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ABSTRACT

Fluorite from four fluorite-REE mineral deposits has been analyzed by L A—ICP-M Sto determine the viability of this method
for fluorite and to assess spatial and paragenetic compositional heterogeneity in the fluorite. Two of the deposits studied have an
affiliation to an alkaline suite (Gallinas Mountains, New Mexico and Rock Canyon Creek, British Columbia), and two are asso-
ciated with granites (South Platte, Colorado and St. Lawrence, Newfoundland). We show that LA-ICP-MSisavalid technique
for the analysis of fluorite and that the nature of, and controls on, the trace-element content of fluorite are more complex than
previously indicated from bulk analyses. Significant, small-scale (Iess than 2 mm) variation occurs in the trace-element compo-
sition of fluorite within individua deposits. Patterns of trace-element enrichment and depletion differ between, but are generally
consistent within, individual deposits. Fluorite associated with alkaline magmatism is characterized by aflat to LREE-enriched
chondrite-normalized REE pattern that lacks a negative Eu anomaly and has a positive Y anomaly. Fluorite associated with
granitic magmatism is characterized by aflat to LREE-depl eted chondrite-normalized REE pattern that has anegative Eu anomaly
and apositive Y anomaly. With the exception of the Eu and Y anomalies, the chondrite-normalized REE patterns of the fluorite
are similar to those of the associated intrusive rocks. The compositional heterogeneity of fluorite indicates that its use as aguide
in classifying mineralization or in mineral exploration should be limited to instances where results of small-scale analyses (LA—
ICP-MS) are available.
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SOMMAIRE

Nous avons examiné la composition de la fluorite provenant de quatre gisements de fluorite et terres rares par plasma a
couplage inductif et spectrométrie de masses avec ablation au laser (LA-ICP-MS) afin d’ établir la viabilité de cette approche
pour la fluorite et d’en évaluer I’ hétérogénéité spatiale et paragénétique. Deux des gisements ont une filiation avec une suite
alcaline (Gallinas Mountains, au Nouveau-Mexique, et Rock Canyon Creek, en Colombie-Britannique), et deux sont associés a
des granites (South Platte, au Colorado, et St. Lawrence, a Terre-Neuve). Nous démontrons que la technique LA—ICP-MS est
propice pour I’ analyse de lafluorite, et que la nature des € éments traces présents dans la fluorite, et des controles les régissant,
sont plus complexesquel’ on croyait d' apréslesrésultats sur analyses globales. Desvariationsimportantes des teneurs en € éments
traces a courte échelle (moins de 2 mm) sont décelées au sein d’un méme gisement. Les tracés d’ enrichissement et
d appauvrissement différent d’un gisement a I’ autre, mais semblent grosso modo conformes au sein d'un seul gisement. La
fluorite associée au magmati sme alcalin possede un tracé plat ou enrichi en terresrares|égéres par rapport aux chondrites; elle est
dépourvued’ une anomalie négative en Eu, maismontre uneanomalie positiveen Y. Lafluorite associ ée au magmatisme granitique
possede un tracé plat ou appauvri en terres rares | égéres, et montre une anomalie négative en Eu et une anomalie positiveen Y.
A I’exception des anomalies en Eu et Y, les tracés des terres rares normalisés dans la fluorite ressemblent & ceux des roches
intrusives associées. A casusede |’ hétérogénéité delafluorite, son utilisation comme guide d' un certain type de minéralisation en
en exploration minérale seralimitée aux casou il existe des résultats d’ une étude des variations a courte échelle, par exemple par
LA-ICP-MS.

(Traduit par la Rédaction)

Mots-clés: fluorite, ablation au laser, ICP-MS, terres rares, fluide hydrothermal, granite, syénite, minéralisation.
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INTRODUCTION

The trace-element composition of fluorite from hy-
drothermal mineral deposits has been used to identify
sources of fluid (e.g., magmatic versus formation wa-
ters), evaluate depositional mechanisms, develop con-
ceptual genetic models, and make inferences about the
ore potential of individual deposits and the regions in
which they occur (e.g., Moller et al. 1976, Richardson
& Holland 1979, Eppinger & Closs 1990, Hill et al.
2000). Most of these interpretations are based on the
bulk composition of fluorite crystals; such crystalscom-
monly show fine-scale color banding (e.g., Strong et al.
1984), however, suggesting the possibility that the trace-
element distribution varies on afine scale.

The trace-element composition of minerals, includ-
ing fluorite, can now be quantitatively determined on
small spatial scales (<10 wm) and to low elemental con-
centrations (<pg/g) using laser ablation — inductively
coupled plasma — mass spectrometry (LA—ICP-MS)
(Jackson et al. 1992, Fryer et al. 1995). In order to as-
sess the nature and magnitude of fine-scale variations
in the trace-element content of fluorite, its composition
from four mineral deposits was investigated using LA—
ICP-MS analysis: Gallinas Mountains, New Mexico,
Rock Canyon Creek, British Columbia, South Platte,
Colorado, and St. Lawrence, Newfoundland. These de-
posits were selected because they represent a spectrum
of fluorite-bearing mineral deposits associated with gra-
nitic and alkaline magmatism, and al contain multiple
generations of fluorite. In this paper, we show that there
can be significant variation in the trace-element content
of fluorite within depositsat avariety of scales, and that
thisvariation hasthe potential to provide useful insights
into mineralizing processes.

GEeoLoGY oOF THE MINERAL DEPOSITS SELECTED
Gallinas Mountains, New Mexico

Rare-element mineralization in the Gallinas Moun-
tains district of east-central New Mexico was described
by Perhac & Heinrich (1964), Schreiner (1993), and
Williams-Jones et al. (2000). Fluorite — rare-earth ele-
ment (REE) mineralization is associated with Oligocene
felsic intrusive bodies and occurs within breccia pipes
and fault-hosted breccias hosted by theseintrusive rocks
and the country rocks. Fluorite, the predominant min-
eral in the breccia matrix, occurs with REE mineras
(mainly bastnasite), quartz, barite, calcite, pyrite and
hematite. In the Pinatosa deposit, a breccia pipe 100
meters wide hosted by quartz syenite, three generations
of fluorite (P1, P2 and P3) have been identified (Will-
iams-Jones et al. 2000). The earliest, P1, isrimmed and
replaced by P2, whereas P3 fluorite replaces and forms
the matrix to P1 and P2 fluorite and other minerals.
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Williams-Jones et al. (2000) proposed that the mineral-
ization formed as a result of the progressive mixing of
magmatic fluids with formation waters.

Rock Canyon Creek, British Columbia

The Rock Canyon Creek rare-element mineraization
in southeastern British Columbia has been described by
Pell & Hora (1987), and Samson et al. (2000, 2001).
Fluorite-REE mineralization occurs mainly as an elon-
gate, approximately strata-parallel zone hosted by lime-
stone and dolomite predominantly of Ordovician and
Devonian age. Mineralization comprises early, fine-
grained, patchy disseminated fluorite and later vein and
breccia-matrix fluorite (Samson et al. 2001). REE min-
erals(mostly synchysite and parisite) are associated with
the early, disseminated fluorite. Barite, quartz, carbon-
ate, pyrochlore and Nb-bearing rutile occur with the
fluorite and REE minerals (Samson et al. 2001). Al-
though amagmatic association has not been documented
in the field, the geochemical, mineralogical and isoto-
pic character of the deposit indicates fluid derivation
from alkaline magma (Pell & Hora 1987, Samson et al.
2001). Precipitation of the disseminated fluorite-REE
mineralization is considered to have resulted from in-
teraction of F- and REE-bearing hydrothermal fluids
with carbonate wallrocks (Samson et al. 2001). Samples
of early purple disseminated fluorite and later yellow
and purple, zoned breccia-matrix and vein fluorite were
included in this study.

South Platte, Colorado

The South Platte district rare-element mineralization
in central Colorado has been described by Simmons &
Heinrich (1980), Simmons et al. (1987) and Levasseur
(1997). The mineralization occurs within concentrically
zoned, REE——Y-Nb-U-enriched granitic pegmatites
hosted by the Proterozoic, anorogenic Pikes Peak gra-
nitic batholith (Hedge 1970, Simmons & Heinrich 1970,
1980, Simmons et al. 1987). Some of the zoned
pegmatites contain secondary hydrothermal replace-
ment minerals that include fluorite (Simmons &
Heinrich 1970, 1980, Brewster 1986). Six varieties of
fluorite have been identified: primary (magmatic) green,
and secondary (hydrothermal) purple, colorless, white,
brown and gray (Simmons & Heinrich 1980). The de-
posits occur entirely within, and are genetically linked
to, the host granitic batholith. Levasseur (1997) and
Levasseur & Samson (1996) interpreted the REE in the
hydrothermal fluorite to have been leached from the
primary green fluorite by magmatic solutions. Samples
of green, purple, colorless and white fluorite included
in this study were obtained from the White Cloud and
Oregon 3 pegmatites.
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<. Lawrence, Newfoundland

The St. Lawrence fluorspar deposits in southeastern
Newfoundland have been described by Van Alstine
(1948), Strong et al. (1984) and Collins & Strong
(1988). The deposits comprise fluorite veins that mostly
occur within the Lower Carboniferous St. Lawrence
granitic pluton and related porphyry dikes, but which
also extend into the country rocks. The veins are geneti-
caly linked to the granitic pluton and formed as open-
space fillings in tension fractures caused by cooling of
the granite (Van Alstine 1948). Fluorite is the predomi-
nant mineral in the veins and has well-developed col-
ored growth-zones (Strong et al. 1984). Quartz, calcite,
minor chalcopyrite, sphalerite, galena, and rare barite
also occur within the veins. Strong et al. (1984) and
Collins & Strong (1988) presented genetic models in
which fluorite deposition occurred as aresult of cooling
or boiling of fluid, or mixing of formation water with
magmatic fluid. Samples of fluorite included in this
study were obtained from the Iron Springs, Grebe' s Nest
and Lawn Barite veins. The Iron Springsvein islocated
within the St. Lawrence granite, and the Grebe’'s Nest
and Lawn Barite veins are located within agranitic dike
and the country rocks to the St. Lawrence granite, re-
spectively (Strong et al. 1984, Collins & Strong 1988).
A summary of the sample locations and the types of
fluorite studied is provided in Table 1.

LA CP-MS ANALYSIS

Analysis of fluorite samples from Gallinas Moun-
tains, Rock Canyon Creek, South Platte and the major-
ity of the fluorite samples from St. Lawrence was
conducted at the LA—ICP-MS facility in the Great
Lakes Ingtitute for Environmental Research at the Uni-
versity of Windsor. Some of the St. Lawrence fluorite
samples were analyzed at the LA-ICP-MS facility in
the Department of Earth Sciences at Memorial Univer-
sity of Newfoundland. Both facilities are equipped with
solid-state, 266 nm Nd-doped yttrium aluminum garnet
(Nd-YAG) pulsed lasers. Analyses were performed on
doubly-polished wafers bonded to glass dides, and al
sampleswere cleaned prior to analysis by washing with
distilled, deionized water and ethanol. Sample ablation
was conducted within an argon-filled sampling cell
mounted to the stage of a conventional polarizing mi-
croscope. The ablated material wastransported from the
ablation cell to the ICP-MSin argon asthe carrier gas.
Laser-sampling locations on individual grains of fluo-
rite were selected to minimize the possibility of encoun-
tering solid or liquid inclusions. Sampling locations
included single spots for samples that exhibited arela-
tively high degree of visual heterogeneity, such as mul-
tiple generations of fluorite (Gallinas Mountains) or
growth bands (St. Lawrence, Rock Canyon Creek), and
traverses for samples that appeared relatively homoge-
neous (South Platte and St. Lawrence). Photomicro-
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graphsof typical laser-ablation pitsand traversesin fluo-
rite from St. Lawrence are provided in Figure 1.
Fluorite analyses conducted at the University of
Windsor were performed using a ThermoElemental
PlasmaQuad—-3 ICP-MS instrument, and those at Me-
moria University were performed using a Sciex |CP—
MS instrument. The fluorite samples were analyzed for
most or all of the REE aswell as several other elements.
Calibration of the ICP-MS was accomplished using
NIST glass standards 610 and 612. The conversion of
the ICP-MS output data (counts/second) to concen-
tration units (ng/g) was accomplished using the
LAMTRACE program developed by S.E. Jackson (van

Fic. 1A. Photomicrograph of athin section of Grebe's Nest
vein fluorite from St. Lawrence, Newfoundland showing
well-developed parallel growth-bands, laser-ablation pits
(P) and traverses (T).
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Achterbergh et al. 2001). The stoichiometric proportion
of Cain ideal fluorite was used as an internal standard
for the cal culation of the trace-element abundances. This
choiceisreasonable, considering that in most casesfluo-
rite comprises over 99% CaF, (Deer et al. 1992). Ele-
mentsthat readily substitute for Ca(Ce, Sr, and Y) were
sought and generally found to occur at total concentra-
tions of less than approximately 0.4 wt.% in our
samples. A summary of the equipment specifications
and general instrument-operation conditions used dur-
ing analysis of the fluorite samplesis provided in Table
2. An example of time-resolved spectra obtained from
green fluorite from South Platteis provided in Figure 2;
the plot shows that several elements were detected at
significant and relatively uniform count-rates, indicat-
ing the presence of these elements within the structure
and not as small solid or liquid inclusions within the
grains.

ANALYTICAL RESULTS

The results of the LA-ICP-MS analyses are sum-
marized in Tables 3 through 6. Reported in the tables
arethetypes of fluorite analyzed, the average abundance
of elements present (reported as .g/g) in concentrations
above the detection limits of the analytical method, and
the number of analyses performed (n). Included in

50 ym
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Table 3isthe average composition of the quartz syenite
associated with the Gallinas Mountains fluorite-REE
mineralization, calculated from data presented by
Schreiner (1993). Included in Table 5 is the average
composition of the Pike's Peak granite associated with
the fluorite-REE mineralization, calculated from data
presented by Smith et al. (1999). Included in Table 6 is
the average composition of the St. Lawrence granite
associated with the fluorite-REE mineralization, calcu-
lated from previously unpublished data collected by B.J.
Fryer.

TABLE 1. THE VARIETIES OF FLUORITE IN THE FOUR DEPOSITS

Deposit Magmatic fluorite Hydrothermal fluorite
Alkali it 1 d d. p 1t
Gallinas Mountains P1=P2=P3*
Rock Canyon Creek Disseminated = Vein and Breccia*
Replacement

Granite-associated deposits

South Platte
St. Lawrence

Purple and white = Colorless*

Green
-- Grebe’s Nest, Iron Springs, Lawn Barite

* Arranged in order of paragenesis.

Fic. 1B. Photomicrograph of typical laser traverses in Grebe's Nest vein fluorite. The
photomicrograph illustrates how the ablation characteristics of fluorite can be modified
by adjusting laser energy. The traverse on the right shows poor ablation-characteristics
obtained at low power (5 mJ). The traverse on the left shows good abl ation-characteris-

tics obtained at higher power (20 mJ).
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Fic.2. Anexample of time-resolved | CP-M S spectra obtained from green fluorite from the South Platte District. In addition to
the elements presented in the figure, Si, K, Cu, Zn and Nb were also sought, but were found to be below the lower limit of

detection.



370

SpATIAL AND PARAGENETIC CHANGES
IN FLUORITE COMPOSITIONS

Gallinas Mountain

As aresult of petrographic analysis of the Gallinas
Mountains fluorite-REE mineralization, Williams-
Joneset al. (2000) determined that the sequence of fluo-
rite precipitation was P1, then P2 and, finaly, P3. These
authors postulated that early in the evolution of the hy-
drothermal system, the magmacthat produced the quartz
syenite, or arelated magma at depth, was the dominant
source of fluid. Figure 3A presents the average compo-

TABLE 2. SUMMARY OF INSTRUMENT CONDITIONS

Laser-sampling system ICP-MS system

Manufacturer Continuum Manufacturer ThermoElemental
Model Surelite I Model PQ3

‘Wavelength 266 nm Mode Peak-jumping
Energy 20 mJ Dwell time/Isotope 10 ms

Mode Q-switched Average sensitivity 200,000,000
Repetition rate 20 Hz (solution mode) counts/s/ppm
Pulsewidth 4to6ns Scan time 150 to 400
Laser-spot diameter ~ 10to 15 um ms/scan

TABLE 3. SUMMARY OF ANALYTICAL RESULTS ON FLUORITE
FROM GALLINAS MOUNTAINS, NEW MEXICO,
COMPARED WITH THOSE ON SYENITE

Element Fluorite P1 Fluorite P2 Fluorite P3 Syenite”
n=9 n=11 n=12 n=11
Na pg/g 1380 5270 2740 60700
Mg 10 80 680 500
Si 1070 12220 10200 307500
K 100 170 170 24700
Mn 20 220 1060 0.09
Cu 6.0 6.0 669 9.7
Zn 1.7 4.1 194 29.8
Rb 0.4 0.5 0.7 N.a.
Sr 243 698 2930 194
Y 179 676 2620 58.9
Nb 0.1 1.6 322 142
Ba 54 1480 10400 1190
La 73 5510 55100 137
Ce 68 4720 45300 214
Pr 59 478 4760 <D.L.
Nd 26 1350 13500 58.6
Sm 4.4 140 1070 9.8
Eu 12 326 264 2.1
Tb 0.8 14.7 95.7 0.7
Dy 4.8 65.8 613 3.0
Ho 13 14.1 75.5 1.0
Er 4.2 41.1 209 <D.L.
Tm 0.6 6.3 50.5 <D.L.
Yb 3.4 38 193 52
Lu 0.4 42 16.4 0.7
Pb 141 605 9110 63.4
Th 0.2 172 768 62.3
U 03 39.0 344 9.8

< D.L.: concentration below detection limit of the analytical method. N.a.: Sample
was not analyzed for this element. * Source: Schreiner (1993).
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sitions of P1, P2 and P3 fluorite relative to the average
composition of the quartz syenite, based on published
datafor the syenite from Schreiner (1993). The average
compositions of the three generations of fluorite differ
from each other and from the quartz syenite. Crystals of
P1 fluorite have similar Sr and heavy REE (HREE), five

TABLE 4. SUMMARY OF ANALYTICAL RESULTS ON FLUORITE

FROM ROCK CANYON CREEK, BRITISH COLUMBIA

Element  Dissem. Vein* Element  Dissem. Vein*
fluorite fluorite fluorite fluorite
n=19 n=44 n=19 n=44

Na pg/g 420 390 Nd 3660 83

Mg 4280 680 Sm 117 31.7

Si 1520 1150 Eu 27.5 16.1

K 20 20 Tb 7.8 13.6

Cu 4.6 4.2 Dy 225 111

Zn 5.6 11.2 Ho 4.5 239

Rb 0.1 02 Er 12.5 65.8

Sr 627 648 Tm 23 10.4

Y 211 469 Yb 17.0 64.1

Nb 18.1 0.8 Lu 24 8.7

Ba 2650 294 Pb 6.4 11.8

La 25400 51.7 Th 673 1880

Ce 19200 116 U 02 0.7

Pr 1620 17.7

Dissem.: disseminated. Vein*: vein or breccia.

TABLE 5. SUMMARY OF ANALYTICAL RESULTS ON FLUORITE
FROM SOUTH PLATTE, COLORADO,
COMPARED WITH THOSE ON GRANITE

Element Green ‘White Purple Colorless Granite*
fluorite fluorite fluorite fluorite

n=4 n=7 n=6 n=9 n=7
Na pg/g 1640 4110 1940 1870 24100
Mg 20 250 220 30 1400
Si 1910 410 890 360 336100
K 10 220 210 20 45900
Cu 0.7 1.8 95 12 N.a.
Zn 0.3 3.6 29 1 90
Rb 0.2 0.6 03 03 214
Sr 169 45.2 149 208 85.5
Y 8320 2330 993 9770 81.7
Nb 0.1 13.5 10.2 0.1 21.5
Ba 3.9 4.7 4.8 32 659.3
La 141 719 104 220 166.5
Ce 232 851 116 370 3123
Pr 429 157 225 66 Na
Nd 253 499 103 308 133.6
Sm 139 202 42.0 218 23.4
Eu 16.6 55 3.9 228 1.8
Tb 90.5 32.0 21.7 123 2.6
Dy 693 194 538 1010 N.a.
Ho 206 549 488 247 N.a.
Er 675 203 165 796 N.a.
Tm 97.4 222 85 144 Na
Yb 820 370 208 998 9.0
Lu 114 49.6 284 139 1.4
Pb 1.9 113 42 4.7 Na.
Th 433 258 122 99.1 Na.
u 0.7 12.8 12 0.8 3.3

N.a.: sample was not analyzed for this element. * Source: Smith e al. (1999).
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Fic.3. A.Element enrichment or depletion factorsfor fluorite P1, P2 and P3 from Gallinas
Mountains relative to quartz syenite. These factors are calculated by dividing the aver-
age concentration of an element in the fluorite by its average concentration in quartz
syenite (Schreiner 1993), and represent the degree of enrichment or depletion of ele-
ments in the P1, P2 and P3 fluorite types relative to the quartz syenite. B. Chondrite-
normalized REE patternsfor Gallinas Mountains quartz syenite and fluorite. P1 fluorite
has REE concentrations and chondrite-normalized REE pattern similar to those of the
associated syenite. P2 and P3 fluorite have significantly higher REE concentrations and
are more LREE-enriched than P1 fluorite. P1 fluorite has a well-devel oped, positive Y
anomaly, in P2 fluorite, the anomaly is less well-devel oped, and in P3 fluorite there is

no anomaly.

to onethousand timeslower Na, Mg, Si, K, Cu, Zn, Nb,
Ba, light REE (LREE), Th and U, and two to threetimes
higher Y and Pb concentrations than the quartz syenite.
Crystals of P2 fluorite have five to over one hundred
timeslower Na, Mg, Si, K, Cu, Zn, Nb and Th and four

to forty times higher Sr, Y, REE, Pb and U concentra-
tionsthan the quartz syenite. Crystals of P2 and P3 fluo-
rite have similar or higher concentrations of all of the
elementsanalyzed relative to P1 and P2 fluorite, respec-
tively. Although the relative enrichments and depletions
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of individual elements vary among the different types
of fluorite, the shapes of the enrichment or depletion
patterns generally are similar and parallel one another.

The Gallinas Mountains quartz syenite has a rela-
tively flat chondrite-normalized REE pattern that is
slightly LREE-enriched and has a slight, positive Y
anomaly (Fig. 3B). Yttrium, which is similar in charge
and ionic radius to Ho, has been included between Dy
and Ho in the chondrite-normalized REE diagrams. P1
fluorite has asimilar chondrite-normalized REE pattern
and REE concentrations (particularly the HREE) to the
quartz syenite, with adistinct, positiveY anomaly. Con-
centrations of the REE in the P1 fluorite and the quartz
syenite vary between approximately ten to one hundred
times chondrite. The concentrations of all REE, but par-
ticularly the LREE, are higher in P2 fluorite than in P1,
and higher till in P3 fluorite. The pronounced positive
Y anomaly displayed by P1 fluorite is less pronounced
in P2, and absent in P3 fluorite. Concentrations of the
REE are 10 to 100 times higher in P2 fluorite than in P1
fluorite (approximately 100 to 1,000 times chondrite)
and are 10 to 1,000 times higher for P3 fluorite relative
to P1 fluorite (approximately 10% to 10° times chon-
drite). Unlike the quartz syenite, the chondrite-normal-
ized REE patterns for P1, P2 and P3 fluorite all have a
dlight negative Ce anomaly.

TABLE 6. SUMMARY OF ANALYTICAL RESULTS ON FLUORITE
FROM ST. LAWRENCE, NEWFOUNDLAND,
COMPARED WITH THOSE ON GRANITE

Element Grebe’s Nest Iron Springs Lawn Barite Granite

fluorite fluorite fluorite

n=48 n=12 n=13 n=2
Mg pelg 20 10 Na. 1030
Si 1000 840 Na. 361300
Cu 4.6 1030 Na. <DL
Zn 153 1950 N.a. 29
Rb 0.6 1.7 Na. 218
Sr 56.1 672 184 414
Y 2060 3570 1120 68.3
Nb 0.1 0.8 N.a. 555
Ba 13.6 6.3 150 40.7
La 216 9.7 256 45.6
Ce 309 159 60.9 95.8
Pr 2.7 2.8 9.4 12.0
Nd 44.0 13.2 48.6 45.2
Sm 13.7 1.7 23.0 11.3
Eu 2.0 0.5 32 0.2
Tb 1.4 3.0 7.9 19
Dy 26.5 36.6 60.0 12.3
Ho 2.0 93 12.9 2.6
Er 16.1 24.4 358 7.6
Tm 0.6 35 4.4 12
Yb 11.0 19.1 234 7.4
Lu 0.5 2.4 22 1.1
Pb 24.0 731 2360 39
Th 0.1 0.1 0.4 19.1
U 0.1 16.6 <DL. 7

<D.L.: Concentration below detection limit analytical method. N.a.: Sample was not
analyzed for this element.
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Rock Canyon Creek

In a study of the Rock Canyon Creek fluorite-REE
mineralization, Samson et al. (2001) determined that
disseminated fluorite precipitated prior to breccia and
veinfluorite. In Figure 4A, we present the average com-
positions of brecciaand vein fluorite relative to dissemi-
nated fluorite. The two generations of fluorite have very
different average compositions. Relative to dissemi-
nated fluorite, brecciaand vein fluorite have similar Na,
Si, K, Cu, Rb, and Sr, approximately two to seven times
higher Zn, Y, HREE, Pb, Th, and U, and approximately
fiveto five hundred times|ower Mg, Nb, Ba, and LREE
concentrations.

Disseminated fluorite from Rock Canyon Creek has
chondrite-normalized REE patterns that are LREE-en-
riched and are approximately ten to one hundred times
chondrite (Fig. 4B). The chondrite-normalized REE
pattern for disseminated fluorite has a slight negative
Ce anomaly and positive Y anomaly. Fluorite in the
brecciaand vein fluorite at Rock Canyon Creek have a
flat chondrite-normalized REE pattern that is dlightly
LREE-depleted, with aslight negative Y anomaly. Con-
centrations of the REE within breccia and vein fluorite
vary between approximately 100 and 300 times chon-
drite.

South Platte District

In light of petrographic analysis of the South Platte
District granitic pegmatites, Levasseur & Samson
(1996) and Levasseur (1997) showed that colorless,
purple, and white hydrothermal varieties of fluorite re-
place primary green magmatic fluorite. In Figure 5A,
we present the average composition of green, colorless,
white and purple fluorite relative to the average compo-
sition of the associated Pike's Peak granite, based on
published data for the granite taken from Smith et al.
(1999). Because the fluorite-REE mineralization is con-
tained within pegmatites hosted by the granite, the gran-
iteisthe most likely source of the fluids from which the
hydrothermal fluorite precipitated. The average compo-
sition of the magmatic and hydrothermal fluorite are
significantly different from the host granite, but exhibit
similar patterns of enrichment and depletion relative to
it. Relative to the average composition of the granite,
crystals of primary magmatic and hydrothermal fluorite
have similar levels of Sr, La, Ce and U, approximately
10to 1000 times lower Mg, Si, Zn, Rb, Nb and Ba, and
approximately five to 100 times higher Y, Nd, Sm, Eu,
Th, Yb and Lu concentrations. The average composi-
tion of the green fluorite is very similar to that of the
colorlessfluorite, whereas purple and whitefluorite dis-
play greater compositional variability, compared to
green and colorless fluorite.

Relative to magmatic and hydrothermal fluorite, the
South Platte District granite has generally lower REE
abundances and a LREE-enriched chondrite-normalized
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pattern that lacks a negative Ce anomaly, and has nega-
tive Euand Y anomalies (Fig. 5B). Green and colorless
generations of fluorite have relatively flat, HREE-en-
riched chondrite-normalized REE patterns, with nega-
tive Ce and Eu anomalies, a positive Y anomaly, and
REE concentrations between 500 and 4000 times chon-
drite. The similarity between the composition of green
and colorless fluorite suggests that the colorlessfluorite
may be altered, relict green fluorite. In general, purple
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and white generations of hydrothermal fluorite exhibit
chondrite-normalized REE patterns that are similar to
those of green and colorless fluorite, but have REE con-
centrations that are up to 100 times lower, with purple
fluorite having the lowest REE concentrations (Fig. 5B).
Whitefluorite exhibitsapositive Y anomaly, rather than
the slight negative Y anomaly exhibited by purple fluo-
rite. With the exception of a few elements (e.g., Y),
chondrite-normalized REE patterns suggest that replace-
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ment of green fluorite by purple and white fluorite sim-
ply resulted in lower concentrations of the REE in the
replacement fluorite, without significant inter-element
fractionation. The similarities in chondrite-normalized
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REE patterns suggest that the composition of the pri-
mary fluorite was the predominant control on the com-
positions of later, hydrothermal fluorite.
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<. Lawrence veins) and in the host rocks to the granite (Lawn Barite
vein). The occurrence of the fluorite veins within and

Strong et al. (1984) concluded that the St. Lawrence  outside of the granite enables examination of potential
fluorite veinswere formed from hydrothermal fluidsthat  large-scale spatial variations in fluorite composition.
were exsolved from the St. Lawrence granite. Theveins  Figure 6A presents the average composition of fluorite
occur bothinthe granite (Iron Springsand Grebe'sNest  from the Iron Springs, Grebe's Nest and Lawn Barite
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for St. Lawrence Grebe' s Nest and Lawn Barite vein fluorite, which occur externally to
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veins relative to the average composition of the associ-
ated St. Lawrence granite. Relative to the granite, fluo-
rite from those veins generally exhibit similar patterns
of elemental enrichment and depletion; crystals of vein
fluorite have similar Sr and REE, approximately 10 to
1000 times lower Mg, Si, Rb, Nb, Baand Th, and ap-
proximately 10 to 100 times higher Zn, Y, and Eu con-
centrations. Notable exceptions are Ba, Pb and U.
Relative to the granite, Bais enriched in the Lawn Bar-
ite fluorite and depleted in Iron Springs and Grebe's
Nest fluorite, Pb is enriched in the Iron Springs and
Grebe' s Nest fluorite and depleted in Lawn Barite fluo-
rite, and U is enriched in Iron Springs fluorite and de-
pleted in Lawn Barite fluorite. Although the granite has
been interpreted to be the source of the hydrothermal
fluids and REE (Strong et al. 1984), veins outside of the
granite (e.g., Lawn Barite) have higher average REE
concentrations than veins within the granite (e.g., Iron
Springs). The former are a so more LREE-enriched than
the latter.

In the St. Lawrence granite, REE concentrations are
between two and one hundred times chondrite, with a
chondrite-normalized REE pattern that is relatively flat
and dightly LREE-enriched (Fig. 6B). Fluorite from the
Grebe's Nest and Lawn Barite veins has REE concen-
trations between 10 and 1000 times chondrite and rela-
tively flat chondrite-normalized REE patterns. Relative
to fluorite from the Lawn Barite and Grebe' s Nest veins,
fluorite from Lawn Barite veins has lower LREE con-
centrations and similar HREE concentrations. The chon-
drite-normalized REE patterns for the granite and
fluorite al have negative Eu anomalies; only the fluo-
rite has a positive Y anomaly, however.

FLuorITE COMPOSITION AS AN INDICATOR
oF GEoLoGICAL AFFINITY

Fluorite from Gallinas Mountains and Rock Canyon
Creek, which are associated with alkaline magmatism,
are characterized by relatively flat to LREE-enriched
chondrite-normalized REE patterns that lack a Eu
anomaly and may or may not show adlight negative Ce
anomaly, or dlight positive Y anomaly. In the case of
Gallinas Mountains, the earliest generation of fluorite
(P1) has REE abundances and a chondrite-normalized
REE pattern similar to the associated quartz syenite. In
contrast, fluorite from South Platte and St. Lawrence,
which are associated with granitic magmatism, are char-
acterized by relatively flat to HREE-enriched chondrite-
normalized REE patterns that have a distinct negative
Eu anomaly and apositiveY anomaly. In the case of St.
Lawrence, the fluorite has REE abundances and chon-
drite-normalized REE patterns that are similar to those
of the associated granite, although the granite lacks a
positiveY anomaly. At South Platte, the fluorite exhib-
its HREE-enriched chondrite-normalized REE patterns
that differ markedly from the LREE-enriched pattern of
the associated granite. Although the absolute concen-
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tration of individual elements may vary, the patterns of
elemental enrichment and depletion shown by all types
of fluorite relative to the associated intrusive rocks are
consistent within an individual deposit, regardless of
whether the fluorite is primary, i.e., magmatic or sec-
ondary and hydrothermal (e.g., South Platte).

Elemental discriminant diagrams have been used in
a variety of studies to interpret fluorite compositions,
characterize and differentiate fluorite occurrences, and
make inferences about the depositional environment and
ore potential of individual fluorite deposits and mining
districts (e.g., Schneider et al. 1975, Mdller et al. 1976,
Eppinger & Closs 1990, Hill et al. 2000). Mdller et al.
(1976) used Th/Ca and Th/La values to discriminate
fluorite occurrences according to their sedimentary,
hydrothermal or pegmatitic affinities. Furthermore, they
interpreted trendsin Th/Caand Th/Laas resulting from
progressive incorporation of REE into fluorite during
hydrothermal precipitation, which they refer to as the
crystallochemical trend, or from differencesin therela-
tive strength of fluorocomplexes, which they refer to as
the remobilization trend. Below, we examine the com-
position of thefluorite analyzed in this study in terms of
Th/Ca and Th/La values and the fields and trends de-
fined by Mdller et al. (1976). Use of a constant, sto-
ichiometric abundance of Cainideal fluorite (presented
as Ca*) asan interna standard for LA-ICP-MS analy-
ses suggests that the use of the Th/Ca* ratio may be
inappropriate. However, varying the Ca* concentration
by as much as 10% (+5% from the stoichiometric value),
which is unreasonably large considering that the ele-
mentsthat readily substitutefor Cawere generally found
to occur at total concentrations |less than approximately
0.5 wt.% in our samples, shows virtualy no effect on
the discriminant diagram. Variation in the Ca concen-
tration of fluorite thusis not arelevant variable in dis-
criminating the different occurrences of fluorite
discussed here. Plotting Tb versus Th/La would yield
comparable results.

Most of the fluorite from Gallinas Mountains plots
within the pegmatite field, and each type (P1, P2 and
P3) occurs within arelatively well-defined population
(Fig. 7A). The change in Th/Ca* and Th/La values de-
fined by P1, P2 and P3 fluorite defines a progressive
compositional evolution from relatively high Th/Laand
low Th/Ca* (P1 fluorite) to relatively low Th/La and
high Th/Ca* (P3 fluorite). This evolutionary trend is
approximately orthogonal to the crystallochemical trend
and is in the opposite direction to the remobilization
trend of Moller et al. (1976).

Fluorite from Rock Canyon Creek straddles the
boundary between the pegmatite and hydrothermal
fields (Fig. 7A). Disseminated fluorite plots in arela
tively tight cluster, but the vein and breccia fluorite ex-
hibits much greater compositional variation, however,
and overlaps the field defined by the paragenetically
earlier, disseminated fluorite. Some of the disseminated
and vein and breccia fluorite define a compositional
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trend that parallels the boundary between the pegmati-
tic and hydrothermal fields and the crystallochemical
trend of Mdller et al. (1976). However, some of the |ate
(vein and breccia) fluorite plots at lower Th/Laand Th/
Ca* values than the early (disseminated) fluorite, sug-

gesting that the composition of some vein and breccia
fluorite could be interpreted to define a compositional
trend opposite to the crystallochemical trend proposed
by Mdller et al. (1976).
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The South Platte fluorite plots primarily within the
pegmatite field, which is consistent with its occurrence
within granite-hosted pegmatites (Fig. 7B). Purple and
white fluorite, which replace the green fluorite, have
lower Th/Ca* and Thb/La values than green and color-
less fluorite. The compositional range of magmatic and
hydrothermal fluorite defines a trend similar in slope,
but oppositein direction, to the crystallochemical trend
of Mdller et al. (1976).

Fluorite from the Grebe’'s Nest and Lawn Barite
veins at St. Lawrence plots in arelatively tight cluster
within the pegmatite field, whereasfluorite fromthelron
Springs vein plots in the hydrothermal field (Fig. 7B).
The array of datafor fluorite from the Iron Springsvein
crudely parallelsthe crystallochemical trend. In contrast,
most of the fluorite from the Grebe’'s Nest and Lawn
Barite veins plot in relatively tight clusters, and system-
atic trends in composition are not apparent.

Samples of green magmatic and col orless hydrother-
mal fluorite from South Platte plot entirely within the
pegmatite field, as defined by Mdller et al. (1976). The
majority of South Platte purple and white, approxi-
mately half of Rock Canyon Creek, and all of Gallinas
Mountains P2 and P3 hydrothermal fluorite plot within
the pegmatitic field, rather than the hydrothermal field.
At St. Lawrence, the granite-hosted Iron Springs vein
fluorite plots within the hydrothermal field rather than
the pegmatitic field. Therefore, Th/Ca* and Th/Laval-
ues are not areliableindicator of the geological affinity
of hydrothermal fluorite.

The trends in Th/Ca* and Th/La values obtained in
this study are more complex than can be explained by
the crystallochemical and remobilization trends pro-
posed by Mdller et al. (1976). Trends in the composi-
tion of fluorite are opposite to (e.g., South Platte) or
inconsistent with (e.g., Gallinas Mountains and St.
Lawrence) the remobilization or crystallochemical
trends. The controls on trends defined by Th/Ca* and
Th/La values remain poorly understood.

FLuorITE COMPOSITION AS AN INDICATOR
OF SOURCE OF THE HYDROTHERMAL FLUID

Both magmatic and formation waters have been
identified from, or proposed to have been involved in,
REE-bearing hydrothermal systems (e.g., Strong et al.
1984, Norman et al. 1985, Banks et al. 1994, Salvi &
Williams-Jones 1992, Palmer & Williams-Jones 1996,
Williams-Jones et al. 2000, Samson et al. 2000). If the
composition of fluorite within these deposits is unique
to aparticular type of ore-forming system (e.g., granitic
versus akaline), then compositional data on fluorite
from deposits of known affinity could potentialy be
used to make inferences about the genesis of REE-bear-
ing deposits where the source of the hydrothermal fluid
is poorly constrained. In the case of South Platte,
Gallinas Mountains and St. Lawrence, the composition
of green, P1 and Iron Springsvein fluorite, respectively,
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is considered most likely to represent crystallization
from a magma or fluids of predominantly magmatic
derivation on the basis of geological, textura and
paragenetic relationships and the fluid-inclusion and
isotopic data presented by Simmons & Heinrich (1970,
1980), Strong et al. (1984), Collins & Strong (1988),
Levasseur (1997) and Williams-Jones et al. (2000).
Such fluorite is characterized by relatively flat chon-
drite-normalized REE patterns that vary from dlightly
LREE-depleted (South Platte green fluorite and St.
Lawrence Iron Springs vein fluorite) to dightly LREE-
enriched, with aweakly to well-developed negative Eu
anomaly, and a weakly to well-developed positive Y
anomaly. Of these samples of “magmatic” fluorite, those
associated with granitic magmatism are characterized
by flat to LREE-depleted chondrite-normalized REE
patterns that generally have distinct negative Eu and
positive Y anomalies. The chondrite-normalized REE
patterns of the associated granitic rocks have a distinct
negative Eu anomaly but differ from the associated fluo-
rite in being LREE-enriched and lacking a positive Y
anomaly. The samples of “magmatic” fluorite closely
associated with akaline magmatism (Gallinas Moun-
tains) are characterized by LREE-enriched chondrite-
normalized REE patterns that lack a negative Eu
anomaly and have a dlight positive Y anomaly. The
chondrite-normalized REE patterns of the associated
alkaline rocks are very similar to the associated fluorite.
For the hydrothermal fluorite in general, distinct
compositional differences exist between early- and late-
formed fluorite. For example, early, P1 fluorite from
Gallinas Mountains hasrelatively flat chondrite-normal-
ized REE patterns with a well-developed positive Y
anomaly, and late, P3 fluorite has LREE-enriched chon-
drite-normalized REE patterns without a positive Y
anomaly. In contrast, the opposite evolutionary trend is
observed between early, disseminated and late, breccia
and vein fluorite at Rock Canyon Creek. The cause of
the differences in the compositional trends of the fluo-
riteis not known, and more comprehensive and system-
atic analyses of fluorite are required. In addition, other
factors need to be evaluated for the deposits in ques-
tion, including the effect of element partitioning into
coprecipitated phases, information on melt/fluid parti-
tioning (e.g., REE), agueous complexation at high
temperatures, and fluid composition (e.g., microthermo-
metric and LA-ICP-MS analysis of fluid inclusions).

FLuorITE COMPOSITION AS AN INDICATOR
oF EvoLuTioN oF THE HYDROTHERMAL FLUID

Multiple generations of fluorite occur in the Gallinas
Mountains, Rock Canyon Creek, South Platte, and St.
Lawrence deposits (Simmons & Heinrich 1980, Strong
et al. 1984, Williams-Jones et al. 2000, Samson €t al.
2001). The composition of fluorite within these depos-
itsvarieswith paragenetic position (GalinasMountains,
Rock Canyon Creek, and South Platte) or with spatial
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distribution (St. Lawrence). Also, significant composi-
tional variation occurs within optically homogeneous
fluorite. Compared to magmatic fluorite, post-mag-
matic, hydrothermal fluorite within the South Platte
pegmatitesis generally characterized by higher concen-
trations of Mg, K, Cu, Zn, Pb, Th and U, and similar or
lower concentrations of Si, Rb, Y, and Ba (Table 5).
Thevariationin Na, Sr, Nb, REE, Th, U concentrations
is less systematic, and chondrite-normalized REE pat-
terns are similar between primary magmatic and hydro-
thermal, replacement fluorite. It is likely that in some
systems, the coprecipitation of REE-rich minerals will
locally affect fluid composition, and therefore the com-
position of coprecipitated fluorite (cf. Hill et al. 2000).
In the South Platte District pegmatites, REE-bearing
minerals (e.g., bastnasite and synchysite) were inter-
preted to be coprecipitated with the hydrothermal fluo-
rite (Simmons & Heinrich 1970, 1980). However,
fluorite compositions indicate that REE fractionation
was minimal during replacement of the magmatic fluo-
rite, suggesting that coprecipitation of REE mineralsdid
not play amajor rolein changing the composition of the
hydrothermal fluids. Furthermore, as noted above, the
evolution in composition from early- to late-formed
fluorite is opposite to the crystallochemical trend of
Moller et al. (1976).

Evolutionary trends in fluorite composition within
the South Platte District pegmatites (decreasing Sr, Ba,
Y and REE) are opposite to trends observed in the
Gallinas Mountains, Rock Canyon Creek and St.
Lawrence fluorite (increasing Sr, Ba, Y and REE),
where formation waters (e.g., Strong et al. 1984, Will-
iams-Jones et al. 2000) or wallrock interaction (e.g.,
Samson et al. 2001) have been interpreted to play asig-
nificant role in the formation of the deposits. In addi-
tion to elemental enrichment, the compositional
evolution of Gallinas Mountains, Rock Canyon Creek
and St. Lawrencefluoriteis accompanied by significant
fractionation of the REE (see below). These different
trends suggest that the compositional evolution of the
South Platte fluorite occurred within arelatively closed
system and resulted from factors other than changes in
the composition of the hydrothermal fluid (e.g., a re-
duction in temperature). The compositional variations
observed in fluorite at South Platte supports the model
proposed by L evasseur (1997) and L evasseur & Samson
(1996), in which the composition of late-stage fluorite
was controlled by the primary fluorite and not by intro-
duction of fluids derived externaly to the granite (i.e.,
formation waters).

The difference in composition between early- and
late-formed hydrothermal fluorite at Gallinas Mountains
is generally characterized by higher concentrations of
all elementsexcept Cuand Znfor P2 relativeto P1 fluo-
rite, and Na, Si and K for P3 relative to P2 fluorite. The
LREE show particularly significant enrichment from P1
to P2 to P3. Similar enrichment trends, representing
spatial variations, occur within the St. Lawrence fluo-
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rite veinsand are characterized by relatively higher con-
centrations of most elements within veins hosted by the
country rocks (Grebe’'s Nest and Lawn Barite veins)
compared with veins hosted by the St. Lawrence gran-
ite (Iron Springsvein) (Table 6). Notable exceptionsare
Cu, Zn, and Y, which occur in higher concentrationsin
thelron Springsvein fluorite. Early, hydrothermal fluo-
rite from Gallinas Mountains (P1) coprecipitated with
REE minerals (particularly bastnasite) or replaced
bastnasite (P2 and P3) (Williams-Jones et al. 2000).
Coprecipitation of REE minerals with P1 fluorite could
have sequestered the LREE preferentially, resulting in
relatively low concentrations of the REE in the
coprecipitated fluorite. Subsequent replacement of the
early REE minerals likely influenced the composition
of P2 and P3 fluorite. In contrast, fluorite is the only
mineral within the St. Lawrence fluorite veins that con-
tains significant concentrations of REE. Therefore,
coprecipitation or replacement of other REE minerals
cannot have caused the REE compositional trends ob-
served within the St. Lawrence veins, and other factors
must be considered.

Thedifferencein composition between early- to late-
formed hydrothermal fluorite at Rock Canyon Creek is
characterized by higher concentrationsof Zn, Y, HREE,
Pb, Th and U, and lower concentrations of Mg, Nb, Ba
and LREE (Table4). With respect to the LREE, the trend
in compositional evolution of fluorite at Rock Canyon
Creek is opposite to that observed at Gallinas Moun-
tains. The cause of the different compositional trend at
Rock Canyon Creek is presently not understood.

The fluorite with the highest concentrations of trace
elements in the Gallinas Mountains (P3 fluorite) isin-
terpreted to have formed during collapse of the mag-
matic hydrothermal fluid system, at which point the
influx of formation watersincreased (Williams-Jones et
al. 2000). Similarly, fluorite with the most significant
elemental enrichment in the St. Lawrence deposits
(Grebe's Nest and Lawn Barite veins) occurs within
veins externa to the granite, where the potential influ-
ence of country rock or formation waters would be ex-
pected to be more significant than in veins hosted by
the granite (i.e., Iron Springs vein). Strong et al. (1984)
and Coallins & Strong (1988) determined that the mix-
ing of magmatic and formation waters was a significant
factor in the formation of the St. Lawrence fluorite
veins. Therefore, elemental enrichments in the fluorite
from these deposits could potentially result from con-
tributions from earlier-formed minerals (GallinasMoun-
tains), formation waters (Gallinas Mountains and St.
Lawrence), or be the result of physicochemical condi-
tions promoting the concentration of REE within fluo-
rite (complexation effects). The latter may reflect
changesin fluid composition associated with the intro-
duction of formation waters into the hydrothermal sys-
tem. Similar, host-rock or fluid-mixing controls on
fluorite composition have been suggested for other fluo-
rite deposits (e.g., Hill et al. 2000).
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FLuorITE ComPosITION AS A GUIDE IN EXPLORATION

The LA—ICP-M S results presented indicate that the
composition of fluorite, even within an individual de-
posit, can be highly variable. The range in composition
observed within a deposit (e.g., Gallinas Mountains) is
as great as, or greater than, the compositional variation
observed among some of the deposits studied. Presently,
it is not known whether or not the compositional ranges
and trends observed in fluorite represent those that might
occur in fluorite deposits with other geological affini-
ties. Furthermore, numerous compositional trends can
occur within an individual deposit (e.g., St. Lawrence),
which may or may not be consistent with compositional
trends expected from crystallochemical fractionation or
aqueous complexation of the REE (cf. Mdller et al.
1976). Therefore, the use of fluorite composition as an
indicator of the ore potential of a deposit or region
should be approached with care. Complementary data
(e.g., isotopic or fluid-inclusion data) would improvethe
validity of the predictions regarding the ore potential of
anindividual fluorite deposit or geographic region (e.g.,
Strong et al. 1984, Hill et al. 2000).

RECOMMENDATIONS FOR FURTHER WORK

The use of fluorite composition to test genetic mod-
els for the deposits considered in this paper, and other
deposits, will benefit from a better understanding of the
variables controlling fluorite formation and composi-
tion. To improve our understanding of the evolution of
these ore-forming hydrothermal systems, it is necessary
that the following be better understood. 1) Mineral
parageneses need to be determined, and quantitative
analyses of minerals need to be made in order to assess
the potential influence that coprecipitation and replace-
ment of minerals other than fluorite have had on the
compositional evolution of fluorite within these hydro-
thermal systems. 2) It is possible that much of the com-
positional variation exhibited by fluorite could be
controlled by only a few intensive variables (i.e., tem-
perature). To better understand the potential effect of
intensive variables on the composition of fluorite, addi-
tional data (i.e., microthermometry) on the hydrother-
mal system responsible for these deposits are required.
3) The composition of the hydrothermal solutions needs
to be determined. Combined microthermometric, LA—
ICP-MS, and other types of analyseswill lead to quan-
titative determination of the compositions of fluid
inclusions within fluorite and other minerals. Determi-
nation of the compositions of the host mineralsand fluid
inclusions will enable calculation of the distribution
coefficients between the hydrothermal solution and min-
eralsin order to assess the role that intensive variables
play in controlling fluorite composition (cf. Banks et al.
1994).
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CONCLUSIONS

Based on the results of this study, we offer the fol-
lowing conclusions:

1) LA-ICP-MSisan effective method for determin-
ing elemental concentrations in fluorite. The ability of
LA-ICP-MS to sample small volumes with high sensi-
tivity has enabled the identification of compositional
heterogeneities and trends in fluorite not previously
documented; bulk analysis of fluorite is inadequate to
fully characterize the compositiona heterogeneity of
fluorite.

2) Differences in composition were observed be-
tween early- and late-formed fluorite (Gallinas Moun-
tains, Rock Canyon Creek and South Platte) and
between fluorite hosted within granite and country rock
(St. Lawrence). The composition of hydrothermal fluo-
rite at South Platte was controlled by the primary mag-
matic fluorite, and replacement occurred within a
relatively closed hydrothermal system. Fluorite from
Gallinas Mountains, Rock Canyon Creek and St.
Lawrence exhibit compositional trendsthat may berep-
resentative of progressive mixing of hydrothermal flu-
ids or interaction of hydrothermal fluid with wall rocks.

3) Fluorite from granite-associated deposits (South
Platte and St. Lawrence) is characterized by relatively
flat chondrite-normalized REE patterns with awell-de-
veloped negative Eu anomaly. Fluorite from alkaline-
rock-associated deposits (Gallinas M ountains and Rock
Canyon Creek) is characterized by relatively flat to
strongly LREE-enriched chondrite-normalized REE pat-
terns that lack a negative Eu anomaly. The chondrite-
normalized REE patterns of the associated magmatic
rocks are similar to the REE patterns for the magmatic
or earliest-formed hydrothermal fluorite within these
deposits.

4) The variability in fluorite composition observed
within these deposits indicates that significantly differ-
ent conclusions could be drawn on the affinity of the
fluorite, and possibly the ore potential of the mineral
deposit or region, depending on which fluorite crystal,
or part thereof, is sampled. Furthermore, distinctive
compositional ranges that might be indicative of a par-
ticular geological setting, and which could be used as
an exploration tool, were not identified. The Th/Ca and
Tb/Lavaluesin fluorite do not appear to be reliable in-
dicators of the affinity of fluorite (e.g., hydrothermal
fluorite can be classified as pegmatitic). Therefore, care
must be exercised when using fluorite compositions to
make inferences about ore potential or affinity.
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