et al., 2003). 
Kipawa fl uorite has a fl at chondrite-normalized REE pattern, 
with a strong negative Eu anomaly. The fl uorite REE pattern 
is very similar to the syenite REE pattern in this region (Currie 
and Van Breemen, 1996), suggesting that the fl uorite is directly 
related to the syenite nearby.

Rock Candy (fl uorite ±barite vein) and Eaglet (Mo- and 
fl uorite-bearing) are deposits related to alkaline rocks (Table 
1). They have fl at chondrite-normalized REE patterns and 
lower REE contents than Rexspar and Kipawa (Figs. 6b, c). 
Their tetrad patterns are similar to Rexspar and Kipawa with 
the exception of a weakly positive T4 for Rock Candy fl uorite. 
Rock Candy has wide ranges of REE and Y contents (Figs. 4b, 
c, d, e, f) with notably positive Eu anomalies (Fig. 5b), and 
varying Y relative to HREE (Fig. 6c). This variation may refl ect 
the evolution of fl uid composition or change in temperature 
over time (Bau and Dulski, 1995). Positive Eu anomalies of 
fl uorite are usually associated with enriched Eu hydrothermal 
fl uids. The Eaglet fl uorite has negative Eu anomalies (Fig. 5b) 
and prominent high Sr concentrations (Fig. 4a). The elevated Sr 
contents are likely due to high Sr contents in fl uid suggested by 
co-existing celestite in mineralized zones (Hora et al., 2008). 
The fl at or nearly fl at chondrite-normalized REE patterns in 
the four deposits are similar to the REE patterns of fl uorite 
associated with alkaline rocks at Gallinas Mountains (Gagnon 
et al., 2003).

Rock Canyon Creek deposit contains disseminated and fi ne 
veinlet fl uorite hosted by dolostone. Although, no igneous 
rocks outcrop (Pell and Hora, 1987; Samson et al., 2001), 
mineralization may be carbonatite or peralkaline intrusion-
related (Pell and Hora, 1987). The presence of Al-F minerals 
(cyrolite and prosopite) in fl oat has been taken as evidence of 
an alkaline rock association (Samson et al., 2001). Fluorite 
from Rock Canyon Creek shows large variations in Sr, Y, 
and lanthanides (Figs. 4, 6a). The chondrite-normalized REE 

patterns show a very wide range (especially in the LREE), lack 
Eu anomalies, and have a weakly negative slope; however, the 
median values show a weak sinusoidal shape. These variations 
in trace element concentrations probably refl ect the difference 
in origin between fl uorite from the main zone and the fl oat of 
unknown provenance.

 
4.1.3. Trace element behaviors of fl uorite from carbonatite-
related deposits

Fluorite from carbonatite-related deposits has widely varying 
trace element contents. The chondrite-normalized REE patterns 
show sinusoidal shapes. They both have wide content ranges 
for T1, positively sloped T2, weakly positively sloped or fl at 
T3, and negatively sloped T4 (Fig. 6a; Table 5).

Fluorite at Eldor may contain intergrown monazite and 
aggregated bastnaesite (Wright et al 1998; Gagnon et al., 
2012). It is enriched in HREE (and Y) and depleted in LREE 
(Fig. 6a). The fl uorite shows large variations in concentrations 
of La, Ce, Pr, and Nd relative to HREE. The depletion of LREE 
in fl uorite from Eldor may be due to preferential incorporation 
of LREE into monazite and bastnaesite, relative to fl uorite. 
Furthermore, the large range of negative Ce anomalies in Eldor 
fl uorite (Fig. 5a) may be explained by the effect of a change 
in oxidation-reduction conditions as fl uorite crystallization 
progressed. At the Wicheeda Lake carbonatite, fl uorite is only a 
local accessory mineral (Trofanenko et al., 2014). There are not 
enough data to make a concrete interpretation for the Wicheeda 
Lake fl uorite and this is refl ected in the erratic relationship 
between upper and lower quartiles on fi gure 6a. Concentrations 
of REE are in the same range as fl uorites from sedimentary-
hosted deposits (Fig. 6). But, the wide variations of LREE 
contents and sinusoidal shapes of REE patterns are similar to 
the carbonatite-related deposit, Eldor. 

4.1.4. Characteristics of other trace elements
Magnesium, Mn, Zr, Ba, W, Th, and U in fl uorite have 

rarely been reported in the literature, due to their very low 
abundances in the mineral, but the presence of these elements 
in detectable concentrations may be specifi c to some deposit 
types. For example, Rock Canyon Creek fl uorite has very 
high concentrations of ‘uncommon’ trace elements including 
Mg, Mn, Pb, Th, V, Nb, Mo, Sc, W, Zr, and Ba (Table 3). In 
Liard fl uorite, the Ba varies from 0.01 to 474 ppm; and U from 
0.01 to 6.75 ppm (Table 3). This fl uorite crystallized from the 
same fl uid as co-existing witherite and barite (Changkakoti et 
al., 1987), explaining its high Ba content. The fl uid may have 
been similar to modern waters at Liard Hot springs which are 
slightly radioactive (Holland, 1955) explaining detectable U 
content in fl uorite. 

4.2. Trace element variations in single crystals vs. multiple 
crystals of the same deposit

Sample RC-08-8X is a single crystal (Fig. 2) from Rock 
Candy, a vein type deposit (Table 1). This sample has no 
visually identifi able zoning and was analyzed 50 times. The 
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Table 4. The compositional variations for analyses in each zone of sample RC-08-8X, and analytical variations from NIST 613 
and 615 through all analyses. All values in percent unless otherwise indicated.

Table 5. The characteristics of chondrite-normalized REE plots for each deposit.

Deposit name Lanthanide/Chondrite General pattern Ce anomalies Eu anomalies T1 shape T2 shape T3 shape T4 shape 

Sedimentary-hosted:         
Liard 3rd quartile <3 Nearly flat,          

very weak convex 
- - - - - Flat + + Flat - - 

Kootenay Florence 3rd quartile <3 Nearly flat,          
very weak convex 

- - - - - Flat + + Flat - - 

Hastie Quarry 3rd quartile <3 Convex - -      
Wide range 

- - + + + + + Flat - - 

Barnett mine 3rd quartile <3 Convex - -      
Wide range 

+ + +      
Wide range 

+ + + + + Flat - - 

Elmwood 3rd quartile <2 Convex - - + + + + + + + - - - - 

Gordonsville 3rd quartile <2 Convex - - + + + + + + - - - - 

Young mine 3rd quartile <3           
except La 

Negative slope,       
enriched LREE 

- - - - - - - - - - 

Peralkaline/alkaline-related:        
Kipawa 1st quartile >6 Nearly flat, very weak 

negative slope 
- - - - - Nearly flat    

(-) 
Flat Flat - 

Rexspar 1st quartile >7 Nearly flat, very weak 
negative slope 

- - Flat Flat Flat - 

Eaglet 1st quartile >2 Nearly flat, very weak 
negative slope 

No anomaly - - Flat Nearly flat 
(+) 

Flat - 

Rock Candy 1st quartile >2 Nearly flat, very weak 
negative slope 

- -      
Wide range 

+ + Nearly flat    
(-) 

Nearly flat 
(-) 

Flat + 

Rock Canyon Creek 1st quartile >2 Weak negative slope - - No anomaly Undetermined Nearly flat 
(-) 

Flat - 

Carbonatite-related:         
Eldor 0.4<1st quartile,           

3rd quartile<10.4  
Sinusoidal - -      

Wide range 
+ Undetermined + + + - 

Wicheeda lake1 0.06<1st quartile,          
3rd quartile<10  

Sinusoidal - - - - - Undetermined + + Flat - - 

 Sr Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
Zone 1: a1-a5, b21-b31, 16 
analyses 

13.0 25.1 23.1 14.5 13.9 14.9 16.9 11.4 19.2 16.8 18.8 25.4 28.3 30.5 22.7 24.0 

Zone 2: a6-a14, c, b13-b20, 18 
analyses 

21.9 171.4 63.9 63.1 81.6 81.8 107.4 84.1 124.5 135.9 148.8 131.5 184.2 101.4 141.4 108.5 

Zone 3: a15-a18, b1-b12, 16 
analyses 

26.1 41.6 34.5 41.1 40.1 34.1 39.1 46.2 37.0 25.5 36.6 33.9 37.3 30.7 38.8 33.9 

                 
Precision from NIST 613 5.0 8.1 6.3 5.5 5.5 6.4 6.2 5.7 7.1 6.9 7.9 8.2 8.7 8.0 7.3 8.8 

Precision from NIST 615 16.7 18.7 15.9 26.3 14.3 19.1 19.4 12.7 20.9 10.7 15.8 12.8 16.9 12.0 15.6 12.4 

The compositional variations are determined by 2 x standard deviation divided by average value. 

Positive and negative anomalies or slope are indicated by '+' and '-'. A single notation (e.g. +) refers to a 'weak' signature, double notation (e.g. ++) refers to a 'medium' signature and triple 
notation refers to a 'strong' signature. 1 The Wicheeda Lake sample has only one analysis showing a Ce anomaly, and two analyses showing Eu anomalies.  
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results obtained from this sample are compared with 61 
analyses from 35 different Rock Candy grains (Fig. 4; Fig. 6c). 
The compositional ranges of Sr, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, 
and Yb, constrained by the 1st and 3rd quartile concentrations, 
show that variations within a single grain are less than those of 
multiple grains from the same deposit. The 1st quartile values 
are less than those of multiple grains from the same deposit 
for Tb, Dy, Ho, Er, Tm, and Lu in sample RC-08-8X (Fig. 
6c). The blank signal of some analyses for sample RC-08-8X 
generated very high background signals (e.g., 0-1,000 counts-
per-seconds vs. 0-250 counts-per-seconds, for Tm) resulting in 
high detection limits affecting ~10-30% of analyses for Tb, Dy, 
Ho, Er, Tm, and Lu. In our statistical representation of the data, 
the analyses less than the detection limit are replaced by half of 
the minimum detection limit (M.D.L./2), thus the true contents 
of some elements in RC-08-8X may be underestimated. To 
exaggerate this point, when comparing all detectable analyses 
(without fi ltering via detection limits) of Tm and Lu, the 1st and 
3rd quartiles of RC-08-8X are all within the1st and 3rd quartile 
range of the Rock Candy fl uorite (Figs. 9a, b). For Rock Candy 
fl uorite, the intra-grain trace element variations are smaller 
than those from multiple fl uorite grains. 

Sample YM9215-1X is a single crystal with visible colour 

zoning (Fig. 3) from the Young mine, a MVT deposit (Table 
1). We compare 7 analyses of this crystal to other Young mine 
grains (30 analyses from 9 grains). For Sr, La, Ce, Pr, Nd, Sm, 
Gd, and Tb, the total concentration variation of each element 
in YM9215-1X is less than the Young mine fl uorite (Table 3), 
however the ranges of the 1st and 3rd quartiles are greater (Fig. 
6c). The same comparison of 1st and 3rd quartile ranges cannot 
be applied for Y, Eu, Dy, Ho, Er, Tm, Yb, and Lu, because 
more than 40% of the data are below the detection limit in 
all the Young mine samples, causing the 1st quartile values 
to be unreliable. However, the 3rd quartile values show that 
the contents of Y, Eu, Dy, Ho, Er, Tm, Yb, and Lu in sample 
YM9215-1X are less than other Young mine grains. Although 
the elemental variations for YM9215-1X are not restricted 
within variations for the Young mine fl uorite, the chondrite-
normalized REE patterns are similar (Fig. 6c), as expected. 
These results show that intra-grain trace element variations are 
small when elemental concentrations are notably higher than the 
detection limits. But, when element concentrations are close to 
the detection limits, the intra-grain trace element variations are 
close to or larger than variations between multiple grains. One 
cause of this could be the relatively large uncertainty associated 
with low precision and high detection limits. For this reason, it 

Fig. 9. Box plots of a) Tm and b) Lu from RC-08-8X and other Rock Candy fl uorite with all analyses including those less than the detection 
limits. For Tm, high detection limits were determined for 30% of all analyses and are between 0.14-0.49 ppm. For Lu, high detection limits were 
determined for 25% of all analyses and are between 0.11-0.51 ppm. Line: median value; solid dot: mean value; box: interquartile range (1st-3rd 
quartiles); open circle (outlier); further than 1.5 x (1st-3rd quartiles); whiskers: extreme values that are not outliers.

a) b)
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is important to take note of the uncertainty for analyses that are 
close to the detection limit. 

4.3. Potential use of Rock Candy fl uorite as a matrix-
matched secondary standard for LA-ICP-MS

The fractionation indices of elements in NIST glass differ 
substantially from those of the internal standard, so non-
negligible error may be introduced (Jackson, 2008; Sylvester, 
2008). When NIST glass is used to calibrate fl uorite analyses, a 
matrix-matched secondary standard enhances quality-control. 
Unfortunately, a commercial synthetic fl uorite standard 
is currently unavailable, and natural minerals are rarely 
homogeneous. The LA-ICP-MS, results from crystal RC-08-8X 
indicate three zones defi ned by Sr, Y, and lanthanides (Figs. 2, 7). 
Most of the compositional variations (2σ) in Zone 1 are less than 
20%, and all are less than 30.5% (Table 4). With the exception 
of Sr, the analyses of all elements considered in Zone 2 have 
2σ above 60% (Table 4, Fig. 7).The compositional variations 
of Zone 3 range between 25%-45%. Comparing Zone 1 with 
NIST 613, the compositional variations for Sr (328-419 ppm, 
13%) and Y (28-41 ppm, 25%) are approximately three times 
higher than the analytical variations (determined precision, Sr 
ppm, 5%; Y ppm, 8%). The concentrations of lanthanides in 
Zone 1 are similar to NIST 615, and many of the compositional 
variations are comparable to the analytical variations (Table 4). 
The small compositional variations detected in Zone 1 of the 
RC-08-8X make it a candidate for a matrix-matched secondary 
standard. The adjacent areas, between the a1-a5 and b21-b31 
lines, are currently the best option for use as a matrix-matched 
secondary standard. 

5. Summary
Fluorite from sedimentary-hosted deposits (Liard, the Hastie 

Quarry, the Barnett mine, the Young mine, Gordonsville, 
Elmwood, Kootenay Florence) can be characterized by 
lanthanide/chondrite ratios <3, convex or negatively sloped 
REE patterns, negatively sloped T4, and low concentrations of 
Sr, Y, and lanthanides. Fluorite from peralkaline/alkaline rock-
related deposits (Eaglet, Kipawa, Rexspar, Rock Candy, Rock 
Canyon Creek) mainly show elevated Sr, Y, and lanthanide 
contents and lanthanide/chondrite >2, fl at to weakly negative 
sloping patterns on REE chondrite-normalized plots and 
weakly sloping T4. Fluorite from carbonatite-related deposits 
(Eldor, Wicheeda Lake) has sinusoidal REE chondrite-
normalized patterns, with wide ranges of LREE contents. High 
concentrations of other elements such as Ba, Th, and U are 
distinctly related to particular deposits (Rock Canyon Creek 
and Liard).

Trace elemental variations in single fl uorite crystals are less 
than the variations between crystals from the same deposit, 
and are unlikely to signifi cantly affect the use of fl uorite trace 
element contents to distinguish deposits. Detailed analyses of 
single fl uorite crystals revealed compositional zoning regardless 
of presence or absence of visible zoning. A compositional zone 
was identifi ed in a fl uorite crystal (RC-08-8X) from Rock 

Candy that could be used as a matrix-matched secondary 
standard for fl uorite. A larger data compilation is required to 
produce valid discrimination diagrams.
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