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The St Lawrence Fluorspar Deposits, an Newfoundland's south coast, are
vein-type deposits hosted by and gereticaily related to the Devonian St. Lawrence
Geanite, The alkaline to peralkaline <ranite was eniplaced to high crustal Jevels in a
post-tectonie, extensianal regime that followed A major Silurian orogenic event. In the
late stages of a protracted cooding history, this relatively dry, hypersolvus granite magma
evolved the FF-rich flusds from which the veins were formed.

The fluorspar veins are structurally controlled, oceurring as open-space Nlling in
Macture systems that developed tn resporse to both regranal siress regimes and localized
regimes peneriled by the cooling and crystallizing of the granite plutan.  The vein
mincratogy is dominated by fluorite, with lesser amounts of quartz, caleite, barite and
minor sulphides. The fluorite is highly variable in colour and primarily coarse grained
and delicately banded. although fine grained varictics and breccia zones are common in
the Targer veins, The vein contacts are mostly sharp with livle ar no evidence of intense
will-rock alteration along the vemn margins.

The chemical and physical conditions that prevailed during 1he deposition of the
veins awere investigated using geochemical and fluid inclusion studies of growth-zoned,
brecerated and other more homogenous samples from various veins.  The zones and
erowth directions were defined by macroscopic and microscopic examination of hand
speciniens, combined with tield observanions where possible. Growth zones, in the vein
samples, range in thickness from 100 © 1 mm, with the majority ranging from 10 (0 §
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Nicrothermometric imestigations of luid inclusions i Ruornte and other van
minerals indicate homogenization temperatures ranging trom J00°C w0 307C and 1
salinity rangitg from 20 to 0 cquivalent weight percent NaCl A< o consequenee of the
high-level, relatively low-pressure envicomment in which the veins were torned, it i
inferred that homogenization temperatures closcly appravimate Tormatian iemperatuecs.
Variations betwveen growith zones indicate that fluonite precipilanon took phice ooyl a
wide range of fluid temperatuees and salirity. The cvelic nature of these variations van
be related to individual fluid pulses, which in wrn retlect changing luid conditions
within larger evolutionary cycles.  The temperature and salinity variations van be
accounted for by the unmixing of a supercritical magnmatic Muod into a fow salinity
vapour and a high salinity hiquid at near magomtic temperatuges. Vhese Hoids were
further modified by condensation, boiling and mixing as they migrated thyough the higher
levels (low pressure/lemperature) of the condatt sysiem. Fluorite precipitation appears to
have been pnimarily in response to the increasing ptl of (he Nuid, caused by boiling or
incursion of lower pll ground watcers.

Ihigh precision trace clement analyses of Tuorie, caleite and host racks were
conducted utlizing inductively coupled plasnuc-mass spectrometiic analysis (1CP-MN),
supplemented by whaole rack analysis by X-ray fluorescence spectiomiety t XRE). “The
fluorite is relatively enriched in Y and RIEE with the former averaging 660 ppan and the
latter 240 ppm.  Sysiematic changes in REE concentrations in luarite are inteipreted 1o
reflect changing fluid conditions from carly 10 late stages of minerddization.  The
carly-stage ftuorite is characterized by LRELE cnmchiment and HRIFE depletion while the

late-stage fuosite is characterized by LRELE depletion and MRILE 10 HREL enrichment.
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The systematic variations of REE concentratons in fluorite reflect drinmatic chanpes in
fluid composition with progressive evolution.  Such REE behavior may te a result of
revensals in the dominance of F oor Chcomplexing of the REE, either in the magenalic or
hydrothcemal regimes.

The apparent partiioming of the REE in fluorite was estimated by normalizing the
fluorite: to a fluid compositian ealeulated, using appropriate vapour/melt partition
cosfMcients, from a late-stage St. Lawrence Granite phase tgranitic porphyry dyke). The
RiZEin fluorite suggest a strony influcnce of the size (Jonie radius) of the substituting
ion (e, erystal structure contral) on trace e¢lement partitioning, with a preferred
subtitution site size at or near the ionic radius of Dy (0.103 nm [1.034)). Since REE
substitwtion in the Nuorite strucwure is belicved 10 primarily involve ‘free-ion' REE
speaies, the relative stabitity of RIZE fluoro-complexes, in the agqueous fluid, dramatically
affect the availability of REL for substitution.  The suability of such aqueous
RELE-complexes, and consequently the concentraiion of REE in fluorite, is strongly

dependant on the tesmperature, ph and Factivity of the fluid.
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Introduction

1.1 Preface

Recent studies suggest that fluid dircetly evolved from magmas can be an
important source of metals (l1olland, 1972; Bumham, 1979; Urabe, 198S; Candela and
Holland, 1986) and other constituents (Candcia, 1989; 1990) in a widce varicty of mineral
deposits, such as volcanogenic massive-sulphide deposits (Ishihara and Sasaki, 1991
Urabe and Marumo, 1991, Large, 1992), mafic-ultramafic magmatic deposits (Whitney
and Naldrett, 1989), and espccially in the wide varicty of granie/granitoid hosted
mineral deposits. The origin, distribution and characteristics of granite-hosted and
granite-related mineral deposits are reviewed in volumes by Evans (1982), Taylor and
Strong (1988), Whitney and Naldrett (1989), and Stein and tlannah (1990). The origing
of many "non-magmatic” mineral deposits have been attributed (o convective circulation
of meteoric or other waters driven by the heat from deeper plutonic bodies. Such an
intimate association would imply that, at least in a shallow magmatic enviranment, both
processes could be involved, to varying degrees, in the formation of ore deposits. The

relative importance of the magmatic input compared with sca-water convection has been




suggested by Large (1992) to explain the diversity of deposit styles and spatial

distribution of Australian volcanic-hosted massive sulphide deposits.

The composition of magmatic fluids, at teast initially, should reflect the
composition of the magma from which they were derived, taking into account factors
such as pressure/temperature conditions at the time of formation and mineral/melv/fluid
distribution coefficients. The compaositions of these fluids are predicted to change
systematically as the composition of the magma changes in response to crystallization
and’or vapour cbullition, The composition of the evolved magmatic fluids can also be
changed by interaction with wall rocks, precipitation of various mineral phases and/or
mixing with non-magmatic fluids, between the site of fluid generation and the site of
formation of resultant "ore deposits”.

Itis also well established that the mincralogy of ore deposits is highly dependent
on the composition of the fluid(s) from which they formed as well as the physical and
chemical conditions at the site of deposition. Most hydrothermal minerals, in some way
reflect the chemical composition (ion activity of solutes) of the fluid from which they are
formed in both their major and minor (trace) constituents. The uptake of trace
constituents by minerals can occur through substitution in the host lattice, absorption
along grain boundarics and/or micro-fractures and as fluid inclusions (+ daughter
mincrals) in the host mineral. The first, and possibly the second, of these processes will
be highly dependant upon the chemical and physical characteristics, as well as the

‘aqueous’ speciation, of the trace elements involved.




Mineral/melt partitioning of both major and trace clements (especially the REE)
in magmatic systems is largely poverned by the crystal strucwre of the host mineral and
the size and charge of the substituting ion. Therefore, it can also he assumed that the
partitioning of the chemical constituents between, at least some, minerals and aqueous
fluids will be governed by crystal chemical controls related to the structure of the
individual mineral. This fluid/mineral partitioning will not necessarily be based on bulk
fluid composition but rather the ‘effective composition' available for substitution that will
be related to, and limited by, the speciation of the components of the fluid.  The
speciation of constituents is controlled by the activity of various anionic species, and the
pressure, temperature, Eh and pH of the fluid.

If there are established constraints on physical and chemical conditions prevailing
at the time of formation of some hydrothermal mincrals, then the compositian of these
mincrals will reflect the ‘effective composition' of the fluid from which they formed. The
composition of this fluid will, in turn, reflect the composition of the fluid source and/or
the rocks with which the fluid interacted. Trace element, especially rare carth clement
(REE), concentrations in hydrothcrmal minerals "...can provide information regarding
solution histories but only in a general way" (Cullers and Graf, 1984). The major
obstacle to interpretation of REE patterns in hydrothermal minerals is the lack of a
comprehensive experimental databasce on their partitioning behaviour and the propertics

of the aqueous solutions from which they form. To better understand the behaviour of

trace elements in hydrothermal fluid/mineral interactions it is nccessary to rely pantly on

theoretical, rather than empirical, modelling techniques.




The Ca-bearing mincrals fluorite and calcite are found in many hydrothermal

mineral deposits. Both of these minerals are cfficient scavengers of REE from aqueous

solutions with both LREE and HREE readily substituting for Ca in their crystal lattices
{Moller and Morteani, 1983). Since fluorite is a highly ionic crystal, the partitioming of
REE between fluid and mineral should be strongly dependant on crystallographic
controls, and consequently the partitioning should show systematic or predictable
variations. However, there is a high degree of variability in REE concentrations of
fluorite which may reflect changing fluid composition and/or changing physical/chemical
conditions =t the site of deposition, along the fluid pathway and/or at the fluid source.

It is proposed that a detailed study of a fluorite-bearing hydrothermal deposit, for
which there 1s rcasonable geological, physical and chemical control on the source,
pathways and site of deposition, combined with an adequate geochemical data base
{including REE), could aid in assessing the viability of using REE geochemistry of
Ca-becaring mincrals to monitor changing fluid conditions during ore-forming processes.
A comprehensive paragenctic sequence of Ca-bearing mineral(s) representing the entire
ore-forming process would bc a necessary prerequisite in such a study, as well as the

capability to preciscly analyze individual grains or zones.

1.2 Prescent Investigation

Strong et al. (1984) presented reconnaissance results of a study on fluorite
samples (rom the fluorspar deposits at St. Lawrence, Newfoundland (figure 1.2.1). The

study utilized fluid inclusion, rare earth ¢lement (REE) and oxygen isotope data to
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Figure 1.2.1 Sketch map showing the general location of the study area at St.
Lawrence, Newfoundland.

examine variations both between fluorite samples and individual growth-zones within
samples. The study revealed quite varied, albeit systematic, variations in REE
concentrations between individual growth zones that were interpreted to be related to
changing physical and chemical conditions of the mineralizing fluid in response to
fluorite precipitation. The samples used in the study were somewhat limited, being
primarily from only two deposits with the exact locations of most samples not adequately
documented.

Considering the results of the previous study (Strong et al, 1984) and the

suitability of fluorite for both REE geochemical and fluid inclusion studies, the St.



Lawrence fluorspar deposits were chosen by the author as an M.Sc. thesis study area
under the supervision of Drs. D. F. Strong and B. J. Fryer. The purpose of this study was
to better document and define the physical and chemical changes which occur across
sequential growth zones in selected samples from the St. Lawrence fluorspar veins,
utitizing fluid inclusion microthermometry and REE geochemistry as the primary tools of
the investigation. The emphasis is to better understand the systematics of these variations
in the context of a  fluid cvolution model and to attempi to document the same
characteristics in a number of spatially separate veins. The ultimate goal was to generate
data to develop a model that would explain the characteristics of the fluorite in terms of
magmatic fluid cbulliton, fluid transport and fluorite deposition. The systematics of
modelling the fluid evolution of the hydrothermat system should be simplified by the fact
that the fluorspar veins are primarily hosted by the St. Lawrence Granite and related
rocks and ficld evidence indicates only minor localized wall-rock alteration associated
with the veins. [t is therefore assumed that fluid/wall-rock interaction may have been

minimal, and thus have had little or no effect on fluid composition.

1.3 Scope and Methodology

The field work for this study, involving sampling all previously documented and
exposed fluorite veins and related showings in the St. Lawrence area, was carried out
during the summers of 1983-84. Wherever possible, continuous sections were sampled

across the entire width of the veins or as far as exposure would allow. A suite of

selected samples was chosen, on the basis of mineralogy and field relationships, and




subscquently cut with a Jiamond saw 10 examune internal zoning.  Final samples were
selected on the basis of well developed growth zones, distance from the centre of
mineralization (the St. Lawrence mine area) and contrasting host rocks.  Samples of
individual growth cones were separated by hand for geochemical analysis, thin sections
angd fluid inclusion sections (doubly polished walers).

In order to document the physical and chemical variations between samples and
between individual growth zones within samples, a fluid inclusion and trace element
geochemical study was imtiated. The (luid inclusion study involved petrographic study
of the vein mineralogy and determinations of temperature and salinity data from 12
different veins. Some preliminary results of this study formed part of an 3.Sc. (honors)
dissertation by the author {Collins, 1984a). and subsequent publications (Collins, 1984b;
Collins and Strong, 1985; Collins, 1988a,b; Collins and Steang, 1988, 1992).

Samples of the host St. Lawrence granite and near-contact metasediments were
analyzed for major and trace elements. This analysis was designed to provide the major
and trace element (including REE) composition of potential “source rocks" for
mmeralizing fluids. The fluorite/vein samples were analyzed for major (some

semi-quantitative) and selected trace elements by XRF, and for sclected trace clements

(including REE) by ICP-MS. Scveral fluorite zones were analyzed for *'Sr/*Sr isotopic

ratios to determine if the genetic link hetween the granite and the Juorspar deposits could
be confirmed, or discounted by isotopic evidence. A variety of fluorite zones were
examined using the SEM to determine if the REE patterns observed in the fluorite could

be attributed to separate REE-bcaring mineral phases. Cathode-luminescence scans were




used to probe the oxidation state of europium ( Eu’’, Eu’" ) and samarium ( Sm*', Sm*")

as well, luminescence colowr variation was used to determine the extent of subtle

intra-zone growth zoning on a microscopic level.




The St. Lawrence Granite

2.1 Tectono-stratigraphic Setting

The Devonian St. Lawrence Granite intrudes significantly older Cambrian and
Precambrian rocks which form part of the Avalon Terrane of ithe Appalachian Orogen as
defined in Newfoundland (figure 2.1.1). The Avalon Terrane comprises an extensive but
discontinuous tectono-stratigraphic unit within the Appalachian Orsogenic Belt of eastern
North America, from Newfoundland to Florida (Williams, 1964, 1978; 1979; Williams et
al, 1972; 1974). 1t encompasses a variety of late Precambriian geologic elements which ted
Williams and Hatcher (1982) to suggest that the Avalon Terrane may itself be composed of
Precambrian “suspect” terranes. 1f composite, it was assembled in the late Precambrian,
since its younger Cambrian rocks have similar faunas and stratigraphic sequences
(Williams and Hatcher, 1982). It is believed that the Avalon terrane was accreted to the
North American continent during mid-Palcozoic time (Blackwood and O'Driscoll, 1976;
Elias and Strong, 1982).

The Avalon Terrane is characterized by mainly upper Precambrian scdimentary and
volcanic rocks that are relatively unmetamorphosed and undcformed compared to those of

nearby temanes (Williams, 1979).  The Avalon Terrane is separated from the Dunnage
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Terrane by the Gander Terrane, indicating that the Avalon Terrane did not directly face or
abut the Iapetus Ocean (Williams and Hatcher, 1982). The Avalon Terranc was a stable
platform during the Cambrian period and locally during the Ordovician Period when the

generation and destruction of Tapetus was most active (Williams, 1979).

- Newfoundland Appalachian

v Tectonic Subdivisions
g [ 100

Ce— s
Kilometres

Post-Ordovician

i, Y DUNNAGE TERRANE
gl

\ St. Lawrence /

Figure 2.1.1 Map of the island of Newfoundland outlining the tectono-stratigraphic
subdivisions and the location of the St. Lawrence Granite (modified after Williams [1978]
and others).

Two distinct periods of Avalonian magmatic activity have been defined by U-Pb
geochronology (Krogh et al., 1988). The oldest is defined by ophiolitic rocks of the Burin
Group (760 Ma) and the youngest by the subaerial volcanic rocks of the Marystown and
Harbour Main Groups which span a period from about 630 to 585 Ma. These
plutonic-volcanic events are difficult to separate into distinct pulses related to specific

orogenic events and are relatively continuous over a large time span. It has been suggested
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(Krogh et al., 1988) that they may be analogous to epicontinental volcanic fields such as in
the Basin and Range area of the southwestern United States. This implies that subduction
of oceanic lithosphere (of which the Burin ophiolitic rocks may be remnants) beneath a
stable (Pan-African?) continent, could have produced the extensive and long-term subaerial
volcanism characteristic of the Newfoundland Avalon Terrane. This suggests that the
Avalonian Precambrian ophiolitic, volcanic and clastic sequences may all be related to a
major orogenic event as Krogh ct. al. (1988) concluded that “they (new U-Pb dates) do not
support sugpestions that the Avalon Terrane comprises a 'collage of suspect terranes™.
However, Nd-isotopic data (Fryer et al., 1992) suggest the absence of significant amounts
of very old crust beneath most of the Avalon Terrane. These Late Precambrian sequences
may therefore be representative of the crustal rocks with which the St. Lawrence granitic

magma interacted during accent.

2.2 Geologic Setting and Field Relations

The St. Lawrence Granite is located on the southern part of the Burin Peninsula
near the community of St. Lawrence from which the name is derived. The St. Lawrence
Granite batholith, shown in figure 2.2.1, defines a north-south trending, relatively
continuously exposed body measuring approximately 30 km long by 10 km wide (O'Brien
et al,, 1977; Strong et al., 1978). Itinnudes Precambrian volcanic rocks of the Burin and
Marystown Groups as well as Cambrian sedimentary rocks of the [nlet Group (Teng, 1974;
Strong et al., 1978). The granite is characterized by sharp contacts and an irregular top,

marked by a preponderance of roof pendants and cupolas, indicating that the bulk of the

exposures represent the extreme top of the batholithic body.
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The granite contact is predominantly flat, with a gentle dip towards the northwest,
although the southeast contact is much steeper, suggesting stronger structural control.
Localized steep contacts observed along the coast west of St. Lawrence may be the result
of stoping of the country rock. A reconnaissance gravity survey (Hodych, pers. comm.)
indicates that the granite is characterized by a strong negative anomaly, sharply defined at
the eastern granite contact and extending westwiard 1o the limit of the survey, across the
western granite contact. This evidence supports a steeply dipping eastern contact and,
when combined with exposures of the westem granite contact (roof) in a deeply eroded
stream bed near the mouth of the Northwest Brook at Lawn (figure 2.2.1), suggests that the
gently dipping granite body may extend considerably further westward at shallow depths
below the Precambrian cover. Palcomagneue studies (Irving and Stroong, 1985) suggest
that the St. Lawrence Granite has not been tilied by more than 5° since the ume of
emplacement.

The St. Lawrence pluton consists of medium to coarse grained pink coloured,
locally porphyritic, alkaline to peralkaline granite and assvciated granitic rocks (Teng,
1974; Teng and Steong, 1976). The granite shows a progressive decrease in grain size
towards its contacts. Minor phases, with irregular conformation, oceur having sharp
intrusive contacts and varing from coarse 1o fine-grained grained, locally porphyritic.
Tuffisites (gas breccias), consisting of discrete angular to rounded granite fragments in a
fine comminuted matrix, and miarolitic cavitiecs are common, with the laner observed
within a few metres of the contacts (Teng, 1974).

In the area between St. Lawrence and Lawn (figure 2.2.1) there are many exposures

of pink quarnz-feldspar porphyry dykes which have been termed “rhyolite porphyry” by
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Van Alstine (1948) and many mining company geologists. These dykes are known to cut
the granite (Van Alstine, 1948) but similar mineralogical and chemical characteristics
(Teng, 1974; Teng and Strong, 1976) suggest that they are cogenetic with the granite and
are probably related 10 later-stages of magmatic activity. These dykes generally trend
northwest and are exposed as far west as Great Lawn Harbour. At least one of these dykes,
herein termed the “Grebe's Nest Porphyry” hosts fluorite mineralization. Narrow aplitic
dykes are commonly obscrved near the contacts, especially in the vicinity of Chamber

Point (figure 2.2.1).

in the northern part of the batholith, reibeckite-bearing ignimbntic volcanic rocks,
termed the ‘Rocky Ridge Complex”, have been interpreted to be extrusive equivalents of
the St. Lawrence Granite (Strong et al.,, 1978). The presence of volcanic equivalents, the
low regional metamorphic grade of the country rocks, the presence of tuffisites (gas
breccias), sharp chill margins and miarolitic cavities collectively suggest that the pluton

was intruded at shallow crustal levels (Strong et. al_, 1978).

2.3 Mineralogy and Petrology

A detailed petrographic study of the St. Lawrence Granite was conducted by Teng
(1974), and the following discussion is drawn largely from his study. He described it as a
pink to red alaskite pranitic composed essentially of quartz, orthoclase and albite with
minor amounts of ricbeckite, aegirine, biotite, fluorite, magnetite and hematite. Its texture

varies from medium grained hypidiomorphic to aphanitic and porphyritic depending upon

proximity to the contacts {Teng and Strong, 1976).




1

The granite contains 20 to 40 percent quanz, 30 to 60 percent alkali feldspar and up
to 20 percent plagioclase (albite). Quartz crystals are usoally clustered between larger
feldspars but locally form phenocrysts, up to 2 mm in length. In the marginal phases of the
granite, quartz commonly occurs as deeply embayed phenocrysts and, as micrographic
intergrowths with orthoclase, displaying a granophyric texture.  Alkali feldspars are
generally orthoclase and microcline perthites which are usually turbid and contain finely
disseminated hematite. The perthitic plagioclase, primanly exsolved from the alkali
feldspars, is generally albite with a composition between Anand An . The mafic minerals
and plagioclase, when present, tend to be eubhedral, while most of the atkal feldspar is
subhedral, and quartz occupies irregular interstices.

Hematite and magnetite are common accessory minerals with the former commonly
being an alteration product. Riebeckite is a common accessory mineral and is usually
associated with, and crystallized after, acgirine or magnetite. Hornblende is only present in
the marginal rocks from the west lobe of the pluton north of Lawn where the granite
approaches granodiorite in composition. Biotite is rare, but where present it is usually
chloritized.  Fluorite occurs as an accessory mincral, often in association with the
chloritized biotite. Zircon and apatite are rare, but when present, are commonly associated
with biotite. Miarolitic cavities ar¢ commonly lined with quarlz and, in some cases,
fluonite.

The porphyry dykes consiut of essentially the same mineralogy as the granite,

differing only in texture. Feldspar phenocrysts are commonly perthitic alkali-feldspar,

sporadically sanidine, and rarely albite. Quartz phenocrysts are typically cuhedral but

show embayed and corroded boundaries. Ferromagnesium minerals are sparse, never occur
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as phenocrysts, and are only rarely evidenced in the groundmass. Magnetite and hematite

occur disseminated in the groundmass with quartz and feldspar (Teng and Strong, 1976).

2.4 Age and Correlations

The St. Lawrence Granite has been dated by Rb-Sr radiometric methods at 315+ S
Ma (Bell et al., 1977), using a 4-point tsochron, and 353 + 30 Ma (Fryer and Strong,
unpub. data, circa 1984), using an 1l-point isochron, suggesting ages of crystallization
from Lower Devonian to Middie Carboniferous and initial *’St/*’Sr ratios of 0.722 * 0.003
and 0.709 £ 0.006 respectively. Combining the two data sets, a Lower Devonian age of
353 £ 22 Ma and an initial ¥Sr/*Sr ratio of 0.708 + 0.005 is defined.

The Grand Beach Porphyry, a flat-lying sheet of subaerial ash flow tuff and
volcanic porphyry, is interpreted to be volcanic and sub-volcanic equivilants of the St.
Lawrence Granite (Strong et al, 1978), based on its similar enrichment in Nb and other
elements. A sample from the Grand Beach Porphyry (Fryer and Kerr, unpubl. data, circa
1992) displays similar chondrite normalized REE patterns to those from the St. Lawrence
Granite (figure 2.4.1), supporting the correlation. A more complete discussion of the
geochemistry of the granite and related rocks is presented later in this chapter. A sample of
ash-flow tuff from the Grand Beach Porphyry yiclded a tentative U-Pb zircon age of 394
(¥6/-4) Ma with data 5 and 9% discordant (Krogh et al., 1988).

The correlation between the St. Lawrence Granite and the Grand Beach Porphyry
supgests that the earliest phase of magmatic/volcanic activity may be of similar age to the

youngest phase of the North Bay Granite and the Chetwynd Granite which have yielded

U-Pb zircon ages of 396 +6/-3 Ma and 390 £ 3 Ma respectively (Dunning et al., 1990).
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Figure 2.4.1 Chondrite normalized REE patterns for samples from the Grand
Beach Porphyry and the St. Lawrence Granite (Fryer and Kerr, unpublished data, circa
19092).

These granites are interpreted to represent post-tectonic plutons emplaced near the end of
the Silurian orogenic event. These ages overlap those of the 'Ackley association’ (400 to
380 Ma) of Williams et al. (1989), which consists of a major northeast-southwest trending
belt of post-tectonic plutons. These granitoids are characterized by associated Mo-Sn-W
mineralization and ring-complex to lobate geometry, suggesting a relatively high level of

emplacement (Fryer et al., 1992).

2.5 Description of Granite and Related Samples

In order to obtain an extended database of REE and other trace elements in a
representative suite of host rocks to the fluorspar veins, 9 samples were selected for
analysis of major and trace elements. The discussion of the geochemistry of the St.
Lawrence Granite and related rocks will utilize the analyses of these samples as well as

available geochemical data from other sources (Teng, 1974: Strong et al., 1974: Kerr,
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unpubl. data, circa 1990). The ‘host rock’ samples analyzed as part of this study are briefly
described below.

Sample HCT-111 was a powder from Teng's (1974) study which he described as an
unaltered, red, medium grained, equigranular granite from a coastal exposure at Shoal
Cove (figure 2.2.1). This granite sample was sclected as a typical 'mine area' granite, an
assumption substantiated by subsequent comparison with other geochemical analysis.

Samples HCT-187 and HCT-188, from the Grebe's Nest Porphyry Dykes (figure
2.2.1) were also taken from Teng's (1974) samples. He describes these as unaltered, red
quartz-feldspar porphyry with an aphanitic groundmass. Sample HCT-188 contains minor
unspecified sulphides (probably pyrite). These samples were chosen to represent the host
rock to the Grebe's Nest Vein.

Samples SDMS-2-B and SDMS-4 were collecled from the ‘Second Dam Moly
Showing’ north of Lawn (figure 2.2.1). The former is a relatively unaltered, pink, medium
grained, equigranular granite adjacent to the molybdenite-bearing quartz vein and the latter
is an unaltered, pink, coarse grained, equigranular granite approximately SO metres away
from the vein. These samples were chosen because of their proximity to the quartz vein
and the lack of coverage of this part of the pluton (‘Lawn Lobe') from previous surveys.

Sample BBS-84-64 is a tuffisite or "gas-breccia’ which occurs along the margin of
the Blue Beach Vein (figure 2.2.1). This sample consists of sub-rounded fragments of pink
granite (up to 3 c¢cm) in 2 fine grained comminuted matrix of pink to purple granitic

material. The wffisite was chosen because of its unique mode of origin and close spatial

relationship to some fluorspar veins.
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Samples AZ-2 and AZ-d are from a sertcitic "Alteration Zone' near the granite
contact at Chanmber Point (figure 2.2.1). This zone contains barite and fluorite veining as
well as chalcopyrite and molybdenite as disseminations in the granite and associated with
narrow fracture-filling quartz veins. Sample AZ-2 is a pink, fine grained, aplitic granite
with disseminated molybdenite and chileapyrite mineralization and is the least aliered of
the two. Sample AZ-4 1s a pink-buff, fine grained granite with intense sericite alteration
and minor disseminated chalcopyrite. These samples were chosen to characterize the
varying degrees of sericitic alteration, a phenumenon rarely observed in this granite,

Sample CV-6 is a sample of relatively unaltered preen 1o black fine grained
Cambrian metasediment from the Inlet Group near the granite contact at Chamber Poing
(figure 2.2.1), adjacent to the "Alteration Zone' desenibed above. This sample was ¢hosen
to represent the homfelsed Cambrian metasediments which typicatly overtie the granie and
locally host minor fluorspar mineralization.  These metasediments show the influence of
thermal metamorphism but litle metasomatic effects except near the marging of fluorite

veins.

2.6 Geochemistry

The geochemistry of the St. Lawrence Granite wias first documented as part of 3
government lithogeochemical study (Strong et al., (974) combined with an M Sc. thesis
study by Teng (1974) an i ;. blished in a subsequent paper (Teng and Strong, 1976).
During the late 1980's, the Geological Survey Branch of the Newfoundland Department of

Mines and Energy undertook a program of compilation and improvement of the existing

geochemical database pertaining to Newfoundland plutonic suites, in order to supplement
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the many new isotopic and related studies (Ko 2t 21, 1990). As part of this program, 99
sample powders were setected from Teng's (1974) original study of the St. Lawrence
Granite and re-analyzed for major and trace elements at the Geological Survey Branch
l.aboratory.

A subset from the new geochemical data (Kerr, unpubl. data, circa 1990) was
combined with data from the present study to produce the summary tables and diagrams
presented in the following discussion. This subset was selected based on rejection of some
samples after comparing their analyses to those of Teng (1974} and after comparing sample
locations 10 geological imformation from subsequent (to Teng's study) mapping (O'Brien et
al., 1977; Strong et al, 1978) and the author's field work in the area. On this basis 10
samples were rejected, seven of which were considered to have a high probability to be
from units other than the St. Lawrence Granite (i.e. 5 from the Precambrian Marystown
Group Volcanics and 2 from the Precambrian Loghlin’s Hill Intrusive) and three were
rejected due to potential mislabelling since they differed significantly from Teng's (1974)
analyses.

In order to expand coverage, especially for the westem part of the pluton, 12 granite
related samples from the present study were added to the data set (101 total samples) to
calculate the average geochemical composition of the St. Lawrence Granite (Table 2.6.1).
A total of 12 samples were excluded from the table because they were either from dykes,

altered zones or wffisites and not truly representative of ‘average’ granite.

2.6.1 Major Elements

The major element data of Kerr (unpubl) reaffirms Teng's (1974) conclusions that

the St. Lawrence Granite is alkaline to peralkaline in composition and charactenzed by
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high concentrations of Si0,, Na,0 and K,O (averaging 76, 3.5 and 4.7 wt. % respectively)
and low ALOQO,, MgO and CaO (averaging 11.2, 0.12 and 0.4 wt. % respectively). A
statistical summary of the geochemical data for the St. Lawrence Granite is presented in
Table 2.6.1. The relative standard deviation (RSD) of major elements in the granite clearly
demonstrate that Si0, and Al,O, show very little variability and that Na,O and X,0 show
only small varability, attesting to the geochemical homogeneity of the pluton. The higher
variation in Fe can be attributed to the irregular distribution of magnetite as an accessory
phase and hematite as inclusions in feldspars and as an alteration product. The high
vaniation of other major elements, excluding CaO, can be attributed to their low average
concentrations and their association with accessory and/or mafic mineral phases, both of
which are rare in the granite. The high variability of CaO probably reflects the
sequestering of Ca into accessory fluorite or other F-bearing phase due to increased F
activity in the melt and/or the addition of fluorite (£ calcite) during hydrothermal
alteration. This relationship between F and Ca is evidenced by the strong positive

correlation shown in figure 2.6.1.
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Figure 2.6.1. Rocks of the St. Lawrence Granite plotlted on a CaO versus F variai.on
diagram (solid line represents Ca/F ratio of fluorite compasition).
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2.6.2 Trace Elements

The trace element concentrations in the St. Lawrence Granite show a high degree of
variation (Table 2.6.1), especially the elements Ba, Sr, Cu, Pb, Zn and F, the most extreme
of which may be related to hydrothermal activity but some probably reflect changes in
magma composition resulting from assimilation and fractional crystallization.

Compared to bulk continental crust (figure 2.6.2), the St. Lawrence Granite is
enriched in Be, Rb, Th, U, Ce, Y, Zr, Nb and Pb but depleted in Ba, Sr, V, Cr, Ni and Cu.
The granite has near average abundances of Li and Zn as well as Ga/Al ratios only slightly
above crustal values. The granite has an average F value of close to 1300 ppm, attesting to
its F-rich nature compared to average granite values of around 800 ppm (Bailey, 1977) but

within the range of 1,000 to 3,000 ppm proposed for alkali granites of varying alkalinity.

100

Avg. St. Law. Granite/Bulk Cont. Crust

elements in the St. Lawrence Granite.

u
0.1¢
Normalizing values from Taylor and McLennan (1985)
| I l | l | | | | l I l | | | I | |
0.001
Li BeGa/AlRb Th U Ce Y Zr Nb Ba S V Cr Ni Cu Pb 7Zn
Figure 2.6.2. Bulk continental crust normalized plot of average selected lrace
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2.6.3 Rare Earth Elements

As part of this study, the rare earth element (plus other trace and major elements)
were determined in 9 samples of the St. Lawrence Granite and related rocks , including a
sample of tuffisite (gas breccia) and near-contact metasediment. Analyses of these samples
are presented as Table 2.6.2. Chondrite normaljzed REE plots (figure 2.6.3) show that the
granitic samples generally have an enriched, relatively flat to V-shaped REE pattern with a
slight light rare earth (LREE) enrichment (La,/Yb, = 3.5 to 1.5), and pronounced negative
Eu anomalics (EwWEu® = 0.074 t0 0.001). The REE concentrations in the granitic rocks are
approximately 100 times chondritic values.

Unaltered granite sample HCT-111, because of its similar trace element chemistry
to the average St. Lawrence Granite (Table 2.6.1), is considered to represent a 'rypical’
chondrite normalized REE pattern for the granite (figure 2.6.3a). This chondrite-
normalized REE pattern is characterized by a relative enrichment in the LREE with respect
to chondritic values, with La,, > Smy and a relatively flat MREE- HREE panem, with the
exception of Eu which displays a strong negative anomaly. Of the unaltered granitic
samples, HCT-111 has the highest concentration of all REE (¥ REE = 374 ppm), except
for Eu.

The tuffisite sample, BRS-84-64, displays a chondrite normalized REE pattern
(figure 2.6.3a) that is virtually identical to that of the 'typical’ granite (HCT-111), except
for slightly lower concentrations of the HREE.

The REE pattemns of samples HCT-187 and HCT-188 (figure 2.6.3a) , from the
Grebe's Nest Porphyry Dykes, show similar HREE concentrations to the ‘typical' granite

(HCT-111) with a momotonic depletion from HREE to LREE compared to the ‘typical’
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granite. This effect is strongest in sample HCT-188 which is characterized by lower REE
concentrations than HCT-187, especially in the LREE, as well sample HCT-187 displays a
stronger negative Eu anomaly than sample HCT-188. The normalized REE patterns in
these samples have a distinctive, moderately developed V-shape, characterized by Jowest
values in the MREE, near Gd (excluding Eu), and increasing towards La and Lu, with a
stronger increase in the LREE.

Samples SDMS-2-B and SDMSH4, from the 'Lawn Lobe' of the St. Lawrence
Granite, display REE patterns (figure 2.6.3a) more closely resembling those of the
porphyty dykes than those of the typical pranite. These samples display the characteristic
V-shape as seen in the porphyry dykes as well as similar minor inflections (or negative
anomalies) at Nd and Ho. Sample SDMS-2-B, from near the margin of the mineralized
vein, displays a similar shaped, but enriched, normalized REE patiern compared (o the
unaltered granite (SDMS-4), which has ¥ REE = 149 ppm, the lowest REE concentration
(especially HREE) of the unaltered granites.

More intense fluid-rock interaction is represented by altered granite sampies AZ-2
and AZ-4 from a zone of sericitic alteration with Mo-Cu mineralization. The chondrite
normalized REE patterns (figure 2.6.3b) of the altered granite show a gradual decrease
from La to Lu (La/Yby = 10 to 15) and the typical, but weuker negative Euv anomaly

(EWEu®* ~ 0.14). The most highly aitered sample (AZ-4) shows a marked LREE

enrichment and HREE depletion compared to the ‘typical’ pranite sample, while the less

altered sample from the sarne exposure (AZ-2) has La-Nd and Eu concentrations similar to

the "typical' granite but displays a steady decrease from Sm to Lu.
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Sample CV-6, a fine grained metasediment from near the granite contact, displays a
chondrite normalized pattern (figure 2.6.3b) with LREE concentrations similar to the
granite, or granitic porphyry, but with significantly lower HREE concentrations (La/Yb,
= 8.6) and only a comparatively slight negative Eu-anomaly (EwEu* = 0.6). When
normalized to average upper continental crust (Taylor and McLennan, 1985), the
metasediment displays a flat pattern (figure 2.6.4) less than twice the average upper crustal
REE concentration. The granite and porphyry (HCT-111 and HCT-187) display enriched
(especially HREE) patterns compared to upper crust. The ‘Lawn Lobe' of the granite
displays near upper crustal abundances of LREE but is progressively enriched in

MREE-HREE. The altered granite (AZ-2) displays a relatively flat normalized REE
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Figure 2.6.4 Rare earth elements in granites and metasediment from the St.
Lawrence area normalized to average upper crust. Normalization values from Taylor
and Mclennan (1985).
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pattern paralle]l that of the sediment. Al the granitic samples display a negative Eu
anomaly but this anomaly i$ absent in the metasediment. Both the metasediment and

altered granite sample AZ-2 are from the same granite-sediment contact zone.,
2.6.4 Local Geochemical Variation

Previous studies of the St. Lawrence Granite only involved reconnaissance mapping
and sampling of the pluton as a whole and, consequently, no separate phases have been
documented within the pluton. Althuugh the marginal contacts of the pluton are well
defined and separate intrusive phases have been noted (Teng, 1974), very little is known
about the spatial relationships of these phases, except that they are more prevalent near the
granite contact. The previous sampling program (Teng, 1974) was not conducted on a
regular grid pattern, was restricted to a number of widely spaced traverses across the
pluton, and was heavily biased toward coastal and road exposures.

To evaluate local geochemical variability within the pluton, the database was
subdivided on the basis of 10 quasi-geological (primarily geopraphical), largely spatial
subdivisions. These subdivisions are: the Little St. Lawrence area (LSL), near the southeast

corner of the pluton; the St. Lawrence Harbour area (SL1H), west of LSL in and around the

town; the Red Head area (RH) in the southeast part of the mine area exposures; the Hare's

Ears area (HE) in the central part of the mine area, the Chamber Point area (CP), the
westemmost portion of the mine area near the granite contact; the Grebe's Nest Dykes
(GND), quartz-feldspar porphyry granitic dykes west of the mine area; the Little Lawn
Harbour (LLH) which probably represents the exposed top of the granite between St.

Lawrence and Lawn; the Lawn Lobe (LL), the southwestern corner of the pluton; the




30
Mount Margaret area (MM), north of LSL; and the Burnt Woods Hill area (BWH), north of
SLH.

Of these subdivisions, only the Grebe's Nest Dykes (GND) is geologically distinct,
representing porphyritic granitic dykes which intrude both the main granite body and its
country rocks. The Lawn Lobe (LL) is characterized by a coarse grained pink granite
which appears to contain a higher concentration of mafic minerals than the average St.
Lawrence Granite. The "mine area” subdivisions (RH, HE and CP) are characterized by
containing the heaviest concentration of fluorite veins and showings in the area. The other
subdivisions are based almost entirely on the geographic distribution of the granite

exposures for which sample analyses were available.

The average values for each subdivision given in Table 2.6.3, indicates that there is
very little spatial variability in major elemert {(and most trace elements) chemical
composition throughout the pluton. The plot of the subdivisions in figure 2.6.5 graphically
displays the vanation with regard to the ‘Average St. Lawrence Granite' composition. Most
of the granite samples from the vicinity of the fluorspar mining area (figure 2.6.5a) show
little variation from the average composition, which is not unexpected since the majority of
the samples were taken from this area. The most variable unit within this grouping is the
Chamber Point (CP) area which displays moderate depletions in Be, Th, U and Nb
compared to the average.

A normalized plot of the subdivisions from outlying parts of the pluton and the
porphyry dykes and sills are shown in figure 2.6.5b. These units show much more

variability, with the most notable being the lower Zr and Ce concentrations in the GND and

the LL subdivisions (< 300 ppm Zr compared 10 > 500 ppm Zr in other subdivisions). As
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well, the Lawn Lobe (LL) is characterized by an enrichment in Li. Ba and Cr relative to the

average granite, while the Grebes Nuest dykes (GND) show an enrichment in St and Cu.

Table 2.6.3 The St. Lawtence Granite Geochemistry subdivided into spatially distinet subdavisions (for
explanation of subdivisions, see text),
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Data is primarily from Nfld. Dept. of Mines and Energy (Kerr, unpubl data, 1992) with contributions

of selected samples from the present study. This table is compiled from the same data szt as Table
2.6.1 with the addition of 9 extra dyke samples (GND).
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¢ higher concentrations of highly charged cations such as Nb, Ga, Zr, Y, REE (except
Eu), Pb and Zn

¢ higher concentrations of Sn, W and Mo

¢ lower concentrations of the transition elements V, Ni, Co and Cr

¢ higher F and Cl abundances (usually F > 1000 ppm)

As established in the earlier discussion on geochemistry, the St. Lawrence Granite
has most of the characteristics which have been used to distinguish A-type granites from
other granite types. The granite is strongly alkaline to mildly peralkaline, as indicated by
Shand's index (figure 2.7.1), is not deformed, and can be considered anorogenic since it has
not been directly linked to any specific orogenic event,

Whalen et al., (1987) compared geochemical analyses of 148 samples from A-type

granites with 1569 analysis from [- and S-type granites and developed effective
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Peraluminous
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AI203/(Na20 + K20)
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Maniar & Piccoli 1989 (fig 2)

1 2
Al203/(Ca0 + Na20 + K20)

Figure 2.7.1 St. Lawrence Granite samples plotted on 'Shand's Index' showing
the strongly alkaline to mildly peralkaline nature of the granite.
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schemes. Fresentation of all these various schemes is beyond the scope of the present
study, therefore the basics of 1.0 are considered the most applicable classification
schemes will be introduced and discussed in terms of the St. Lawrence Granite.

Chappell and White (1974) proposed o genctie classification  scheme which
subdivided granites into two basic types. those derived from a sedimentary protolich
(S-type) and those derived from an igneous protolith (I-type).  From the b-type pranites,
subgroups were defined based on speciolized characteristics of some granjtes. Two such
subgroups distinguished from other I-type pranites  are those, at least partially, derived
from dehydrated continental crust (A-type: Loisclle and Wanes, 1979; Collins et al., 1082)
and those derived directly from mclting of subducled vecanic crust or overtying mantle
(M-type: White 1979; Pitcher 1983; Whalen 1985).

The A-type granites can be distinguished from other granite types by using the
mineralogical/chemical classification presented by Cotlins ¢t al. (1982). This was extended
by Whalen et al. (1987) to include an expanded set of trace elements. In summary, the

major mineralogical characteristics of A-type graniles are:

¢ the feldspar is dominantly alkali feldspar often with albite-orthoclase solid solutions

or intergrowths
micrographic intergrowths of quartz and alkali feldspar are conmmon
annite-rich biotites and/or alkali amphiboles occur and are usually intimately
associated with fluorite
mafic minerals, when present, occur late in the crystallization history, often as
interstitial grains or clots between alkali feldspar und quartz

The major chemical characteristics of A-type, compared to other granite types are;

¢ higher Si0,, Na,0+K,O contene, and Fe/Mg ratio

¢ lower contents of Ca0, Baand Sr




34

¢ higher concentrations of highly charged cations such as Nb, Ga, Zr, Y, REE (except
Eu), Pb and Zn

¢ higher concentrations of Sn, W and Mo

* lower concentrations of the transition elements V, Ni, Co and Cr

¢ higher F and Cl abundances (usually &> 1000 ppm)

As established in the earlier discussion on geochemistry, the St. Lawrence Granite
has most of the characteristics which have been used to distinguish A-type granites from
other granite types. The granite is strongly alkaline to mildly peralkaline, as indicated by
Shand's index (figure 2.7.1), is not deformed, and can be considered anorogenic since it has
not been directly linked to any specific orogenic event.

Whalen et al., (1987) compared geochemical analyses of 148 samples from A-type

granites with 1569 analysis from |- and S-type granites and developed effective
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Figure 2.7.1 St Lawrence Granite samples plotted an 'Shand's Index’ showing
the strongly alkaline to mildly peratkaline nature of 1he granite.
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discrimination diagrams utilizng plots of Ga/Al (x 10.000) against certain major and trace
elements to clearly define separate fields for A-type versus 1, S- and M-type granites. The
major and trace element geochemical data for the St Lawrence granite were used to
prodace a series of these discrimination diagrams ( figure 2.7.2a-0).  All of the diagrams
show that the St. Lawrence Granite compositions plot well within the ficld of A-type
granites and, in most instances, the analyses form tight clusters. The plats displaying the
most scatter involve the elements Ca and Zn which may be artificially enriched in some
samples due to widespread effects of hydrothermal activity. The discrepancy between the
FeO*/MgO ratios in the M & E data (Kerr, unpubl. data, 1992) and the data from this study
(figure 2.7.2b) may be due to inconsistency in MgO analysis between analgtical
laboratories and/or methods. Regardless, both data sets plot well within the field for
A-type granites.

Pearce et al. (1984) proposed a tectonic classification of granites based on
discrimination diagrams using Rb, Y, Nb, Yb and Ta data. Plots of the St. Lawrence data
on their Rb vs. Y+Nb and Y vs. Nb diagrams show that most of the samples can be
classified as within-plate (WPG) type granites (figure 2.7.3ab). The St. Lawrence samples
plot in a field similar to that of the Nigeria ring-complex granite suite for which Pearce et
al. (1984) suggest a petrogenetic origin based on an enriched mantle source evolving with
combined assimi’ation-fractionation at intcrmeciate to aci¢ compositions,  Un'txe the St.
Lawrence Granite this complex contains a diverse array of granitoids from peralkaline

granite and volcanics to syenites, gabbros and mafie volcanic equivalents (Bowden and

Turner, 1974) suggesting a more direct involvement of mantle derived magma.
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Figure 2.7.2 Piots of the St. Lawrence Granite samples on selected Adype granite
discrimination diagrams from Whalen et al., 1987. Plots are of 10000*Ga/Al versus: (a)
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St. Lawrence mine area (MA); Grebe's Nest (GN); Lawn Lobe (LL); (Al) agpaitic index

(Na+K/Al).
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Figure 2.7.3 Plots of St. Lawrence Granile samples on the Nb-Y and Rb{Y+Nb)
tectonic environment discrimination diagrams of Pearce et al, 1984. The fields are
for syn-collision granites (syn-COLG), volcanic arc granites (VAG), within plate
granites (WPG) and ocean ridge granites (ORG). Post-caollision granites can plot in all
but the ORG field.

Considering their contrasting tectonic settings, Batchelor and Bowden (1985)
suggested that A-type granites should be further subdivided on the basis of either
late-orogenic association of short duration or alkaline-peralkaline anorogenic suites of
episodically emplaced plutons over a long time interval, such as those of Niger-Nigeria
(Bowden and Tumner, 1874). They do not consider post-orogenic alkaline magmatism as a
continuation of the compressional (orogenic) cycle, but rather the result of a relaxation
after plate collision which would generate tensional rifts and give rise to alkaline magmas.
Batchelor and Bowden (1985) suggested using the multicationic plot of de la Roch et al.
(1980) to discriminate between tectono-magmatic associations and to show that there is a
systematic change through an orogenic cycle which ultimately leads to the development of
alkaline magmas. The St. Lawrence Granite samples, plotted on the multicationic diagram
(figure 2.7.4), form an enlongate narrow cluster in the field of post-orogenic granites (7).
Most of the R2 scatter observed in some of these samples can be attributed to Ca

enrichment in response to hydrothermal alteration. This is demonstrated in figure 2.7.4 by
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the variably altered granite samples (solid squares), from the Alteration Zone at Chamber's

Point, which have significantly higher R2 values.
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Flgure 2.7.4 Piot of St. Lawrence Grante compositions or: the de la Roche R1:-R2
muiticalionic diagram showing Balchelor and Bowden'’s granitoid associations (1-7).
Symbols as in figure 2.7.2.

Maniar and Piccoli (1989) also developed a systematic approach, using major
element analyses to discriminate between granites from different tectonic environments.
When plotted on the various discrimination plots proposed by Maniar and Piccoli (1989),
the St. Lawrence samples clearly point to the classification of the granite as 'continental

epeirogenic uplift granite’ (CEUG). CEUG are defined as granitoid rock associated with

continental areas that have experienced epeirogenic crustal uplift with no subsequent
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development into a rift; the Younger Granites of Niger-Nigeria are an example. Maniar
and Piccoli (1989) attribute such uplift to hot-spot activity or an aborted rifting event.

The homogeneity of the St. Lawrence Granite, combined with the lack evidence for
extensive related episodic plutonism and the narrow range displayed in figure 2.7.4, all
suggest that the granite can be considered to be of late-orogenic origin.  This supports
emplacement in a tensional regime that was developed in response to crustal relaxation

after the compressional Silurian orogenic event defined by Dunning et al.  1990).

2.8 Detrogenesis

The St. Lawrence Granite and associated volcanic rocks are composed essentially of
quartz, orthoclase and albite with very minor amounts of mafic mincrals or calcic
plagioclase. They are characterized by modal aegirine and riebeckite, alkaline to
peralkaline compositions and high concentrations of trace elements such as Rb, F, Nb and

Zr and low K/Rb ratios, which result from advanced differentiation and volatile enrichment

(Teng, 1974; Strong et al., 1974; Teng and Strong, 1976). The elevated YSr/*Sr initial

ratio of either 0.722 (Bell and Blenkinsop, 1977) or 0.709 (Fryer and Strong, pers. comm.,,
circa 1984) suggests at least some degree of continental crustal involvement in their origin.
Teng and Strong (1976) suggested an origin by melting of continental crust and subsequent
plagioclase fractionation from the parental melt.

The St. Lawrence Granite magma is considered by Teng and Strong (1974) to have

been a relatively low-P high-T hypersolvus granite magma. They cite the presence of

woler®

perthite as evidence that the granite cooled both 100 rapidly for complete unmixing, and too

slowly for homogeneous quenching in the absence of water vapour. The occurrence of
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tuffisites (gas breccias) provide additional evidence of a shallow depth of emplacement.

The rarity of hydrous minerals such as biotite and amphibole, and the absences of

significant amounts of pegmatite or aplite (except for minor veins and dykes), also led

them to suggest that the melt was relatively anhydrous. They cited field evidence that the
granite produced abundant thermal, but minimal metasomatic effects, on the country rocks
as indicating a relatively hot but anhydrous melt.

Deeply embayed quartz phenocrysts and micrographic intergrowths of quanz and
orthoclase with granophyric textures, noted in the marginal phases of the granite, have been
attributed to quenching due to a sudden release of pressure (Teng, 1974). The abundance
of tuffisites and breccia textures observed in the fluorspar veins lend support to such an
explosive release of volatiles during crystallization of the granite. The bulk compositions
of the St. Lawrence Granite plot near the (emary minimum at 50 MPa in the Q-Or-Ab-H20
system, suggesting crystallization under very shallow conditions, in agreement with field
evidence (Strong, et. al., 1978).

From the St Lawrence Granite geochemical data, a ternary plot of normative
Q:Ab:Or values (figure 2.8.1) was constructed. The diagram also includes the 2 to 0.5 kbar
cotectic lines and 10 to 0.5 kbar ternary minima for a fluorine-free system (Luth et al.,
1964: Tuttle and Bowen, 1958), and the trend of 1 kbar minima for fluorine-rich melts for
varying F concentrations (Manning, 1982). The majority of the St. Lawrence Granite
samples plot in a well defined field centred near the termary minimum between the 0.5 to 1
kbar cotectic lines. This is in agreement with the findings of Teng and Strong (1976) who
placed the centre of the ficld at the ternary cotectic at 0.5 kb for 80% of the samples

studied. This would indicate that the P_, was no more than 2 kb allowing for maximum
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Figure 2.8.1 Normative Q-Ab-Or (wi%) In samples from whole rock analysis of the
St. Lawrence Granite. Cotectic curves and minima (symbols) show the experimental
data for the effects of differing water pressure (from Winkler, 1979) and F content
(Manning, 1982) in the melt.

The P, was probably much less (I to 0.5 kbar) since, as shown by Manning

the addition of only a minor amount of F to the melt would tend to expand the

quartz field and drive the ternary minima along the F-rich trend. Ebadi and Johannes

(1991)

have also shown that if the melt is under-saturated with respect to water the

Or/Ab-ratio would increase with decreasing water activity . Since the granite melt is

expected to initially be relatively dry, but becoming closer to water saturation and more F

enriched with progressive crystallization, both of these factors would contribute to the

increased scatter of the data.
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Since most of the St. Lawrence Granite data plotin a field centred near the 0.5 kbar
termary minimum, the temperature of crystallization of the granitic magma would be at
approximately 770°C assuming water saturation (Winkler, 1979). Experimental studies on
peralkaline melts (Bailey, et al., 1974), showing pantellerite minima at 850-830°C at
0.2-0.1 kbar for anhydrous melts, led Teng and Strong (1976) to suggest that the
crystallization temperature of the relatively anhydrous St. Lawrence Granite may have been
that high.

The lack of normative compositions along the trace of F-rich minima (figure 2.8.1)
suggests that the actual F conlent of the melt, from which the batholith formed, may have
been as low as, or considerably lower than, the average F content (0.13%) of the St.
Lawrence Granite as indicated from samples of surface exposures. These elevated F values
(up to 0.67%) may actually rcpresent the addition of secondary fluorine through
hydrothermal alteration of the carly granite, ty late-stage F-rich fluid evolving from the
solidifying core of the pluton, rather than elevated F concentrations in the initial granitic
melt. Such a process has been proposed (Manning, 1982) to account for some of the
fluorite-bearing granites of Cornwall. Another possible explanation is that the fluorine
content of the melt may have been buffered to lower concentrations by the crystallization
of fluorine-bearing phases from the melt. Both processes may have been involved since
fluorite is known tn be associated with "chloritized” biotite, and occurrs as a discrete
accessory phase within the granite as well as lining miarolitic cavities in the granite,

Whitney ( 1988) states that the presence of rounded or embayed quartz phenocrysts

or crystals in granitic rocks or volcanic equivalents suggests isothermal decompression in

the water-vapour-undersaturated region. a phenomenon which should not oceur for most
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granitic compositions under vapour-saturated conditions. The presence of deeply embayed
quartiz phenocrysts, quartz-orthoclase granophyric intergrowths and tuffisites in the Si.
Lawrence Granite suggest such vapour-abscent conditions.

In contrasting the crystallization history of vapour-absent and vapour-saturated
granites, Whitney (1988) discussed the crystallization of the Cape Anne Granite, an
alkaline granite very similar in composition to the St. Lawrence Granite. Whitney (1988)
states that "if only 2% water is present, however, crystaltization starts well above 800°C
(probably above 900°C by comparison with vther data) and continues to 680°C. At 2 kb
this process is nearly constant until the composition 1s about 75% crystalline at 685°C, at
which point the composition becomes vapor saturated and finishes crystallization within
10°C". In the case of the St. Lawrence Granite, it is probably this final 25% of
vapour-saturated crystallizing magma that evolved the F-rich mincralizing  fluids
responsible for the fuorite mineralization.  Therefore, the bulk of the exposed pluton
represents the coarse-grained, slowly crystallized, high temperature and  vapour-
undersaturated phase of the pluton. The late-stage magma may be more closely

represented by aplitic and porphyritic dykes which locally cuithe main granite body.

2.9 Granite-related Mineralization

The most economically significant form of granne-related mineralization known to

occur in the area are the fluorspar veins. These veins oceur almost entirely in the granite

and are considered penetically related to it {Kauffman, 1936; Van Alstine, 1944, 1948;

Williamson, 1956; Teng, 1974; Teng and Strong, 1976; Strong ct a)., 1984; Collins, 1984).
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Other minerals such as galena, sphalerite, chalcopyrite and barite occur in the fluorspar
veins but none reach economicatly exploitable concentrations or size.

Various lake and stream sediment surveys conducted over the St. Lawrence Granite
as part of various government and industry programmes have recorded widespread highly
anomalous uranium values. In spite of intensive exploration programmes, including
diamond drilling, the only reported uramium (pitchblende) mineralization occurs in a
road-cut at the north end of Little Lawn Harbour, at the contact between a porphyritic
cifshoot of the St. Lawrence Granite and black shales of the Inlet Group (Strong et al.,
1978).

Widely distributed anomalous Mo and Sn values have been reported in various
industry soil surveys over the granite, especially north ¢f the community of Lawn.
Molybdenite mineralization occurs in a micro-pegmatitic quartz vein and as disseminations
in the granite near the 'Second Dam' north of Lawn and in an sericitized granite (with
chalcopyrite)} near Chamber Point.

Numerous minor sulphide bnearing veins occurrences have been reported in both
the granite and its country rock, usually associated with fluorite or calcite. The most
significant are at Mine Cove and Little Salt Cove where high silver values have been
reported associated with galena-bearing fluorite veins. Numerous pyrite-bearing gossen

zones occur in the metasediments adjacent to the granite contact, but no significant base or

precious metal values have been reported from them.




The St. Lawrence Fluorspar Deposit

3.1  Introduction

The first official documentation of fluorspar in the St, Lawrence area was made
by Jukes, who wrote in his general report for the Geological Survey of Newfoundland for

the years 1839 to 1840:

"On the western side of the Harbour of Grear St Laserence, a snudl vein or
string was seen in the sienite, comtaining crystals of galena or lead ore, and
Jluare of lime: they were trifling and did not promise 1o lead to anything more
abundant.” Jukes (1843, p. 154).

In the late 1800's, Murray and Howley (1881) visited a fluorite-galena prospect in Little
Lawn {probably the Mine Cove Vein), and in his report on the mineral statistics and
mines of Newfoundland for the year 1900, Howley (1917) noted the presence of fleorite
at Lawn.

More than 40 individual Auoritc veins or vein systems are known o oceur in the
St. Lawrence area, but less than half of these have proven 1o be of ccunomic proportions.
Mining began on the St. Lawrence fluorspar weins in 1933 and was more or less
continuous since then, until, with a total of 3.43 million tonnes of 70-95% Cafl?,
concentrates shipped, the mines closed on February 1, 1978, The St. Lawrence deposits

constitute a major high-grade source by world standards, and were the only major
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Canadian producer unti] their closure (Tilsley, 1084). The largest three of the known

veins (Blue Beach, Director, and Tarcfare) sull contain close to 8 million tonnes of

‘pussible’ reserves with a cut-off grade of 35% CaF, down to a maximum depth of 300

mctres ancd an average grade of 45-48% CaF, (Hodge et al., 1977).

In 1983, five years after the mines closed. the inincral rights reverted 1o the crown
and, in {984, the Newfoundland provincial and Canadian federal governments heavily
subsidized the re-activation of the St. Lawrence mine. Tne parent company Minworth
Limited of the UK., incorporated a subsidiary, St. Lawrence Fluorspar Limited, which
started surface and underground development of the Blue Beach North Mine in 1985,
Market conditions and problems with underground development forced this company to
close the mines again by 1990, afier having produced approximately 500,000 tonnes of

ore from the Blue Beach North Deposit and a nuraber of small surfice operations.

1.2 Geologic Scetting of the Fluorspar Veins
L.2.1 Review of Previous Geological Studies

During 1935, Kauffinan carried out reconnaissance mapping in an area north and
cast of St Lawrenee as part of a B.A. thesis at Princeton University (Kauffman, 1936).
e recognized the intrusive nature of the St. Lawrenee Granite and concluded that it was
intruded at a relatively shallaw depth (less than two miles) and enriched in volatiles. He
also recognized that the granite exposed at St. Lawrence, and Lawn, to the west, were
part of the siune fluorite-bearing batholithic mass.

Durimg the summers of 1939 and 1940, Van Alstine mapped an approximately

300 square mile map area around St. Lawrence for the Geological Survey of
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Newfoundland (Van Alstine, 1939 [944; (O4R).  Petrographic studies of the St
Lawrence Granite, found it to be an alaskite or alkali granite vomposed essentially of
quartz, orthoclase and albite.  Van Alstine (1948) considered e granite and the
“rhyolite" porphyry to be almost contemporancous and to have formed trom a highly
differentiated magma reservoir, 1le also stressed the epithermal nature of the flaorite
veins and their close genetic link 10 the granitic magma.

During 1956, Williamson carried out detailed mapping of some forty distinet
Aluorspar veins and produced a comprehensive summary of the regional geology of the
St. Lawrence Area which also supported a magmatic origin for the Quorite vems
(Williamson, 1956). His work involved a detailed analvsis of the structare of the arca
and the relationships between the regional structural patterns and the fluorspar veins,

In 1974, Teng comploted & stady of the geochemistry aind petrology of the St.
Lawrence granite, describing it as alkaline to peralkaline i compuosition and intraded and
crystallized at shallow levels.  1le concluded that 3t was the hypersolvus refatively
anhydrous high-tempcrature granitic magma that, during the linal stages of cooling and
crystallization, provided the source of the mineralizing (linids from which the flaarspar
veins formed (Teng, 1974; Teng and Strong, 1976).

A mapping program was carricd out on the southera Burin Peninsula, between 1974
and 1976, by Memorial University for the Newfoundland Departiment of Mines and

Energy under the direction of Dr. D. F. Strong.  This programme better defined the

contacts and contact relationships of the granite, especialty i the northeast portion, The

mapping covered the Grand Bank (1M/4) and Lamaline (10/13) NIS map sheets
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LO Brien, et al., 1977y, as wel) as the Mary stown (1M/3) and St Lawrence (1L/14) sheets
(Strong et al | 1Y78) at @ seale of 1:50,000.
3.2.2 Distrihution of the Fluorite Veins

Almost all the uorite veins are found within the St Lawrence granite or its related
porphyry dikes, and all ovewr as open-space filling in tension fractures. These probably
developed as a result of vregional stress and contraction during cooling of the granite.
Indications of fluorite veining are present throughout mest of the granite batholith and, 1o
a bimited extent, in country rocks near the granite contact.  Most of the larger, more
continuous veins oeeur immediately west and north of the community of St Lawrenge.

Fw o major groups of Nuverite veins are recognized:

I The Northwest-Southeast Veins are generally tower grade and wider.
They average about 7 metres in width (but locally atain widths up to 30 m)
and grade approximately 70-63% CaF, content.  The average strike varics
ftom L60-135" aznmuth. Examples are the Director, Tarefare and Blue Beach
veins,

l The Eave-West Veins are generally bigher grade and narrower. They
average one metse or less in width and are characterized by ‘actd grade' ore
averaging 93% Calfy o The average swike varies from [13-60° azimuth.
[xamples are the Lord and Lady Gulch, lron Springs, and Canal veins.

No majorveins are known to mutuaily intersect but subsidiary (or offshoot) veins
are common, uswally oriented sub-paralte]l the major veins. The veins range from a few
hundred metres o more than 2 km Jonyg but, i many cases. their icregalar form and
dilution by wall rock prevent comuercial wrade ore from being available throughout their
entire lengths.

328 Structural Relationships
The major structural trend preserved in the Cambrian-Precambrian rocks s at

approximately 030° and 15 marked by repeated fotding and Jow-angle thrust faults,
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produced in response to regional northwest-southeast compression (Williamson, 1936),
This compressional repime would have pre-dated the emplacemient of” the St. L awirenve
Granite (circa. 394 Ma) and is Silurian in age (Dunning ctal., 190),
These cardier structures were later transected by normal (gras ity Y Gdting, sone of

which were of major proportions (Williamson, 1930). These (aulis, teending between

020° 10 010°, were produced in response to uplift and release of pressure [ollowing the

earlier period of compression (Williamson, 1956).  “This penad of uplift was fotlawel,
probubly very closely, by the intrusion of the St 1 awrence Granite along predetermined
zones of weakness provided by the large tenstonad fauftstructures, 1his is evidenced by
the enlongate nature of the granite, in a sumewhat cast ol north direction, and the strong
evidence for a sharp, steep, structurally controlled castern contact.  This structurnl
regime (s similar 10 that proposed by Batchelor and Bowden (1985) for post orogenic

alkaline magmatism (group 7 in figure 2.13) Iike the St Lawrence Granite. They shale.

"Thus the place of post-orogenic alkaline magmativm  within the orogenic
cvele cannat be considered av a contintation of the compressional evele, but
may he viewed ay the sesult of a relaxation effect after plate collixion which
would gencrate tensional rifts and give rise o alkaline magnas.” (Batchelor
and Bowden, 1983, p. 33).

Such crustal scale faulting could provide the pressure teleise (and to a lesser extent,
frictional heat) to wrigger partial nielting in the region of the Tower <rust o upper mantle,
This distensiona) environment would favour the chaneclling of volutiles (Black ¢t af
1085; Bailey, 1978) andor basaltic magmas (Clemens ¢ al, 1986y fiom the upper
mantle, generating A-type magmas by pantial melting of depleted T-type source acks

(Clemens ¢t ab, 1986) or dircctly from mantle derived magmas by  frictiona)
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crystallization and varying degrees of assimilation of crustal rocks (Pearce ot al., 1984;
L:by, 1990, 1992),

Once in place, the granite body cooled, crystallized and contracted causing the
development of tenston and shear fractures,  Williamson (1956) conctudes that the
promiment orientations of the fluorspar veins can be predicted or explained by structural
interpretation. Since the granite is enlongate in a direction 010°, tension fractures would
be developed perpendicular to this direction (at 100°), coincident with the 'east-west'
trend of fluorspar veining { Williamson, 1956). Symmetrically disposed on either side of
the directiun (tension fractures), at angles refated 1o the confining pressure, there would
be devdloped (wo directions of minimum  stress and maximum shear along which
predominantly horizontal movement could take place (Williamson, 1956). Onc of these
predicied direetions (140°) is coincident with a relict tensional fracture direction from the
carlicr compressional regime, as well as the ‘northwest-southeast' trend of the larger
flusrspar veins (and the Grebe's Nest porphyry dykes). He also pointed out that at least
two of the veins which do nat conform 1o one of the two prominent trends, are coincident
with the other predieted direction of maximum shear.

Regardless of whether the mode of origin of the structures responsible for the
fluorspar vems was partially controlled by pre-existing tectonic regimes or is simply
related to the cooling and contraction of the pluton, it is apparent that the fluorspar veing
are imleed fissure-tilhing veins which were deposited largely in open fracture and’or fault
siructures and show ¢vidence of continuous syn-depositional movement with episodic gas

and tectonie breeciation, Slickensides, common on the vein and joint surfaces, generally
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have a sub-horizontal plunge (Van Alstine, 194%) reflecting  mmor lae  hovizontl

adjustment in the waning stress reginw,

3.3 Mineratogy and Texture of the Viein Mineralization

The fluorite, especially in the ‘east-west’ veins, is mostly massive and coarse grained,
filling veins from wall to wall. The fluorite occurs in many colours such as green, white,
yellow, blue, red, purple, colourless and rare black or very dark blue varicties. The
colouration in fluarite 1s highly variable but several general tiends related w colour have
been noted by previous workers (Van Alstine, 1948; Willunson, 1936), These are.

o green fluorite (s common in near-contact veins (e Tarefare, Grebe's Nest, ete.)

* purple fleorite is ‘early-stage’ (i.¢. associated with granite and carly ‘breceii-ore’)

¢ red colouration is usually due to the prescace of henaite inclusions
A prominent feature ol the veins is the occurrence ol large vugs which are
commonly extensive either along the vein or vertically, some mcusucing up w 30 nwtres,

and often lined with euhedral Auerite erystals, some up ta 35 ¢m, along the edge. Cubie

forms are more common than octahedra which are more abundant in veins ocoureing in

the porphyry dykes and country rocks, (e.g. the Grebes Nest and Mine Cove veins).
Octahedral, growth-zoned, coarse grained, green fluortte from ahe Geebe's Nest and
Anchor Drogue Veins display o platy or fibrous texure perpendicular (o the
growth-zoning. This texture was also noled by Van Alstine (194%) and Williamson
(1956).

Quartz forms the most abundant gangue mineral, occurning in material locally known
as "blastonite”, consisting esscntially of brecciated fluorite cemented by a mixture of

microcrystalline quartz and fluorite, that probably formed as a result of bath gas- and
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fautt-breeciation.  Fluorite-free quartz veins are rare, but in some veins blastonite is
reported to prade inlo zones of white, coarse grained, conchoidally fracturing quarte,
running down the centre of the vein (Williamson, 1936).

Calc¢ite is found in nearly all of the fluarite veins, both as bands alternating with
fluorite, and as coatings on exposed fluorite crystal surfaces. Calcite coating fluorite
crystals in vugs commonly display 'nail-head’ and 'dog-tooth” forms as well as doubly
terminated scalenohedral crystals (Williamson, 1956). Calcite also forms an important
constituent of the fluonte/granite gas-breccias, mainly in the matrix cement.

Barite is s relaively common gangue mineral in most of the veins studied. At the
{fron Springs and Canal veins it occurs as clear honey-yellow 1abular crystals intimately
intergrown with the fluorite. White and pink platy aggregates of barite are found in a
number of other veins such as the Big Mcadow Woods, Tarefure, Blue Beach, and others.
A small vein at Lawn, hosted by Cambrian sediments, has barite as its primary mineral
phase and displays rhythmically banded white ang red barite growth-zones.

Sulphides are commonly associated with the veins, especially near the granite
contact or in ‘country-rock’ veins such as the Grebes Nest, Big Mcadow Woods, Mine
Cove, Lead, and Chambers Cove veins. Galena and sphalerite are the most abundant
sulphides, espeaially in the near-contact vemns, with chaleopyrite being more abundant in
the veins hosted entirely within the granite.  Pyrite is rare but is known ta occur in the
Dircctor and Blue Beach North veins,  Van Alstune (1948) also reported covellite,
barnite, and chalcocite in several veins,

Apart from the veins, fluorite is also seen as both fragments and matrix cement

to gas breecias (tuffisites), the repeated generation of which gave rise to a great variety of
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complex textures.  As well, the margias of some veins contin ‘breceasore’, which
consists of fragments of granite cemented by coarse grained purple Noorite. This
‘breceia-ore’ s interpreted (0 represent breeciation,  assacisted with anitial - ol
movements, and coincident fluorite  precipitation,  from carly mineralizing  Nuids,
preceding the development of sigmificant 'open-space’ regtimes within the system. Such
regimes, resulting from subsequent fault movemem and or dilition, provided an ample
Jacus for fluorspar mineralization. The repeated gencration ol tectonic/pas breccias and
'sand seams' (consisting of primarily putverized and geanolared Tuorite) attest 1o both
syn- and post-depositional tectonism.

The Ruorite is often stnkingly prowth-zoned parallel 1 the vein walls, with
concentric bands that reflect unidirectional growth and crustification ta open spaces. The
growth bands are quite vartable in colour and tuckness but locally  consistent
colour-banding sequences can be determined.  Often ihese sequences rapidly change,
even between idividual lenses within the same vein.  Thesefore, interpretations
determined (rom growth-zoning should only be applied on 4 local scale, as it is not
necessarily representative of the entire vein,

Close to the vein walls the mineralization tends to be fine giained and banded,
often containing variable percentages of quartz and caleite accompanicd by rhythiic
vanations in colour. This banding may be composed of barite, quartz, NMuorite or caleite
or any combination of these. In some complex sequences, the banding may reflect
reopening and refilling of the vein structures, in response (o structural movements, rather

than simple concentric growth banding from continuous ‘open-space’ precipitation,




54

In addition to the ‘breccia-type' and blastonite textures, nodular banding is
commanly observed in the Director and Blue Beach veins. This texture is produced by
fluorite bands, of different colours and/or textures, surrounding a nuclei of breecia
fragments, These fragments can be granite, porphyry, hornfels or previousty deposited
ore in a varicly of textures and types. Nodules near the walls of the veins commonly
have centees composed of wall rock fragments while those from the ceniral part of veins
commuonly have centres composed of ore fragments (Van Alstine, 1948). Some nodules
shaw concentric banding all the way around the centres suggesting that the fragments

were perivdically rotated and.’or suspended due to intense fluid movement.

A4 Fluid-rock Imteraction - Alteration

Muost of the {Tuorite veins in the area show sharp, relatively unaltered contacts
with the granite, except for local fluorite supported marginal ‘breccia-ore'.  Sericitization
and silicilication have locally affected the wall rock of some veins, in particular, where
the host rock (o a wvein is horafels, it is usually bleached from dark green (or black) to
Hght green, and where it 1s 'rhyohite porphyry', it is locally bleached from pink to tan or
gray (Van Alstine, [948).

Contacl metamorphism around the St. (Lawrence Granite was the subject of a
RSe. (Honours) thesis by Evans (1977). His study of nuineral assemblages in hornsfelsed

cale-silicate and pelitic rocks in contact zones indicated temperatures of formation of

the fluorspar veins and concluded that alteration effects were more widespread than

previons work had indicated.  In underground workings (Tarefare mine) he noted




progressively decreasing deprees of alteration, from Kaolinization 1o sericiization, away

from the vein contaets. The effects of the alteration on the grande did not extend moch
more than several metres beyond the contact.

A similar type of alteration was noted at the margin of the Litde Salt Cove Vein
where the granite, within | metre of the cantact, is vasiably scricitized. The pink granite
18 sericite altered to a light beige colour and contains numerous tiny veinlets of silica and
fluorite, as well as up to 1% disseminated and stringer pyrite. Between this location and
the granite contact at Chamber Point (tigare 2.2.1 (here is a zone ol highly ahaed
granite, herein refemed 0 as the "Alreration Zone” in which the normally red granite is
altered 10 beige or orange in colour and tocally scricitized. The zone s mincralized wath
small cross-cutiing Nuorite and barite veins and with disseminations of molybdeoite amd
chalcopyrite, locally weathered to malachite.

The chondrite normualized REE patterns (figare 2.6.3) Jrons the most higaly
altered sample (AZ-4) show marked LRELE earichment and TRV depletion campared to
the 'typical® granite sample while the less altered sample fromy the same exposure (AZ-2)
has La, Ce and Eu concentrations similar 1o the ‘typical’ granite bat displays a steady
decrease from Prto Lu. The sericitie granite displays similar Lu values as the moderately
altered granite but shows a progressive enrichmuent towards the 1 REE Compured 1o
totally unaltered St. Lawrence Granite porphyry dykes (samiples TN =187 & THCV-1K8K,
figure 2.6.3) both of these altered yranite swmples are LREE entiched and HREL:
depleted.  This suggests equilibration with a mincrabizing tluid which  was highly
enriched in LREE and depleted in HREE compared o the granite, or a reactive Huid

which preferentially leached and wransported HIREE and other elements (Na, Al Gay vut
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of the system.  An alwernative hypothesis  involves a fluid reacting with the granite to
produce a LREL enriched minor phase(s) which effectively enriched the LREE and
diluted the HREEE in the altered granite resulting in the observed chondrite normalized
RET patterns (figure 2.6.3).

This REE cnrichment is similar to characteristic trends attributed to potassic
alwration in granodiorite porphyry from Bakircay, Turkey by Taylor and Fryer (1983).
They concluded that such early potassic alteration is produced by high salinity
hydrathermal fluids expelled from @ magma during intermittent boiling at pear magmatic
temperatures.  The aliered granite samples have higher Lu than the unaltered pranite.
Such Lu behaviour in hydrothermal fluids of this type can be attributed to divalent
behaviour in low fO, environments (Flynn and Burnham, 1978, Kerrich and Fryer, 1979).
The changes in REE abundances observed in the Alteration Zone granite samples are
simitar ta those accompanying potassic alteration which Taylor and Fryer (1983) consider
"...consistent with the separation of a chloride rich agueous brine...",

A detailed study of one well-exposed contact matasomatic zone of “carbothermal”
alteration was carrigd out by Strong (1982). REE concentrations, determined for fresh
and aliered St Fawrence Granite, show chondrite normalized REE patterns similar to the
relatively Dat w shighdy LREE enriched REE patterns obtained from the ‘LLawn Lobe’ of
the wramite (figure 2,6.3). Fhe altered granite displays a RE enrichment (especially
LRELEY which suggests hign Cl and/or CO, activity in the [uids (Strong, 1982). A study
of oxygen isatopes in the rocks from this locality (Coleman et al., 1984), indicated that

large volumes of carbon dioxide interacted with the rock, being introduced to the margin
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and released from it episodically.  This suppests enhanced volatile activity (especially

CO,) in the St. Lawrence alkaline-peralkaline magima systeny.

3.5  Genesis of the Fluorspar Deposits - A Review

Kauffman (1936) was the first to formally describe the St Lawrence Tyorspar
deposits and noted the division of the wveins into two genetically relatad groups: a
north-south system characterized by larger lower-grade veins and an cast-west system
characterized by more narrow higher-prade veins.  1le concluded that the Taorite was of
a "primary” nature and depasited from successive "surges” of mincralizing solutions
emanating from the late-stage granitic magma. e noted (he wide variety of textures
from coarse grained (cubic and actahedral) 10 fine grained fluonie in the veins and the
presence of silica-rich breccia ores in the north-south veins.  Kaultan {1930)
acknowledyes the contributions of De. W. S Smith (St. Lawrenee Carparation gealogist),
C. K. Howse (Newfoundland government geologist) and Dr. A, K. Snelgrove (Princeton
University) to his interpretation of the geology and mincralization of the St Lawrence
arca.

Van Alstine (1948) recognized a paragenctic sequence for the Duorspar veins
(figure 3.2.1) such that fluorite, hematite, calcite, pyrite, chalcopyrite, sphalerite, galena,
barite and quartz were all classified as primary “hypogene mincerals while chaleocite,
covellite, malachite, azurite, chrysocolla, limonite and psilomelane were all classified as
sccondary “supergene’ minerals. lematite, caleite and quartz are found as both primary

and secondary mineruls.
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Van Alstine (1948) classified the S1. Lawrence fluorspar veins as epithermal,
bascd on the dow-temperature and low-pressure mineral assemblages, the vuggy nature of
the veins and the abundance of breccia, colloform and crustification structures. He also
emphasised the genetic relationship between the flaorite veins and the St. Lawrence
Granite, based on:

¢ the close spatial relationship between the fluorite veins and the granitic rocks

the abundance of fluorite as an accessory mineral in the granile
¢ the high concentration of F in the granite
¢ the presence of cuhedral, colourless or purple fluorite cubes in the small vugs or

miarofitic cavities within the granite
These factors led him to conclude that the source of the fluorite was in the same magma
chamber that supplied the granitic magma.  These ore iluids, released as a result of
late-stage differentiation, formed fluorite veins along pre-existing faults and shears

formed as the granite cooled and contracted.
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Azurite

N alachite
Covellite
Chalcocite
Quartz
Barite
Sphalerite
Chalcopyrite
Pyrite
Calcite
Hematile
Fluorite

Paragenetic sequence of mineralization in the St. Lawrence
Flucrspar Vens as determined by Van Alstine (1948)
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Williamson {1936) studied the structural patterns of the tluorne eins and the wranite,
concluding that they reflect the earlier wetonie history of the underlying rock units, and
that the primary control on fluorite mineralization was the development of a fracwre
pattern in response to a stress system produced by the caoling ol the gianite, but whase
orientation was dictated by the fact that the granite was cmiplaced along structines
developed by carhier tectomie activity.  He recognized the ovelic nawre of the
mineralization and related it to repeated movement along the vein structures, oreating
new open spaces for ore deposition and causing breeciation of pre-existing vein malerial
and country rock. tHe pointed out that the lTack of ftuorite mineralization in the overlying
sediments was due to the fact that open fissures rapidly savrowed and closed on passing
from the granite into the country rock.

Teng (1974) added that continued movement along the (ractures prodaced vinying
degrees of brecciation of the wall rocks.  Later volattie materials were separated and
escaped along innumerable channel-ways to be deposited as veins in the structure already
developed in the upper part of the gramite. The esceape ol volatiles beyond the baondattes
of the granite was largely prevented by the yimperacability of the overlying hornlels
which effectively impounded them. Such a "ponding’ of fluids, at the granite cantact, can
result in alieration of the granite such as that described by Strung (1982).

Based on their own results and the experimental results of others (over a wide range of

salinities), Richardson and Holland (1979b) suggested that fluorite is deposited as either:

1 a result of decreasing temperature and pressure along the Hluid flow
path
2 a result of fluid mixing to cause dilution or compositional change

3 a result of fluid interaction with wall rocks to cause an increase in pli
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Strong ¢t al. (1984) concluded that ubl but one of the specific mechanisms of fluorite
precipitation propused by Richardson and Holland (1979 a; b) can be eliminated for the
St. Lawrencee veins, They state that the results of fluid inclusion, oxygen-isotopic and
REE geochemical investigations all appeared to rule out precipitation of fluorite as a
result of a deerease in temperature or fluid mixing. They emphasize an increase in pH as
an important potentiad cause of fluorite deposition. Stnce there is little evidence of
extensive wall-rock alteration at or near the vein margins, they suggest that the bailing of
fheids, and in particular the cbullition of carbon dioxide, possibly along with a Joss in
fluorine as SilF, or HE, would provide a ready means of increasing the phi, and thus
exercise the main control on fuortie deposition.

The results of the study of fluorite from growth-zoned samples (Strong et al,,
FYRA) indicated that there were quite variable yet systematic changes in the physical and

o

chemica) character of (he mineralizing fluid during fluorite precipitation, It is the
purpose of the current study 10 expand on the earlier study in an attempt 1o better define

this physical and chemical vanability in terms of the genesis of the fluorspar deposits.
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4 Veins and Samples - Present Investigation

4.1 Veins Sampled

The selected hand samples used i this study were tikea from a1 number of
different localities and represent a varicty of environments and  styles ol vein
mineralization.  The following section includes a brief description of cach vein oy
showing and o detailed description of cach hand swuple used in the study. In e case of
samples displaying multiple pgrowth zones, cach zone is deseribed in detail. For a muaie
detailed description of the geology and development history of any of the Tuorspar veins,
the reader is referred 1o Wilhamson (1956), Smith (1957) and Faerell (1967).

Growth zoned samples from eight different veins were studied and the samples
are hsted below, atong with the sanple number of cach and the number uf individuat

growth zones separated from cach sample:

( Grebe's Nest Vein GNV-R 16 zones
2 (ron Springs Vcin ISV-1 7 zones
3 [.awn Barite Vein LBV-7 8 zones
4 Hare's Ears Vein HEV-1 S Zvnes
S Blakc's Brook Vein BBV-2 9 zones
6 Lunch Pond Vein LP-2 10 zones
7 Clam Pond Vein cPvV-4 7 zones
8 Salt Cove Valley Vein SCVV-A 3 vones
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In addition cight individual samples were analyzed from various veins of zones (o
encompass varying locations and/or types of mineralization.  Geochemical analysis of 4
of 11 zones from sample 2, originally prepared for the study of Strong et al. (1984),
were completed primarily to confirm the existence of rare ‘early REE patterns’ (see later
scetion), similar to those identified in sample GNV-8. Sample GNV-7, a coarse grained
green fluorite from (he Grebe's Nest Vein was used as an internal standard in the
geochemical studies.
1.1 Grebe's Nest Vein

Ihe Grebes Nest Vein differs from most other fluorite veins in the area because it
oceurs within the quartz-feldspar porphyry phase of the St. Lawrence Granite and the
let Group metasediments (figure 4.1.1). The vein is located approximately 6.5 km west
of’ Kt. Lawrencee and is exposed on the eastern shore of Little Lawn Harbour. A 1S metre
development shaft was sunk on the vein 506 metres east of the shore-line. The Grebes
Nest Ve has astrike Tength of more than 3 km, but it may not be continuous over this
entive length. At the shore the vein strikes 120 degrees and dips 70 degrees o the north,
but strike and dip vary locally along the strike-length of the vein. The width of the vein
is reported (Smeith, 1957) 10 vary between 1.8 and 0.3 metres. Like other veins in the
arca it pinches and swells along both its strike and dip directions.

Fluorspar in the Grebes Nest Vein is coarse grained, high grade and generally

green in coloar. Octabiedral crvstals were observed in the fluorite along with banded and

colloform structures.  Sphalerite and galena are the most abundant minor phases, but

leaser pyrite and chaleopyriie has beea noted.
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Figure 4,1.1 Sketch map showing the location of the Grebe's Nest Vein and
granitic porphyry dykes. Geology revised from Strong et al,, 1978.

Sample GNV-8 (figure 4.1.2) was collected from the dump pile near the
abandoned shaft on the Grebes Nest Vein. This sample can be considered in terms of
three major subdivisions based on the colour of the fluorite. The subdivisions are as

follows:

1 an early sequence of green fluorite (zones A to 1)
2 a later sequence of blue fluorite (zones I to N)
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3 a late sequence of white fluorite (zone O), capped by a late layer of
goethite or limonite (zone P).

The earliest zone of green fluorite (zone A) is characterized by coarse-medium
grained green fluorite with micro-veinlets and lenses of quartz. Zones B to D consist
primarily of fine to medium grained green fluorite, commonly displaying radial
(dendriform) micro-textures. Depressions, created by crystal forms at the contact
between two sub-zones within zone D, are filled by a “detritus' composed of a fine
grained aggregate of fluorite and quartz with minor opaques (limonite and chalcopyrite).
This suggests that the fluid had a high 'suspended solid' load in the period between the

precipitation of the two zones, possibly reflecting relatively contemporaneous tectonic or

Grebe's Nest Vein
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Figure 4.1.2 Sketch of sample GNV-8, from the Grebe's Nest Vein, outlining the
sequence of growth zoning from the earliest zone (A) to the latest zone (P).



gas brecciation elsewhere in the conduit system. As well, it suggests that there nay be a
significant ‘time-lag” between individaal growth zones, and that the zones vepresent
‘'episadic’ rather than continuous precinitation,

Zones 1Dt G are characterized by coarse grained green tluorite which beconies
increasingly coarse as precipitation continues. Sedimentary-hke “detritas’, sinular to thin
in zone D, occurs at the contact between zones £ and I, Chaleopynite and galena oceur
in zone 2 while only minor chalcopyrite was noted in Zzone G.

Zones Hand T mark the transttion between green and blue Nuorite. Zone 1 and
the base of zone | are composed of medium to coarse graimed blue fluorite whitle the
upper portion of zone | grades into essentially coarse grained green fluorite. Chalcopyiite
is intergrown with fluorite in both zones especially at the base of zone I Hematite and
limonite were noted in both zones. The colour change and the appearance of Fe-oxides
suggest the waning of a myjor cvele in uid evalution.

Z.ones o Looare compased essentially of coarse grained bloe fluortte. Small
intergrown crystals of chalcopyrite are common,  Hematite and limonite occur in the

upper portion of zone K and in zone L where they form zoned intergrowths which appear

to NIl pre-existing cavities in the Nluanite, sugpesting a secondary or late-stage origin for

the Fe-oxtdes.

Zones M oand N are composed of blae fluorite which contains many cavives of
irrcgalar shape suggesting possible leaching, Some cavities have been filled with zoned
[Fe-oxides similar to that described in zone L. Hematite is common as amall fnclusions
in fluorite crystals, often defining microscopic growth zones.  FFe-oxides, noted on

surfaces of macroscopic growth zones, appear 10 have a sceondary origin similar (0
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f-c-oxides seen lining cavitics. Therefore, it seems that Fe-oxide precipitation in these
sones i related to both primary and scecondary processes, the former being co-
precipitated with 1the Nuorite and the Jatter being introduced later by infiltrating fluids.

Zones O and P mark a Jate-stage highly oxidized zone. Zone O is characierized
by coarse grained white fluorite intimately intergrown with Fe-oxide. Much of the
Fe-oxide is deposited on growing crystal faces giving the zone a blocky appearance.
Zone P forms a Fe-rich, locally botryoidal oxide/hydroxide cap which appears 10
represent secondary deposition of gocthitelimonite on crystal faces exposed in vugs.
Since goethite is known to result from the weathering of iron minerals (abundant in the
granite) and precipitate directly from meteoric water (Deere et al., 1977), the late-stage
fluids responsible forthe Fe-oxide/hydroxide deposition probably contained a significant
meteane component.

4.0.2 0 Iron Springs Vein

The Lron Springs vein was discovered in 1931 by Dr. W.S, Smith and Michael
Clatk, a local prospector (Martin, 1983). 1t was first mined as an open cut in 1934, with
underground minimg commencing in 1938, The mine operated until June 1957 and has
been mined 1o the 270 metre Jevel (Williamson, 1956). During it's lifetime, the Iron
Springs NMine produved over 400,000 tonnes of fluorspar (Howse, et al., 1983).

The lron Springs vein (fieure 4.1.3) occurs entirely within the St. Lawrence
granite near the western gramite-sediment contact. The vein strikes 110 degrees and dips
70 degrees to the south, although tocally strike and dip are variable, It atains a

strike-length of more than 1100 metres with an average width of 0.76 metres, locally
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Figure 4.1.3 Skelch map showing the location of the major fluorspar veins in the
south-western part of the St. Lawrence mining area. Geology revised from Strong et al.
(1978).

reaching up to 2.5 metres in width, pinching and swelling both laterally and vertically
(Williamson, 1956).

In the [ron Springs Vein the fluorspar ore is characteristically colour-banded
parallel to the vein walls (Williamson, 1956). The fluorite is generally coarse grained but

parallel bands of fine grained fluorite-quartz-calcite are also common, usually close to the
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vein walls. The Iron Springs Vein has an abundance of vugs which contained some of
the largest perfectly formed cubic crystals (up to 0.35 metres on a side) found in the St.
Lawrence deposits. Red Fe-oxide staining is common on the surfaces of most of the
cubic crystals. Williamson (1956) interpreted this Fe-oxide as a late stage feature, which
suggests that this vein may have been formed during a predominantly 'later' phase of
mineralization. The most common gangue mineral is calcite, with quartz and yellow,
tabular barite occurring less abundantly. Quartz and calcite occur with fluorite in the
finely banded zones while all three are found in vugs, usually as well formed crystals
coating fluorite crystals. The major sulphide mineral is chalcopyrite, occurring
throughout the vein, with galena and sphalerite occurring in the upper levels of the vein

(Williamson, 1956).

ISV-1 Fisso
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Figure 4.1.4 Sketch of sample ISV-1, from the lron Springs Vein, showing
consecutive growth zoning from the earliest zone (A) to the latest zone (G). See text for
complete descriptions of the zones.
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Sample ISV-] (figure 4.1.4) was collected from the mine dump at the site of the
abandoned [ron Springs Mine.  The sample contains 7 individual zones but can be

considered in terms of three genetic subdivisions:

1 carly tine grained quartz, carbonate and tluarite (zanes A ta C)
2 middle coarse grained yellow and red Qluorite (zones D and E)
3 coarse grained ¢lear fluorite (zones F and G)

The carliest mineralization precipitated was the fine grained guartz, carbonae and
fTuorite of zones A to C. These 2ones are charactenized by very fine graned ciystals or

grains of quartz, fluorite and carbonate in a fine grained fluorite proundmass, Zone B is

the most quartz-rich while carbonate concentrations remain fairly constant throughout the

three zones, These zones are colour banded (red-white) reflecting the coneentration of
interstitial hematiee.

Zones D and E refect the next episode of Nuorite precipitation. These zones are
dominated by coarse grained yellow fluorite. Zone D displays a reddish colour Jue 10
inc inclusions of hematite aligned along microscopic growth zones. Chalcopynte and
sphalerite are intergrown with fluorite 1n zone D.

The latest stage of mineralization noted in the sample is clear coarse prained
fluorite {zones F and G). Zone I has a reddish colour duc to fine bands ol hensatite
rimming microscopic growth zones in otherwise clear fluorite. Zone G has large cubic
crystal faces on the outer surface, suggesting growth into an open vug (i.e. the last stape
of vein mincralization).  Chalcopyrite and sphalerite are intergrown witly NMuorie
especially in zone F, where the chaleopyrite displays well developed crystab finms

indicative of contemporancous precipilation with fluorite. Sphalerite contains rare
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inclusions of chalcopyrite, suggesting that the chalcopyrite may have been precipitated
carlier than the sphalerite or aliematively exsolved from it.

4.1.3  The Hare's Eurs Vein

The [are's Ears Vein is located approximately 500 metres west of the Iron
Springs mine site (figure 4.1.3). It was discovered in 1936, while building an access road
to the Iron Springs Mine, and mined intermittently until 1962 (Farrell, 1967). This vein
ts hosted ¢ntirely by the St, Lawrence Granite and is described by Van Alstine (1948) as
siniking 155 with a near vertical dip, with widths ranging from 4.5 to 0.6 metres over a
strike-length of approximately 150 metres. This vein was exceptionally high grade for a
orth-south’ vein, but quite irregular on the surface with pinching and swelling defining
intcrmittent lenses of ore grade material. Underground, at a depth of 84 metres, the vein
is reported to carry are prade over an average width of 3.7 metres over a strike length of
approximately 150 metres (Farrell, 1967). The vein structure ts reported to continue
north (~170m) and south (~60m) of a 1943 shaft for a total strike-length of 230 metres.
The vem is guite arregutar both along strike and down dip. The reported sudden
termination of ore and bad ground conditions suggest that the vein may be structurally
oflset,

The fluonite in this vein is primanly coarse grained fluorite with gray, white,
yellow, green and purple colours reported (Williamson, 1956).  Common gangue
minerals are guartz and caleite as well as 'blastonite’. Galena and sphalerite are common
with lesser chalcopyrite, rare pyrite and minor amounts of barite and Fe-oxides.

Sample HEV-] (figure 4.1.5) consists of primarily white to green coarse grained

fluorite containtny varying amounts of galena. Since this vein is no longer exposed at
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Figure 4.1.5 Sketch of sample HEV-1, from the Hare's Ears Vein, showing
progressive growth zones from A to E.

surface, the sample is a 'grab sample' and its position with respect to the vein wall is

uncertain. Based on macro and microscopic growth textures, this sample is considered in

terms of five distinct growth zones with increasing chronology from A to E. The zones

are as follows:

A coarse grained white fluorite with sub-angular fragments of previously

deposited 'blastonite’. The fragments, themselves, contain small sub-rounded

fragments of quartz and fluorite in a matrix of crystalline fluorite with minor

disseminated galena.

B coarse grained white to green fluorite locally containing orange halos which

appear to surround oxidized pyrite grains. Minor stringer veinlets of fine

grained galena are emplaced along fractures.

C  similar to zone B except that this zone contains only white fluorite and a

slightly higher content of sulphides.
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D coarse grained gray to green fluorite with ~50% intergrown galena with
minor intergrown sphalerite and chaleopyrite.  Zone also contains minor

fragments of previously deposited fluorite.
E  coarse grained green fluorite which locally has an orange colour, possibly due
to Fe-oxides as in zone B. This zone locally cuts and fragments zone D
minesalizatan. The zane contains minor galena, sphalerite and chalcopyrite
and rare pyrite.
J.1 4 Blake's Brook Vein

The Blahe's Brook Vein, discovered in 1937 (Smith, 1957), is located
approximately 3 kilometres west of the community of St Lawrence. The vein occurs
near ihe contact of the St. Lawrence granite and granitic porphyry dyke with [alet Group
metasediments (figure 4.1.3), There are actually two veins separated by approximately
30 mcties. The lacger northern vein, which strikes 105° with a near vertical dip, has
widths between 1.8 and 0.2 metres and has been traced on surface for approximately 400
metres (Smith, 1937y, The smatler southern vein strikes 110" and dips 45°N with widths
ranging fram 0.5 10 0.2 meres (Van Alstine, 1948),  The vein quickly pinches upon
catering the metasediments but a 6 metre shaft indicated that the fluorspar vein persists in
the wranite beneath the metasediment contact which dips 15° N in this location {Smith,
1937}

The Blake’s Broak Vein is a high-grade ‘east-west' vein containing primarily
coarse grained Muortte from wall to wall. The fluorite 1s massive to rhythmically zoned
and ovenrs as colourless, green, yellow and gray varieties. This vein contains abundant
red sphalenite and fesser galena with minor chalcopyrite, quartz and calcite,

Sample BBV-2 (figure 4.1.6), from the Blake's Brook Vein, consists of colourless

1o white, coarse grained fluorite with varying amounts of sulphides, primarily galena and
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Figure 4.1.6  Sketch of sample BBV-2, from the Blake's Brook Vein, showing
consecutive growth zones from the earliest (A) to the latest (1).

sphalerite. This sample was also a grab sample, chosen because it displayed the most
comprehensive set of continuous growth zones of any sample from this vein. Based on
growth textures, this sample can be considered in terms of 9 distinct growth zones with
increasing chronology from A to 1. The zones are as follows:

A coarse grained colourless fluorite with minor intergrown red sphalerite and

galena (trace chalcopyrite)

B coarse grained colourless fluorite with traces of sphalerite, galena and

chalcopyrite

C  coarse grained colourless fluorite with approximately 50% sulphides
(primarily coarse grained galena with minor chalcopyrite and lesser

sphalerite)
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1 coarse grained colourless fluorite with traces galena and chalcopyrite
E. coarse grained colourless fluarite with traces of galena and rare pyrite

¥ coarse grained colourless fluorite with minor coarse grained galena and rare
pynie

G fine grained white fluorite which appears to be later mineralization filling a
fracture. The zone has a serics of quartz-lined vugs at its centre. The quartz
is colourless, The central vuggy part of the zone locally filled with galena
and sphalerite with minor chalcopyrite and pyrite. Locally, where the zone
narrows, it is 'styolitic-Jooking' suggesting a possible origin related to

dissolution, ¢ither chemical or pressure-related

Il coarse grained colourless Nuorite with traces of galena and sphalerite

{ lae-stage cap of gray, fibrous mineral(s) originally intcrpreted to be
sphalerite with intergrown galena.  Subsequent analysis indicates low Zn
concentrations but the small amount of sample available did not allow for
maore extensive analysis. This mineral may be some type of hydrous oxide.

L.1.5  Clam Pond Vein

The Clam PPond Vein is located approximately 5 kilometres north of St.
Lawrence, inunediately north of Clam Pond (figure 2.2.1). It is hosted entirely by the St.
Lawrence Granite, probably close to the ‘roof-zone™ as suggested by its proximity to
contiacts of the granite with Precambrian Marystown Group volcanic rocks. The vein was
discovered in 1928 (Farrell, 1967) and has been intermittently exposed by trenching. The
vein stnkes 0817 and dips 807 N, with a strike-length of approximately 300 metres
Narrow widths, from 1.0 to 0.1 metres were reported by Van Alstine (1948), although
Farretl {1967) reports an average width of 1.2 metres over a 30 metre strike-length.
Since many of the vens in the area display a high degree of pinching close to the

‘roof-zone’ contact, this vein may be wider at depth.
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Figure 4.1.7 Sketch of sample CPV-4, from the Clam Pond Vein, showing
interpreted growth zoning from the earliest (A) to the latest (G) mineralization.

The vein mineralogy at Clam Pond is dominantly fluorite but locally it contains
high percentages of quartz and barite as well as minor galena and sphalerite. A large
number of granite inclusions dilute the fluorite grade in most of the exposed intersections.
The fluorite is coarse grained, occurring in white, green, blue and red varieties. Barite
occurs as coarse, pink-orange platy aggregates, locally forming bands in the central part
of the vein,

Sample CPV-4 (figure 4.1.7) is a grab sample collected from a trench beside
Clam Brook. Based on growth textures and breccia zones, the sample is interpreted to
contain four early zones of primarily coarse grained fluorite (A-D) and three later zones

of quartz-fluorite breccia ore (E-G). The breccia zones contain fragments of previously



e
precipitaled coarse grained {luonte. some displaving concentric growth bands.  The
descripuons of the zones arce as follows:

A coarse grained red fluorite with tntergrown white quartz and minor red to
orange barite. Locally the zone appears brecciated and may contain sonwe
material of sccondary origin. The red colouration in fluotite reflevts s

hematite content.
B caarse prained white to purple (uorite
C coarse grained white to purple fluorite

D coarse grained white to purple fluorite with minor orange quarlz. This zone
appears to have been disturbed by the subscquent craplacement of the

‘breccta-type’ mineralization of zone E

E reddish-brown ‘breccia-type’ mineralization containing fragments of quarts,

and minor pyrite in a fine matrix of fluorite, quartz and minor carbunate

F  ycllow-beige 'breccia-type’ mineralization containing fragments of “zone §'
material, pyrite and quartz in a fine matrix of yellowish fluorite, quartz and

minor carbonate

G orange-purple 'breccia-type’ mineralization contaimng large fragments {(up to
2 cm) of predominantly coarse grained fluorite (sume banded) in a fine

orange matrix of fluorite, quartz and minor carbonate
4.1.6 Lawn Barite Vein

Tn early November, 1982, during construction ol a road through the community of
Lawn, a local resident reported the discovery of fluorite and galena mineralization (for
more dctails on this showing, the reader is referred 10 Collins, 1984a). The occurrence is
located within the town of Lawn, only 15 kilometees west of the once productive
fluorspar mines at St. Lawrence.  The occurrence itself is on the castern side of Lawn

Tarbour and is accessible by road (figure 4.1.8). 1t is hosted by the Webbers Cowve
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Figure 4.1.8 Sketch map of the Lawn area showing the location of the Lawn
Barite Vein and the Second Dam Mcly Showing. Geology revised from Strong (1976)
and O'Brien et al. (1977).

Conglomerate (Strong, 1976) which is part of the larger Marystown Group volcanic
sequence (O'Brien et al., 1977). The St. Lawrence Granite outcrops only | km northeast
of the occurrence, and several granitic porphyry dykes occur nearby.

The Webbers Cove Conglomerate consists of a coarse-grained conglomerate with
a sandy matrix. Most fragments are well rounded but range from rounded to sub-angular.
The fragments are derived from a variety of lithologies being primarily from sedimentary
and volcanic regimes, but fragments of pink equigranular (and porphyritic) granite are

common. Except in the vicinity of the veining, the conglomerate is relatively fresh and



unaltered.  Near the vein, the conglomerate is altered over a 20 metre width with
alteration consisting of primarily white to yellow clay mineral (kaolinite and'or sericiw)
and carbonate alteration, presumably the result of hydrothermal actnvity.  Scveral felsic
(porphyritic) and mafic dykes, which occur within the altered zone, are generally narrow
and apparently of himited strike-lenuth. The mafic dykes show a high degree of epidoie

alteration, suggesting that they pre-date the alteration.

The main vein strikes 105° with a near vertical dip and extends approximately 23

metres along the exposure. The vein appears 10 widen with depth,  having a width of
only 0.15 metres at sub-outcrop level (1 metre below surface), and a width of 0.60 mectres
at the road level (approximately 4 metres deeper). Two smaller veins (10 em wide) were
noted ncar th¢ main vein, one paratlelling the main vein and the other striking 1257 and
dipping 50° south. These smaller veins are probably offshoots from the main vein,

The mineralization noted in the main vein is primarily pink to white barite with
intergrown fluorite and minor zones of galena and sphalerite. Narrow zones of massive
galena and sphalerite were also noted. Although no significant amount of massive Huorite
was noted in the main vein, the presence of fluorite-rich boulders in nearby rubble
sugpests that some parts of the vein system may contain high grade Aluorite. Microscopic
examination revealed a high percentage of fluorite intimately intergrown with both pink
and white barite in samples from the main vein.

Breccias are common in these veins, consisting of conglomerate fragments within
zones of crystalline barite and fluorite. Conglomerate with a matrix composed entircly or
partially of bartte, Nluorite and calcite with or without veins or veinlets  suggests some

degree of preferential replacement of the matrix.
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Sample LBV-7 (figure 4.1.9) is from the road-cut exposure at Lawn. The sample

contains 8 consecutive growth zones which are considered in terms of four major

Lawn Barite Vein
Sample LBV-7

G Late

L___— A

il

D

C ‘

B 7

A Early

g lithic
fragments

Figure 4.1.9  Sketch of sample LBV-7, from the Lawn Barite Vein, showing

consecutive growth zoning from the earliest (A) to latest (G) mineralization. Zone H is a
small veinlet cross-cutting zones A to D.

subdivisions based on chronology, colour and mineralogy:

1

2
3
4

brecciated country rock with barite-fluorite-calcite in matrix (zone A)
red barite with minor fluorite (zone B to D)

white barite and fluorite (zone E & F), minor galena & sphalente (F)
late-stage pure white barite (zone G)

The carliest stage of development of the vein is a breccia zone (A). This zone,

occurring at the vein wall, 1s characterized by fragments of country rock, quartz and

calcite in a groundmass of fluorite and barite. This type of mineralization probably

resulted from infiltration of hydrothermal fluids into the porous sandy matrix of the

conglomerate wall rock causing varying degrees of precipitation and/or replacement.
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Zones B 1o D are composed primarily of red (o orange barite with lesser

colourless to white fluorite as intergrown crystals or small veintets. Minor lragments of

country rock vecur in some of these zones, as well as coarse graimed quartz and calcite,
intergrown with barite.

Zones E, F and H (a cross-cuting veinlet) are composed of intergrown, coarse
grained white barite and white to colourless fluorite. The top of zone F and the huse of
zone G are marked by internal bands of virwally pure coarse grained fluorite. There is a
narrow internal band of galena and sphalerite, near the top of zone F, which appears to be
intimately associated with the fluorite. The sphalerite appears (o be carlier than palena
but intergrowths of one within the other suggest a close co-genctic relationship.

The latest stage of mineralization, zone G, consists of pure, coarse grained, while
barite. The well developed cerystal faces and geometric relations observed in the ven
indicate that this was the final phase of mineralization sn this part of the vein and suggests

that some of the barite in this zone grew freely in open vugs.
4.1.7  Lunch Pond Vein

The Lunch Pond vein was discovered in 1950 and is located 10 kilometres
northwest of St. Lawrence. This is thc most northerly granite-hasted vein used in this
study, The vein is hosted entirely within the St. Lawrence Granite (figure 2.2.1) but
again close to the ‘roof-zon¢' as indicated by ncarby contacts with the Precambrian
Marystown Group volcanics (Strong et al., 1978). This showing is rather disconttnuous
at surface but diamond drilling intersected 43.3% CaF, over 11.5 mectres at a depth of

approximately 30 metres below surface (Smith, 1957).
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Figure 4.1.10  Skeich of sample LP-2, from the Lunch Pond Vein, showing
consecutive growth zenes from A to L.

The vein is not exposed but, from a study of local float, the vein appears to
contain variable mineralogy including fluorite, barite and calcite with some samples
containing up to several percent galena. This vein is reported to strike 065" and dip 80°
N (Smith, 1957).

Sample LP-2 (figure 4.1.10) was collected from rubble near a trench. The sample
contains 12 continuous growth zones, but the fine nature of the banding in some zones
and the brecciated nature of others make the chronological sequence of mineralization
difficult to determine. The texture and distribution of extremely fine grained fluorite
near the boundaries of some zones was the criteria used to determine the 'best estimate'

of the chronological order, increasing from zone A to zone L.
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The sample contains 12 individual zones but, due to difficulty in separating some

extremely fine zones, the zones F to 11 were combined for sampling purposes. The 12

ZONgs are:

A

¢

red to brown, fine grained 'breccia-type’ mineralization consisting  of
quartz-rich fragments in a purpie to gray fine grained matrix of carbonate

with minor barite and fluorite

red to brown, coarse grained ‘breccia-type’ mineratization consisting of quarts
and carbonate fragmients in a fine grained matrix of carbonate with minor

fluorite and traces of walena and sphalerite
coarse grained green fluorite with minor galena and sphalerite

coarse graincd quartz and barite containing fragments of zone ¢ and E

material suggesting a late origin along fractures. Minor galena and sphalerite

coarse grained green to white fluorite with micro-crystalline white fluorite at

the top of the zone. Minor quartz and barite (irace galena)

fine grained pink barite at the base of the zone grading into pink-orange barite

with minor quartz. Note: Zones F-H combined into one sample

fine grained pink to orange quanz grading laterally into fine grained gray to

pink quanz sugyesting {low-related facies change (minor chalcopyrite)
fine grained pink to orange barite with minor quartz.
fine grained gray to green fluorite with minor intergrown quartz and barnite

coarse grained white to gray quartz with minor intergrown fluorite and traces

of barite (rare pyrite)

fine grained orange to white quartz with minor intergrown fluorite and traces

nf barite and galena

coarse grained white to gray fluorite and intergrown quartz with minor barit¢

and traces of pyrite
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4.1.8 Litle Salt Cove Valley Vein

The Little Salt Cove Valley Vein, discovered in 1932 (Farrell, 1967), is located
on the coast approximately S kilometres southwest of St. Lawrence (figure 4.1.3) near the
western contact between the St. Lawrence Granite and Cambrian metasediments of the
Inlet Group. The mineralization in this vein consists of fluorite, calcite, and quartz with
minor barite and galena. The fluorite is coarse grained, displaying white, red and
gray-blue colours. Calcite is massive to coarse grained and white to yellow in colour.
Barite usually occurs as coarse grained white to pink platy aggregates,

Since this vein is not exposed, sample SCVV(A) (figure 4.1.11) is a 'grab sample'
from the old workings. This sample contains coarse grained white calcite cut by later
gray to blue coarse grained fluorite. The fluorite-bearing fluids appear to have invaded

the calcite causing dissolution and limited recrystallization of calcite near the contact with

S C .VV(A )

Figure 4.1.11 Sketch of sample SCVV(A), from the Little Salt Cove Valley Ve,
showing later fluorite cutting earlier calcite.



the fluorite. On this busis the sample is subdivided into three distinet zones representing

the interpreted eycle of mincralization. The zones are as follows:

A coarse grained white caicite which displays a ‘ghosted’ fragmental or vugpy

texture

coarse grained white to colourless caleite which appears (0 form o nm of
recrystallized material surrounding the earliee caleite of zane A. The auter
edge of this zone (calcite-fluorite contact) displays textures suggesting some
dissolution. Geochemical analysis indicates that some of the colourless

mineral may be quartz

coarse prained gray to blue fluorite which locally displays an orange to red
colouration possibly reflecting the presence of oxidized pyrite (7)
L 1Y Miscelluneous Veins

In addition 10 the growth zoned samples described above, individual samples from
10 additional veins were analyzed 10 expand the spatial extent of the survey and o study
some unique mineralizing environments or crystal forms not represented in the growth

zoned samples. The samples and their locations are briefly described below:

* Sample 2. This sample was part of the original study by Strong ct al. (1984) on
the St Lawrence fluorite deposits. This sample was re-analyzed by [CP-MS 1
examine REE patiemns since preliminary analysis (Fryer and Strong, unpublished
data) indicated similar patterns to "early-stage’ patterns observed in sample GNV-8
(see following section on REE geochemistry). Since GNV-8 was the only sample
from the previous group which displayed such a signature, it was imperative fo
confirm that similar patterns exist in carly mincralization from other veins. ‘The
exact location of sample 2 is uncertain, but it is reported (Strong et al., 19%4) w0 be
from the Tarefare or Director veins (figure 4.1.3). From the colour and nature of
the sample, the former is more hkely. The sample (figure 4.1.12) contains 11
alternating zones of coarse grained green  fluorite and fine crystalline to

micro-crystalline white fluorite. Samples 2-2 and 2-4 are from zoncs of earlier
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Figure 4.1.12 Sketch of sample 2, from an original sketch (Strong and Fryer,
unpublished data), showing consecutive growth zones from the earliest (1) to the latest
(11) periods of fluorite precipitation.

coarse grained green fluorite, while 2-8 is from a later zone of coarse grained green
fluorite and 2-10 is from a wide zone of coarse grained white fluorite, the
second-latest zone represented in the sample.

AD-1-A. This sample is from the Anchor Drogue Vein, located approximately 18
kilometres northeast of St. Lawrence (figure 2.2.1). This vein is unique since it is
the only vein hosted by the Precambrian Anchor Drogue Granodiorite (Strong, et
al., 1978), approximately 3 kilometres from the nearest exposure of St. Lawrence
Granite. The sample is from an early (near-wall) zone in a rhythmically zoned
sample of coarse grained green fluorite. The sample has a strong radial texture
suggesting octahedral habit. The zone (A) sampled contains minor intergrown
coarse grained tabular pink to white barite and disseminated small crystals of

galena.
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AZ-1.  This sample is taken a small ftuorite vein which cuts through the sericine
Hheration Zond' at Litde Salt Cove (fgure 4.1.2). The sample consists of coarse
grained white to green fluorite with minor galena, The host rock is a zone of
variably sericitic altered, fine grained, aplitic granite with minor disseminated
molybdenite and chalcopyritc mineralization. Two samples of the altered granite
were also analysed. Sample AZ-4 1s the mact highly altered granite characterized
by intense sericite alteration with minor disseminated chalcopyrite. Sample AZ-4
is a less altered pink aplitic granite with disseminated molybdenite and
chalcopyrite. The zone is characterized by intense fracture-filling veins of quarts,
fluorite and barite, with minor larger veins containing variable proportions of
fluorite and guariz.

BB-84-t1. This sample is from the Blue Beach North Vein, focated wmediately
west of St Lawrence (figure 4.1.3).  This vein is vne of the Targe ‘northwest-
southeast’ trending vetns which is, where sampled, hosted entirely by granite. The
sample is coarse graned fluorite from the central part of the vein,

BBS-84-D3IC (79'). This sample is from a narrow 'offsiiot’ vein, of voarse
grained yellow to purple fluornite, near the Blue Beach North Vein (see above). The
vein, occutting entirely within the granite, was intersected in a diamond dnll hole
at a vertical depth of 17 metres.

BMYWV-10-1.  This sample¢ is from the Big Meadow Woods Vein, located §
kilometres north of Lawn (figure 2.2.1). The vein is hosted by the "Lawn Lobe' of
the St. Lawrence Granite.  The sample is a 'breccia-type’ ore characterized by
fragments of coarse graincd quartz and fluorite in a blue-gray matrix of coarse
prained fluorite with large, well developed, intergrown crystals of pink to white
barite and galena.

GNV-7. This sample was collected from the shaft dump at the Grebe's Nest Vein
(figure 4.1.1). [t consists of coarse grained green to colourless fluorite with minor
intergrown colourless quartz and disseminated galena, The sample displays some

zoning but it was crushed in bulk to use as an internal control standard for

geochemical analysis.
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+ GNV-ST. This sample is aiso a grab sample from the Grebe's Nest Vein. It is
composed of coarse grained blue Muorite with minor reddish brown, radial,
sphcroidal inciusions or intergrowths of hematite.  The sample displays well
developed, delicately growth-siepped crystals of presumably octahedral-form (i.e.
do not in any way resemble cubic or modified cubic forms). This sample is
interpreted to represent a late-stage period of fluorite growth into open vugs in the
central part of the Grebe's Nest Vein. It is inferred that this sample correlates with
a period of Muorite precipitation which followed the precipitation in zone O of
sample GNV-8 but preceded, cr was contemporaneous with, the deposition of the
IF'e-oxide/Mydroxides of zone P, 1t is conceivable that the area of the vein in which
GNV-8 was formed was somehow isolated from the fluid from which GNV-ST

was formed, possibly by local blockages in the conduit system near the stage of

final scaling by precipnating minerals.

e LC-1. The location from which this sample was taken is not known since it was
given to me by a miner who worked in the St. Lawrence mines. Considering which
mines were operating at the time he worked there, it is probably from either the
Dircector or Canal vein (figure 4.1.3). The sample is a single cubic crystal of coarse
prained colourless fluorite which measures approximately 10 cm across. Due to its
size and perfect crystal form it is interpreted to have formed, from late stage fluids,
in an open space (vag) in the central part of the vein. The only associated impunty
in the sample is hematite, as small inclusions and as thin films on crystal faces,
locally producing a reddish tinge of colour in the fluorite.

¢ RIIV-1. Tlhis sample is from the Red Head Vein located on the coast 4 kilometres
south of St. Lawrence (figure 4.1.3). This vein is one of the high-prade 'east-west'
trending veins but has a lower grade ‘gas breccia’ zone developed on i3 western
extension. This breccia zone consists of rounded fragments (up 1o 0.5 metres but
averaging cobble size) of relatively unaltered pink, coarse grained granite in a
matrix of coarse grained blue-green 1o white fluorite. The fluorite locally displays
subde 'nodular-iype’ textures around a core of granite fragments but this texture is
not extensively developed.  The sample RHV-1 1s of coarse grained blue-green

fluorite from the matrix of the ‘breccia-type' mineralization.
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SDMS-2-A.  This sample 1s from a molybdenite-beaning quarts {or micre-
pegmatite) vein tocated approximately 1 kilametre northeast of Lawn, near the old
second power dam (figure 4.1.8). For the purpose of this report, this occurtence
will be referred o as the 'Second Dum Moly Showing' . The vein is hosted by the
coarse grained to quartz-feldspar porphyritic, red granite which foms the 'Lawn
Lobe' of the St. Lawrence Granite, near the contact with Cambrian Inlet Group
metasediments. The vein consists primanly of coarse grained white o gray quartz
with minor intergrown coarse grained pink K-feldspar crystals and sporadic large
(up to S cm) radial, platy crystals. and more frequent smaller appgregates, of

molybdcenite. The sample represents a coniposite section across the entire width of

the vein (~10 o).




Fluid Inclusion Study

S.1 General Statement

The present fluid inclusion study involved more than S00 microthermometric
determinations of homogenizaton and melting temperatures from 12 different veins.
Fluid snclusion data, calibration results and methodology are given in Appendix 2. The
Nuorite samples were found (o contain numerous, oflen large fluid inclusions, measuring
up 1o 100 pm in diameter but averaging 30 to 40 pm. Most of the fluid inclusions in the
Ruorite can be considered primary since they usually occur within crystals (occupying
negative crystal forms) or along microscopic crystal prowth zones. Some rounded and
leaticalar inclasions, defining a somewhat linear trend. and some irregular inclusions,
vecurring along ¢leavage vlanes, appear 10 be sceondary.

Since muost of the fluorite zones contain an abundance of relatively large
inclusiong, only inclusions (normally from thz central parts of crystals) which fit
Rocdder's (1979) criteria for ‘primary' inclusions were used in this study. The fluid
inclusions shown in fipure 81,1 are typical of the primary inclusions used. Qccasionally,
in zones where definitely "primasy’ inclusions were not available, inclusions along crystal

boundaries or cleavage planes were used. Since no significant systematic temperature or
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Figure 5.1.1 Photomicrographs of typical' fluid inclusions in the St. Lawrence fluorite samples. These are:
{a) large two-phass inclusion from zone GNV-84J; (b) large two-phase inclusion from zone GNV-8A, occupying a
well developed negative crystal form; {c) imegular-shaped primary two-phase inclusion from zone GNV-8-G; and
(d) small rhombohedral-shaped primary two-phase inclusion from zone GNV-8-.
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sadinity differences were detected between these and ‘primary” inclusions they can be
considered pscuda-secondary.

For the most part, the inclusions studied, especially those in fluorite were simple
two-phase vapour-liquid inclusions with no daughter minerzls or CO,, despite evidence
for CO, elfervescence indicated by the abundance of caleie in gas breccias (Strong et
al., 1984), altcration zones (Strong, 1982) and many fluorspar veins. Some fluid
inclusions contain solid inclusions, most of which are opaque and appear to be hematite.
Rather than "daughter rincrals', these were trapped as particles, similar in origin to solid
inclusions (commonly hematite) observed within fluorite crystals. For most of the fluid
inclusions in (uorite, the Nluids were relatively dense (1.17 - 0.96 g/cm?®) and  vapour
bubbles vecupy less than 10 volume percent of the inclusion.

The luid inclusion results from the present study indicate that hamogenization
temperatures have a positively skewed uni-modal distribution with a broad, but well
defined, maximum at about 100°C  (figure S.1.2) over a broad range between 380°C and
S0°C, but with more than 90% of the data being beuwveen 140°C and 70°C. No direct
evidence for boiling was observed in fluorite samples from the present study but most of
the samples micasured were below the temperature range (450°C to 220°C) in which
Strong et al. (1984) found evidence for boiling.

Freezing temperatures from this study indicate a relatively bi-medal distribution
(flgure 5.1.3) with the fargest population defining a maximum around 12 eq. wt. % NaCl
and a smaller population with a maximum around 25 eq. wt. % NaCl, throughout a broad
range between 28 and 0 ¢g. wt. % NaCl.  All samples with estimated salinities greater

than 233 ¢q. wi % NaCl were defined based on the identification of the clathrate
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Figure 5.1.4 Plot of salinity versus homogenization temperature for fluid inclusions
from all samples in this study. The numbers represent estimated fluid densities
calculated from homogenization temperature and salinity relationships using the
equation given by Bondar (1983).

hydrohalite. In these inclusions, ice would melt near the eutectic, or more often the
metastable eutectic temperature, but hydrohalite would persist to higher temperatures.
Failure to distinguish hydrohalite (NaCl*2H,O) from ice may have led to underestimating
of salinity in a few of the smaller inclusions. Estimates of temperature of first melting
range from -20.8°C (NaCl-H,O eutectic) to less than -50°C suggesting a significant
amount of CaCl in the system. This data might best be interpreted in terms of the ternary
NaCl-H,0-CaCl system, but all interpretations are based on equivalent relationships in
the NaCl-H,O binary system, which is adequate for the discussions presented.

For most fluid inclusions, homogenization temperature and freezing temperature

‘pairs' were measured. In a plot of homogenization temperature versus salinity, shown in
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figure 5.1.4, scveral trends are evident.  The bulk of the measurements {it (he well
defined trend "A’, which displays cither increasing salinity with deereasing temperature or
decreasing salinity with increasing temperature.  The higher temperature inclusions
mainly define trend "B, which displays slightly decrcasing salinity with decreasing
temperature. The lower salinity, high-temperature inclusions define trend 'C', a trend of
constant salinity with decreasing temperature. A parallel, but less well defined (rend (D)
is interpreted to persist for the high salinity inclustons.

The density of the St. Lawrence fluids was estimated from the homogenization
temperature and salinity data using the equation (Al) given by Bodnar (1983, p.542) for
calculating the density of vapour-saturated NaC3 solutions. Bodnar's (1983} cquation was
calculated using a FORTRAN [V stepwise multiple-regression  program  utilizing
experimental data from a number of sources for input. The density of inclusion Auids s
from this study range from 1.17 to 0.56 g/em® but most (trend *A') are relatively high

density inclusion fluids in the range of 1.17 t0 0.96 g/em®. The density of inclusion fluids
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Figure 5.2.1 Histogram plot of homogenization 1emperatures in all samples from
the Grebe's Nesl Vern. All measurements are lrom tluonte.
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Figure 5.2.2 Histogram plot of calculated salinity from all samples from the
Grebe's Nest Vein, All measurements are from fluorite. Salinity was calculated using
phase relationships in the NaCl-H,O binary system and is expressed in equivalent
weight percent NaCl.

fromtrend 'B' range from 1.02 to 0.59 g/cm?, while those from trend 'C' range from 0.96

to 0.56 g/cm?, and those from trend ‘D’ range from 1.17 to 0.86 g/fem?.

5.2 Fluid Inclusion Results from Selected Veins

The following section will briefly discuss temperature and salinity relationships
within individual veins or samples. The main discussions will focus on the growth zoned

samples and the systematics of temperature and salinity variations.
5.2.1 Grebe's Nest Vein

The overall distributions of homogenization temperature and salinity in this vein
are presented as histograms in figure 5.2.1 and 5.2.2 respectively. The homogenization
temperatures define a somewhat disjointed, positively skewed, distribution similar to the
overall distribution shown in figure 5.1.1, with 2 maximum at around 125°C and a range
of between 110°C and 375°C. A separate lower temperature population can be

distinguished which has a maximum at 90°C and a range between 110°C and 80°C. The
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salinity data, shown in figure 4.22, shows a definite bi-modal distribution. The higher
salinity group has a maximum at around 24 eq. wt. % NaCl and a range between 28 and
22 eq. wt. % NaCl, while the lower salinity group is slightly negatively skewed with a
maximum at around 12 and a range between 16 and 4 eq. wt. % NaCl.

A plot of salinity versus homogenization temperature (figure 5.2.3) displays a
strong 'trend B' (figure 5.1.3), which has been identified and defined from this sample.
This trend shows an incrcaée in temperature and a corresponding slight increase in
salinity from zone A to B-C, peaking at a temperature near 400°C, and following a
reverse path to merge with low temperature 'trend A'. The variation in homogenization
temperature, through growth zones in sample GN'V-8, is presented as histograms in figure

5.2.4. The homogenization temperature in zone A is around 125°C with a rapid rise to
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near 400" C, through zones B and C, and subsequently decreasing to around 125°C by
sone D) and [, Duc (o the large vanations in homogenization temperature within zones B
and C, it appears that most of the temperature increase occurred during the deposition of
2one 3" Nuorite while most of (he temperature decrease occurred during the deposition of
‘zone C' Nuorite. 'rom zone D 1o E there is a rise in homogenization temperature from
125°C to around 150°C which continues through to zone G. Zone H appears to be
characterized by two groups of inclusions, a higher temperature (250-200°C) group

which, through an apparent sapid temperature drop, evolves into a lower temperature

(90-85°C) group. The homogenization temperature for zone | is approximately 125°C

and increases to around 160°C in zone J. From zones J 10 O thzre is a steady decrease in
homogenization temperature from 160°C to around 90°C.

The salinity data for growth zones in sample GNV-8, presented as histograms in
fipure 5.2.5, do nat show quite as much variation as the homogenization temperature
data, but some significant vanations are apparenl.  The salinity data from zones A
through 1. are remarkably consistent at around 12 eq. wt. % NaCl except for several
notable exceptians. The salinity values in zone A range from 12 to 6 eq. wt. % NaCl
while zones B and C range up to 16 eq. wi. % NaCl, suggesting an increase and decrease
in salinity accompanying the increase and decrease in temperature noted above. Zone H
can again be considered in terms of two distinct groups, an early 'normal’ salinity group
and a later high salinity group ranging from 26 (o 24 eq. wt. % NaCl. This high salinity
group is also characterized by lower homogenization temperatures (90-85°C) as noted
above. Zones M 1o O show a trend of decreasing salinity followed by rapidly increasing

salinity, deviating from the ‘normal’ value of around 12 ¢q. wt, % NaCl. Salinity data in
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zone M has a range from 12 to 6 eq. wt. % NaCl, indicating decreasing salinity across the
zone with a local minimum possibly late in the zone, while salinity data from zone N
ranges from 24 to 10 eq. wt. % NaCl, indicating increasing salinity across the zone
which culminates in zone O which shows a rather consistent salinity of 24 eq. wt. %
NaCl. These salinity variations occur during steadily decreasing temperatures from

120°C in zone M to 90° in zone O (figure 5.2.4).
5.2.2 Iron Springs Vein

The homogenization temperature data from growth zoned sample ISV-1 show a
bi-modal distribution (figure 5.2.6a) with well defined maxima at 115°C and 90°C over a
range between 140°C and 85°C (with a high temperature outlier at 285°C). The salinity
data define a tri-modal distribution (figure 5.2.6b) over a wide range of salinities from 30
to 6 eq. wt. % NaCl, with maxima at 24, 14 and 9 eq. wt. % NaCl. A plot of salinity
versus homogenization (figure 5.2.7) clearly indicates that fluid inclusions from this
sample fall on 'trend A' (defined above) and show a progressive evolution from early
high salinity to later low salinity fluids with a corresponding increase in temperature over

a narrow range. The three early, fine grained, zones of fluorite, quartz and calcite (A to
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Figure 5.2.6 Histogram plots of (a) homogenization temperatures and (b)
calculated salinity (NaCl-H,O binary system) for fluid inclusions in fluorite from the Iron
Springs Vein.
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C), show consistent homogenization temperatures and salinities (figure 5.2.8a.b) near
90°C and 22 ¢q. wi. % NaCl respectively. The coarse grained fluorite zones (D 1o G)
display quite variable but slightly increasing temperawres, ranging from approximately
150°C to 90°C, culminating in zone G with a temperature of approximately 110°C.
Throughout the same interval the salinity data shows an irregular but persistent trend of

decreasing salinity from approximately 22 10 8 ¢q. wt. % NaCl.
5.2.3  Other Veins

Fluid inclusion measuremetts on fluorite from most of the olhee veins show
considerable variahility but consistently fall on ‘trend A', forming a continuum between
higher temperature (125 - 100°C) lower salinity (near zero) and lower temperature (100 -
80°C) higher salinity (26-24 eq. wt. % NaCl) measurements.  As can be seen in
comparing ‘trend A' fluid inclustons from successive prowth zones in the Grebe's Nest
Vein 10 those in the Iron Springs Vein, it is apparent that fluid evolution proceeds in
either dircction along the trend suggesting somewhat irregular and intermittent mixing of
fluids.

The results from other samples will not be discussed individually because of (he
high degree of similarity in terms of the averall distribution. A listing of the data is
appended (Appendix 2) and relevant fluid snclusion results will be incorporated into

discussions of other aspects of the study.

5.3 Discussion of Fluid Inclusion Results

Th resulls of this study, as well as those of Strong et al. (1984), demonsirate that

fluid inclusions in fluonte from the St. lawrence deposits are consistently simple
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two-phase tiquid-vapour inclusions, with no daughter minerals or separate CO, phase.
Although some groups of inclusions show alignment and could be considered secondary,
the systematic variations between growth zones and fragment-matrix relationships in
brecciated fluorite, tead to the canclusion that most of the inclusions were trapped during
Nuorite deposition.

The tri-modal distribution of homogenization temperatures recognized by Strbng
ot al. (1984), with maxima around 350°C, 230°C and 120°C, within a range from 490°C
to 90°C, was recognized (i.e. early zones of GNV-8) but not widely represented in the
suite of samples studied.  The discrepancies between the two studies may be due to
several reasons:

¢ he samples used by Strong el al. (1984) were reported to be primarily from two
veins, (he Direclor and Tarefare which were mined underground. Some of these

samples may represent deeper (hotter) levels in the conduit system. No samples

from these two veins were included in the present survey

+ he samples used by Strong et al. (1984) contained a higher percentage of nodular
and/or gas breceia samples which themselves may reflect a higher temperature
regime.  Breecia or nodular ores were more common in the Director and Blue

Beach mines (Williamson, 1956).

¢ the growth zoned samples reported by Strong et al. (1984; figure 6, p. 1150) show

that the temperature is usually systematically higher in the earlier zones.

It anpears that the higher wemperature inclusions are usually associated with the
carly phases of recognized mineralizing cycles or zones of explosive (gas) brecciation.

Most of the samples in dus study have relatively low homogenization temperatures (ca.

[00°C) attesting to the dominance of relative late-stape, passive mineralizing processes in
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the formation of many of (he veins. Combining the results of this fluid inclusion study
with that of Stranyg et al. (1984), it is concluded that Nuorite deposition took place
continuously throughout an extremely wide temperature range (S00°C to 50°C) and that
the detection of systematic rising and falling temperatures, with successive  fluorite
precipitation, supgests periodic recharge (sometimes explosive) of hot fluids. This is
consistent with the conclusions of Strong et al, (1984}, who interpreted their results in
terms of repeated pulses of hot fluid emanating from deeper within the magma chamber,
possibly with admixtures of meteoric water.  Using ihis evidence, they concluded tha
the cooling of fluids was not the main control an fluonie deposition.

From their fluid inclusion data, Strong et al. {1984) suggested that the fluids were
boiling through the temperature range 450°C to 223°C. They cite the case of adjacent
fluid inclusions (with contrasting liquid/vapour ratios) which homogenize to a liquid and
a vapour respectively at similar temperatures, as evidence that the fluids were boiling
(Roedder, 1984). This supports their conclusions that homogenization temperatures in
the St. Lawrence fluonite samples closely approximate temperatures of formation,
something that is not tolally unexpected since the deposits probably formed in a very
low-pressure regime.

The freezing temperature data indicate quite variable fluid salinity during the

deposition of the {luorite veins, ranging from 30 (o 0 cyuivalent weight percent NaCl,

consistent with the range from 25to 6 (eq. wt. %aNaCl) reported by Strong et al. (1984),a

range which they conclude could either be primary (i.e. magmatic) or aliernatively

generated as a result of boiling and condensation of fluds. The fluids are relatively
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Figure 5.3.1 Plot of homogenization temperature versus salinity for all fluid
inclusions from this study showing fluid evolution trends (A - D). The sclid+liquid and
liguid+vapour fields (H,O-NaCl binary system) are from Shibue (1991) and the
co-existing liquid (L) and vapour (V) compositions at 550 bars are from Sourirajan and
Kennedy (1262).

dense, with vapour bubbles generally occupying less than 10 volume percent, although
vapour occupies up to 25 volume percent in some samples, particularly in gas breccias.
Based on fluid salinity and temperature, Strong et al. (1984) concluded that the
boiling curves for the binary H,0-NaCl system indicated pressures between 650 and 65
bars persisted during fluorite precipitation, in accord with other geologic evidence. The
extended liquid+vapor and solid+liquid two-phase regions in the binary H,0-NaCl
system, at 500 bars (Shibue, 1991 - compiled from various sources), has been added to a
plot of temperature versus salinity for fluid inclusions from the present study as shown in

figure S.3.1. The trends previously discussed and shown in figure 5.1.4 are similarly
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indicated by the labels A, B, C, and D. Trend "A', displaying either increasing salinity
with decreasing temperature and’or decreasing salinity with increasing temperature, is
interpreted 1o represent the mixing of a Jow salinity, possibly condensed vapour (from
low-pressure boiling) or meteoric 1luid, and a higher salinity, probably magmatic, fluid in
a low 1emperature regime. The higher wimperture inclusions generally defise trend "B,
displaying slightly decreasing salinity with decreasing temperature, suggesting variable
mixing of a hotter, more saline fluid with cooler, low salimty flind (i.e. the low salinity
end of trend 'AY). This trend may be better defined by a curved, rather then a linear trend,
with the sloping part (figure 3.3.1) being dominated by vixing and the flat part by simple
conductive cooling. Trend 'CY in which the high temperatare end is defined primarily
(but not exclusively) by inclusions in quartz is interpreted in terms of the simple cooling
of a low salinity fluid.

“These salinity and temperature variations can be considered in teems of the simple
boiling and condensation of fluids as supgested by Strong et al. (1984). Since (he low
salinity fluid reaches temperatures near 400°C, it could represent simple cooling of low
salinity vapour originating from low pressuse boiling of high salinity magmatic fluid
(liquid) decper in the conduit system.  The parallel, but less well defined trend (D), could
be explaired by simple cooling of the high salinity magmatic fluid. Trends A and B may
represent variable mixing of the liguid and condensed vapour, combined with the possible
influx of meteoric water, in the upper Jevels of the conduit system.

Figure 5.2.1 shows the liguid tvapor phase boundary for the binary ,0-NaCl
system (Shibue, 1991) and the cquilibrium compuosition of co-existing liquid and vapour

separating from a fluid of critical composition at approximately $00°C and 550 bars
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(Sourirajan and Kennedy, 1962). At SO0 bers, the liquid+vapour phase boundary is near
the higher limit of temperature for fluid inclusions found in the fluorite, but lower
pressure would move the boundary towards lower temperatures overlapping the high
temperature end of trend "B
The fluid inclusion trends observed in the St. Lawrence samples may be best
cxplained (figure 5.3.1) in terms of a supercritical magmatic fluid unmixing at shallow
depths and cvolving both seperate low salinity vapour and high salinity liquid phases.
The vapour phase would rapidly rise through the conduit system, often producing
explosive products (gas-breccias), to eventually cool and condense as a low-salinity
liquid (1rend 'C') in the upper levels of the system. As the system is recharged, the high
salinity fluids would tend to infiltrate into higher levels of the conduit system, being
variably mixed with the low salinity fluids already filling much of the conduit system
(trend '13°). These cycles (or pulses) of fluid infiltration would be accompanied by initial
increases in temperature followed by decreases in temperature as the thermal effects of
the cycle diminished (conductive cooling). Invariably in the late stages of such cycles the
fluid in the conduit system would be dominated by coo), saline, residual magmatic fluids
{trend 1), 1t s conceivable that such fluids would be significantly cooled prior to
infiltrating the upper regions of the conduit system, possibly explaining the lack of
higher temperature inclusions along trend 'D
The Aluid inclusion data shows that most of the fluid mixing (trend 'A'), and
fluorite precipitation, took place in a relatively low temperature regime. This would

suggest that, if the 'magmatic pulse' model is valid, then these cycles would have to be

primarily of long duration, allowing time for substantial conductive cooling and complete
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infiliration of the conduit system by cool residual magmatic {luid. In such a long time
span of relatively passive fluid movement, it is quite probable that meteoric waters would
enter the conduit system and mix with the magmatce fluids. Oxygen isotopic studies
(Strong et al., 1984) on hydrothermal quartz and inclusion fluids in fluorite from the St.
Lawrence veins have yiclded 80 values which range from primary magmatic to
meteoric signatures.  Although mixing of a meteoric component could explain most of
the trend 'A' results, it would be difficult to rationalize the low-temperature high-satinity
inclusions, or indeed the overall distribution, in terms of a simple two end-member
mixing mode}, The low-temperature deviation from trends 'A’ and ‘B may be the effects

of simple conductive cooling.
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6 Geochemistry of the Vein Samples

6.1 General Statement

The samples of various growth zones and individual vein samples were analysed
using X-ray fluorescence (XRF) and inductively coupled plasma (1CP-MS) techniques.
The XRF (conventional pressed peliet) analyses are representative of the whole sample or
zone while the ICP-MS (borie/nitric acid dissolution) represents analysis of primarily the
{luorite and/or calcite (acid soluble) components of the zone. The common gangue
minvrals barite and quartz are relatively (< 5%) insoluble in the boric/nitric dissolution
procedure. The common accessory sulphides show limited solubility in the boric/nitric
dissotution with approximately 10% of the chalcopyrite and galena dissolving but
sphalerite is relatively insoluble.  The Jimited solubility of the sulphides should not
seriously affect the REE analysis since sulphides (particularly galena) do not favour
incorporation of the REE (Morgan ~nd Wandless, 1980).

A complete listing of all the analytical data is presented in Appendix 1 as well as
in variable file formats on the accompanying [BM-compatible floppy disk. The table
formal used for the geochemical data presentation is broken down into the following

catepories:
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1 Boric Acid Dissolution gives a measure of the degree of dissolution of
samples based  on residue weight (e potal - residue] ~ fMuorite and/or
valcite content)

2 Calculated from XRF is an ¢stimate of the samyple zone mineralogy
based on the XRF analysis (for seference only, semi-quantitative)

3 XRF Majors presents major element data which again should be

regarded as semi-quantiative
XRF Traces
1CP-MS Traces
iCP-MS REE
1CP-MS Ratios

NN N

To assess the vanous major and trace clement components in the vein  zones, the
analytical data was subdivided into four groups based on the mujor mineralogy of the
zones.  The groups were analyzed statistically 1o determine mean, standard deviation,
maximum and minimum values for each clement and the results are  tabulated (by
analytical method) in tables in the following section.  These statistics are given 10
facilitate presentation of the magnitude and range of the ‘raw' analytical data and are not
meant to infer ‘trae mean’, or average values, characteristic of the various groupings. For
the purpose of statistical analysis clements with values [ess than detection limits were
interpolated to a value equal to ¥: the limit of detection, in accord with standard methods
of dealing with missing values in statistics (Rock, 1988: p. 207).

[fthe group average value for any clement is below the limit of detection (1LOD),
it is reported as ' < LOD', and if the average value is less than the limit of quantitation
(LOQ) or the effective limit of quantitation (ELOQ), it 1s presented as the ‘average value'
enclosed in parenthesis. The derivation of the ELOQ for the {CI>-MS from calibration
and reagent blanks, outlined in Appendix 1, followed the guidelines proposed by Keith et

al. (1983) for data quality evaluation in ¢nviranmental chemistry. For comparison (o
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1CIP-MS confidence limits, LOQ for the XRF data was assumed to be 3.33 times the

L.OD.

6.2  Major and Trace Elements in Fluorite

Analyses of coarse grained fluorites containing no minor phases are presented in
Table 6.2.1 and the calculated mineralogy verifies that only very minor amounts of quartz
or silicate minerals coexist with the flucrites in this group. Therefore, it is assumed that
the trace element analyses from this group of samples reflect the chemical character of
the fluorite, and assuming nearly complete dissolution, the ICP-MS and XRF trace
clement analyses should be equivalent. The correlation beitween ICP-MS and XRF is
good for most of the elements with the exception of Nb and Sc. The Nb values are
considerably higher (10 times) by XRF, while the Sc values average 4] ppm by XRF and
tess than the detection limit (4 ppm) by ICP-MS. The discrepancy in the Nb values may
be due to its concentration level in the fluorite being close to the XRF limit of detection.
The discrepancy in the Sc values may be due to inadequate correction for Ca interference
on the XRF data due to the high Ca levels in these fluorite/calcite bearing samples.

The majors are dominated by CaO since Ca is a major component in fluorite
(Cal,). The CaFy(c) was calculated based on the XRF CaO analysis corrected to a factor
determined from multiple XRF anatysis (Appendix 1 B) of a fluorite standard (NBS-79a).
As well, SiO, values below 20% were corrected to reported values for NBS-79a. The
detectable levels of SiO, (0.2%) and Fe,0, (0.05%) in the fluorite samples probably
reflect minor accessory quartz and hematite which commonly occur with the fluonte.

Trace amounts of Al, Na and K may be due to contributions from fluid inclusions which
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Table 6.2.1  Summary of the geochemical analyses of coarse gramed fluorites from the St. Lawrence
fluorspar vesns. ‘These samples are trom zones which contain no apparent minor phases.

(n = 12)
Mean sh AMavy, \in, Meun b Max. Mia,
1CP-MS Traee's {ppm)
Li < 0.J NA 0.4) <013
Be (1.9) 4.3 22 $.0
S <3 NA ® <4

Calculated from XKRF (wt. %) v <2 NA ) <2
CaF2{c)* 104 1.75 108 98.7 Cr <8 NA (18) <3
BsSO4(c) 0.007 0.006 0.018 0.002 Cu 26.6 3.7 53.5 62,2
$i02(v) 0.103 0.059 0.192 0.036 Zn (0] L] 24 (€)]
PbS(c) 0.003 0.00) 0.006 0.001 Rb ©0.13) 0.16 038 < O0.08
ZnS(c) 0.000 0.000 0.002 0.000 Sr 07.1 2.8 130 47.4
CuFe$2() 0 001 0.001 0.002 0.000 Y 662 4 1183 317
Total 104 Zr 1.8 3.1 12 <04

XKF Majors (wt. %) Nb 0.209 0.109 0.426 0.097
Sig)? 0.203 0.114 0.371 0.070 Mo 1.01 1.9 7.40 0.246
TiO2 < 0.003 NA {0.005) < 0.003 Cs 0.028) 0.006 0.108 < 0.010
AI203 0.031 0.034 0.088 < 0.006 Ba x9 k] 13 {0.4)
Fe203 0.046 0.022 0.103 0.020 1 ©.08) 0.08 024 < 0.07
MnO < 0.002 NA  (0.004) < 0.002 Ta 0.203 0.113 0.464 0.078
MgO* < 0.02 NA < 0.020 < 0.020 Tt < 0.06 NA (0.08) < 006
Ca0° 74.8 1.26 76.2 713 Ph 210 9.08 6.9 AR 2)
Na20O (0.039) 0.070 0.244 < 0.014 Bi 0.31 02 090 < 0.08
K20 (0.006) 0.008 0.036 < 0.002 Th 0.13) 0.09 031 <004
P208 (0.004) 0.002 (0.009) < 0.003 u 0.60 0.20 0.96 031
LOL* 0.595 0.0 0.230 0410 1CP-MS REE (ppm)

XRF Truces (ppm} La 209 939 na 9.47
$ )79 109 427 yz Ce 549 XM 118 202
(&) 134 190 658 ) Pr 8.51 602 20.2 2.1

Nd 42.5 3.2 102 124
S 4] s 54 3l Sin 12.4 8.21 258 n
v <7 NA < 7 <1 Eu 1.7 ).06 3.3 0.726
Cr 41} 4 (18) <6 Gd 21.4 IR «“.0 7.9
Nt < 4 NA < 4 <4 ™ 413 2.04 1.79 1.6%
Cu 24 17 8 8 Dy 299 140 61.9 13.2
Zn <3 NA 12 <l Io 6.82 3,01 14.3 1.3
Ca <4 NA <d <4 Er 19.1 821 40.8 10.)
Rb* < 0.7 NA <07 <07 Tm 220 0.970 4.80 1.22
Sr 65 24 134 43 Yb 12.0 543 24.6 .
Y 688 268 1266 331 Lu 1.53 0.686 2.87 0.649
Zs < 1.0 NA (.7 <1.0 Yoaed KIE 238 109 414 96.3
Nh (1.7 0.7 J <06 1CP-ALS Rutivs
Bz 39) k2 104 <2 p I Ny TR 1.175 027 1.223 1.128
Ce 109 56 205 39 po B L R 2.950 0.0406 2.517 2.3
Pb 28 10 49 9; $47%ul 16N 0.186 0.046 0.J33 0.153
Th <) NA 3) <) ATiosany 0003 0.003 0.02) -0.004
v ) NA <4 <4

Al clements wilth RSD < or = 30% wre denoted by { *'). Values loxu than the limit of detection (LOD) sre given aa
< (LOD). Velues fexs than the limil of quantitativn (LOQ) but grecalcr than the LOD are given in pareathesis.
Abhreviations: NA - not applicable: SD - standard devintion; Max. - maximuin; Min. - minimum

are abundant and often large in coarse grained fluorites. The bulk of the Cl and S, not

directly related to sulphide or sulphate phases, may also be related to fluid inclusion

contributions.
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Il is cvident that the most abundant trace elements in the fluorite are the
dominantly trivalent Yitrium and the rare earth elements (REE), with Y and REE,,
averaging 662 and 238 ppm respectively, The REE and Y exhibit extreme variability
between fluorite sampies witiiin the group. Most other elements that would be expected
to substitute into he fluorite structure (appropriate ionic radius and charge) are present in
detectable coneentrations. The elements Cu, Sr, Ba and Pb, which occur in the divalent
state, attain average concentraticns of 27, 67, 3 and 21 ppm respectively. The presence
or absence of minor accessory sulphate and/or sulphide phases must be carefully
examined when considering the significance of these elements with regard to true fluonte
composilion. Minor concentrations (S | ppm) of Cs, Bi, Mo, Zr, Nb, Ta, Th and U
were deteeted, while concentrations of Li, Be, Ti, V, Cr, Ni, Zn, Ga, Rb, Hf and T! in
fluarite are near or below the detection limits.,

Table 6.2.2 presents the average analytical data for samples from zones containing
variable mineralogy but in which fluorite is the major mineral phase (i.e. >50% CaF,).
These zones average approximately: 96% fluorite; 2% quartz; 1% barite; 1% sulphides
(primarily galena and sphalerite); and 0.4% hematite. Most of the major elements
{except Ti, My and P) are slightly clevaied above trace levels, suggesting the
incorporation of minor silicate phases as inclusions in crystals and/or as fragments in
some breceiated zones.  In these fluorite-bearing zones with variable mineralogy, the
trace clements Ba, Pb and Zn are notably enriched, compared to the fluorite zones
containing no visible minor phases (Table 6.2.1). This can be accounted for by the
inclusion of barite and/or sulphide-bearing samples within this group. A slight

enrichment in Ni, Cr, Tl and Ga is probably related to the increased sulphide influence,
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Table 6.2.2 Summary of the geochemical analyses of coarse grained fluorites from the St. Lawrence
fuorspar veing. These samples are from zones which contain minor phases but are composed of at
least 50% fluorite.

Fluorite-rich Zones (greater than 50% fluorite)

(n = 47
Mean s» Max, Min, Mua) s Mur  Min

Boric /.cid Dissolution (wi. %) ICP-MS Truces (ppm)

% undissol. 17.2 12.2 $7.0 3.8 Li 24 6.4 40 <013
& diesol.® n.8 122 9.8 53.0 Be 3.2) 6.4 26 < 04
S <4 RA an <4

Caiculated from XRF (wt1.%) \Y Q) 2 ) <2
Cuf2(c)* 97.5 9719 106 599 Ce (14) 36 228 <3
BaS0d(c) 0.794 3.2 20.1 0.002 Cu 137 429 2963 <0J
$i0) 213 3.7 14.3 0.036 Za 126 291 1466 <3
Ph8(c) 0.672 3.06 211 0 00l Rb 3.56 8.96 486 < 0.08
ZnS(c) 0.548 3.45 39 0.000 Sr 96.4 109 744 8.7
CuFeS23(c) 0.005 0.010 0.050 0.000 Y 722 RT3 2055 240
Toral 102 Zr 2.6 3 17 <04

XRF Myjors (w1.%) Nh 0.1 0.690 3.07 < 0.009
Si02 4.12 798 37.6 0.070 A L o1 326 960 < 0.05
TiO2 (0.004) 0.006 0.022 < 0.003 Cs Q22 0.505 2.76 < 0.010
Al203 0.157 0272 1.4) < 0.006 Bs 976 2319 10922 0.4)
Fe203 0.392 111 6.46 < 0.002 Hr (0.15) 0.17 0% < 0.7
MnO 0.027 0.066 0312 < 0.002 Ta 3.304 0.304 1.309 < 0.007
MgO* < 0.02 NA < 0.020 < 0.020 Ti 0.54 1.63 1003 < 0.06
CzO* 70.4 7.06 15.2 43.2 Pt 4107 16088 109779 1.64
NaZ0 0.064 0.206 1.393 < 0.014 Bi 1.31 4.83 133 <005
K20 0.058 0.149 0.340 < 0.002 Th 0.32 0.38 319 < 0.04
P20S (0.008) 0.007 0.031 < 0.00) U .05 1.84 t{.36 < 0.2
LOI ].64 1.88 1.72 0410 ICP-MS KEK (ppm)

XRF Traces la 16.0 11.3 48.9 0.2
S 2501 6644 8720 7 Ce 4102 139 173 13
Cl1 183 200 974 an ™ 6.02 5§63 30.9 0.2}

Nd 8.5 73 147 13
S ER] 10 73 " Sm 10.5 6.47 28.6 1.7
v <? NA <? <7 kv 1.05 0.92 3.68 0.118
Cr Kh) 59 323 <6 Gd 302 9.7 4.0 6.49
Ni (10) 7 172 <4 Th 4.51 2.24 10.3 1.41
Cu 151 176 1435 <3 Dy 4.8 18.7 5.0 98
Zn 3676 23)39 160481 < Ho 8.05 4.59 21.1 20
Ga 40 214 1480 <4 Er 342 15.1 67.3 52
Rb 42 103 60.1 < 0.7 Tm 3.6 2.11 [ W]} 0.49
Sc 136 3166 3834 x| Yh 19.7 14.6 58.7 2.19
Y el 348 1556 214 Ly 2.56 1.89 7.0 0 164
Zr 3.6 7.5 41.2 < 1.0 Toaad 216 0 (s 494 64.9
Nh 21 1.6 9 < 0.6 1C0-MS Ratlos b
Bs 4672 17795 118161 <) i 00 1.159 0172 1.223 0.000
Ce 61) 56 357 <32 WRiG N 3.385 0.358 2.517 0.000
Ph 5816 26491 183548 9y IS ) HNd 0.263 0.112 0.778 0.000
Th ) 1] 71 <3 M 0.108 0270 1.609 0.004
U < NA 2) <4

All olements with RSD < "o & 30% are denoled by | = | Valucy lesa than (ke limil of delection (LOD) are given as
< (LOD). Valuct Iess than the Jimil of quentitatiun (LOQ) but greesler \tan the LOD are given in parenthesis.
Ahbrevidlions: NA - not applicable; SO - rlandard deviation; Max. - maximum; Mia. - minimum

while increases of Rb and Sr may be attributed 1o the increased silicate and barite

content respectively.
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The REE and Y are the dominant trace elements not related to sulphate or
sulphide phases, with total REE averaging slightly lower (220 ppm) and Y slightly higher
(722 ppm) than in the pure fluoritc zoncs. There also appears to be an overall trend of
depletion of LREL and enrichment of HREE.

Table 6.2.3 summarics the analylical data for galena-rich zones (> 2% galena)
with either fluorite and/or barite as the other major mineral phase. These zones average
approximately: 70% fluorite; 25% galena and sphalerite; and 5% barite and quartz. The
only anomalous behaviour noted in the major element data is a significant increase of
Na,O in at least one zone. Besides the normal sulphide related elements, Cu, Pb and Zn,
increases were also noted in Cr, Ni, Ga, T, Bi and U + Th. The higher U + Th values are
only apparent in the XRF analysis, and are probably be related to uncorrected Pb
interferences, Enrichments in Sr and Ba, and possibly Cr and Cs, can be related to
preferentiat incorporation of these elements in sulphates such as barite. The REE and Y
concentrations (235, 819 ppm) are similar to those of the previous group reflecting the
overwhelming influence of the fluorite.

Table 6.2.4 summarizes the analytical data for barite-rich zones which contain
less than 50% fuorite. These zones average approximately 27% fluorite (+ calcite) and
70% barit¢ as well as several percent quartz and varying amounts of sulphides. The
higher variation in major element values probably reflect  barite/quartz/carbonate
associations in some zones and the incorporation of lithic fragments in some marginal
zongs.  The high barite content of these zones accounts for the anomalously high
concentrations of Ba, Sr, Rb and Cs, while sulphides account for the high Cu, Pb and Zn.

The bante-rich zones show abnormally low Sc values from the XRF analysis, with the
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Table 6.2.3  Summary of geochemical analyses of pilena-beasing ftuorite zones from the St. Lawrence
fluorspar veiss. These samples are trom zones whieh contain preater thin 1% galeaa.

Galena-rich Zones_ (greater 1]_1;)11\_1— %, gﬂléni{)' )

(n 1= B)
Mean  SD AMax.  Min. Mean S0 Max,  Min

Horic Actd Dissolution (wi. %) 1CP-MS Traces (ppm)

% undjssol. 292 26.1 55 118 La (0.6) 0.2 1.0 < 0.3
% dissof. 70.8 26.1 9% 8 4.7 B 7.6 19 5.0) < 0d
NG <4 NA <9 <q

Calculaied from XRF (w1, %) v <32 NA (5) <
CaR2(v) A 26.8 100 RENY Ce (16) Jo 94 <8B3
BaSO4(c) 8.8 234 70.8 0.002 Cu t96 179 07 <03
Si02(c) 1.09 2.m 6.41 0.109 Zu 3513 [0506 32278 <3
PbS(c) 271 39.3 108 1.00 Rb 0.66 112 )Aa <008
ZnS(c) 3.60 7.78 239 0.000 Sr 156 229 788 24.9
CuFu:S3(¢) 0.057 0.110 0.139 0 001 Y 819 299 1322 444
Total 113 Ze (0.7) 0.7 2 <04

XRF Majors (wi.%) Nb 0.263 0.(84 0.569 < 00LO9
502 211 R 2.4 021 Mo 1.82 [WE) 4.09 0.452
Ti02 < 0.003 NA <0001 < 000) Cs 0 202 0.566 1.76 (0.01))
AlI203 0.0d0 0.047 0326 (0.01)) Bu [(il]] 212 837 (.3
Fe20) 0.095 0.094 0.290 < 0.2 "f < 007 NA 0.22 <007
AMnO < 0.002 NA  (0.002) < 0.002 Tx 0.3%4 0.299 0.448 0024
MpO- < 0.02 NA < 0.020 < 0.020 Tl 4 56 4.1} (98 ] 0.3s
Ce() 523 19.4 3 25.0 h 29594 3os0 1mWTMe 6831
Na20 0.213 0.450 1.39 < 001+ Bi 17.0 215 84.2 (0.12)
K20 0.008 0.011 0.0J0 <0002 Th (0 08) 008 0l4 <ODO4
P2as (0.010) 0.003 0.0(7 (0.008) 4] 0.59 0.67 1.66 {0.03)
LOI 3.4 NA 26 246 ICP-AIS RER (npm)

XKF Traces Le 122 +.34 20.0 6.41
S 25629 26885 80280 111K Ce RINK] 10.9 49.7 17.0
Cl 157 142 4 8 Pr 4353 b3 6.51 1.58

NJ LA 6. N 130
Sc ke 17 9 <7 Sm 1.1 3.7 6.9 6.68
\" <7 NA <7 <7 Iu 0.72% 0362 1.9 0.369
Cr 67 92 128 <6 Gd 230 6.4 EL 1413
Ni 24 56 172 <4 Th 5.54 I 3.20 312
Cu 1655 3166 9795 33 Dy W2 15.8 68.2 3.7
Zn 24177 52197 160481 <3 Ho 10.6 4.4 175 5.48
Ga 1836 710 6669 < 4 Er RN.Y 141 571 153
Rb (1.4) 1.6 54 < 0.7 Tm 4.30 1 88 714 ).67
Sr 606 1404 4312 3 Yh 290 13.4 47.9 8.45
Y 768 LR 1492 276 lu 3.69 1 69 599 091)
2r 39 8.9 27 <10 s W 235 71 354 134
Nb 8.0 11.2 kY (1.7) 1C1-MN Raslns
Ba $2100 137728 43586 <2l a2 078 1 86 0.220 )2 0514
Ce < 32 NA < B2 < 3 RO L7 NA NA NA NA
Ph 244291 339918 90HGS? 8672 (1" Gue 14N 0.311 0034 0 )60 0.267
Th 14 23 71 < NN 0.1 o002 0033 0.002
u 45 76 M <4

All clements with RSD < ur = 202 wee dennted by {# 1. Vil lons 1san W lanit of detection (111D are given &
<{LOD). Values [eus thun tho limi¢of quantitalion (LOQ) bul grecutee than the 101 arc given in parenthcsis.
Abheevintions: NA - ant spplicshle; SD - slanderd devishion: Mux. - msxatum; Min. - miumoin

maximum being close to the limit of detection,  contrasting with averages of 3040 for
other groups. This is probav'; ‘clated to the lower CaO content of these samples (2

versus 36%) which allows for more adequate correction of Ca interferences on Sc. [f this
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Table 6.2.4  Summary of geochemical analyses of barite-rich zones from the St. Lawrence fluorspar
veins. These samples are from zones which contain greater than S0% barite. i

Barite-rich Zones _(gr,eatex;than 50% bm;te)_ |

(n =8
Mean S Mo, Afin, Mean SO Max. Min.

Huoric Acld tHssolution (wi.%) ICP-MS Traces (npm)

% undisxol . 2K 161 96.1 54.7 L 6.1 9.4 30.7 (0.3)
% dismst. 253 162 45.3 jo2 Be 17.7) 11.6 31 < 0.4
AV %) 4 (14) <4

Culenloied from XRF (wi.%) \Y (4) ki 10 <2
Cel2M) 30.1 17.0 9.6 2.60 Cr (56) 16 9% <3
BaSO4(c) 7.0 190 113 49.7 Cu 376 278 934 £2.4
SiO3(¢) 3.8 227 6.00 0.191 Zn 8512 11424 3275 23
PhS(c) 0.178 0.437 1.33 0.000 Rb 16.5 17.6 59.4 2.62
ZnS(e) 0.624 ) 27 3.96 0.000 Se 1337 1189 4581 28§
CuleS2(¢) 0.004 0.%1 0.006 0.002 Y ™2 pik )| 1056 337
Tdal 11 2r 4.4 3.5 10 0.9

XKRF Mafors (wt. %) Nb 1.40 1.40 4.34 0.265
S 6.14 4.38 11.57 0.369 MM 2.4l 1.3 5.39 0.480
T2 0.02* 0017 0.055 <000 Cs 6.64 654 237 0.547
Al20)) 0.290 0.356 P21 0085 Ba 36354 69875 220927 3059
120y 0.015 0.178 0.524 < 0002 Hf 0.38 0.39 1.19 < 0.07
An®) {0 003) 0.008 0.024 < 0.002 Ta 1.59 1.7 529 0.090
AMpO” < 0.00 NA < 0.020 < 0.020 Tl 1.8]1 217 6.79 < 0.06
Co) 1.9 123 358 1.87 Ph 5045 8644 22708 th
NaZ0O (0029) 0.057 0.180 < 0.0)4 B8 0.35 0.33 1.0% (0.05)
K20 vV 0.151 0.489 0.007 Th 0.33 0.29 1.00 (0.04)
o8 (0.008)  0.003 (0.010) < 0.003 U 0.63 0.89 2.8 (0.07)
[l 293 1 60 §.48 0.300 ICP-MS REE (ppm)

XRE Traces La 243 6.71 364 14.97
S 72855 9869 B7063 54060 Ce 56.27 8.9 852 252
Cl 7! 2 125 (28) Pr 8.30 276 12.7 3.68

Nd 38.9 12.5 58.6 17.5
S, <7 NA (8) <7 Sm 16.7 4.73 21.7 1.6
\Y <7 NA < 7 <7 Eu .31 122 4.28 0.048
Cr 3y 161 60638 208 Gd 35.3 1.2 4.8 13.5
Ni 3 15 52 ) ™ 6.44 2.08 9.60 2,74
Cu 127 RN 176 n Oy 45.6 17.1 76.0 18.5
Zu 1189 8491 26560 <3 LA 9.84 4.14 182 3.8
Ga < NA < J <4 Er 275 14.4 60.3 10.6
Rh 9.4 13.0 429 (1.9) Tm 3.40 225 8.97 136
Se 1858 1891 8376 3076 Yt 18.3 1.0 62.1 6.86
Y 84 135 424 20 [ 222 223 7.99 0.798
Zr 375 17.8 58.8 < 1.0 Yeaal RER 296 102 454 132
Nh 22 0.7 3 (1.2) ICP-MS Ratlos
Ba 4828)9 111702 666963 292478 EPSITA 1.178 0.0)4 1.20) 1.153
Ce < NA < 32 < 32 0T HOTT 2.433 0.017 2.463 2.408
h 1540 3783 11537 < ¥ 10780 1484 0262 0.022 0.305 0222
Th <) NA <3 <3 KTHNBES 0.033 ¢.056 0.180 0.003
U ) @) 3 (1 < 4

Al chomente WINRSD < o = 309 are denoted by 1'% 1 Veluen Ican than 1hs Timil of detoction (LOD) are given as
< (LODY Values losx than the Limi¢ of quantitation (LOQ) bul gracaler than the LOD axc given in parcnthesis.
Abbreviahong: NA - aol spplicable; SD - stundurd deviation: Max. - masimum; Min. - minimum

is the case, higher values for S¢ (XRF) in the other groups are inaccurate and should not

be considered representative of the samples,
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The REL and Y concentrations tn fluarite from the barite-rich zones average 296
and 782 ppm respectively, and are comparable, or slightly higher, than other zones for
both the LREC and HREE. The XRF vs ICP-MS average values for Y (254 vs 782 ppm)
sugpests that most of the Y, and consequently the REL. is concentrated in the acid
soluble material, namely fluorite and'or calcite.

The breakdown into groups of samples based on mineralogy presented in tables
6.2.1 10 6.2.4 indicates no systemaltic change in fluorite chemistry from group to group.
Most of the variation between groups can be directly accounted for by the dissolution of
minor amounts of mineral phases (other than Muorite) in the ICP-MS analysis, or the
direct contribution of such phases in XRF analysis.  This is particularly true of the REE
which seem to display as much variation within mineralogically distinct groups as
between these proups.

These results also indicate that  the dissolution of small amounts of barite, quans.
or sulphide docs not systematically alter the REE balance, especially in zones with only
a low percentage of non-fluorite phases. ‘This can be further demonstrated using a plot of
Y e Versus Y, for the samples in the data set (figurs 6.2.1). The XRF analysis is
rcpresentative of the whole zone, while the ICP-MS aralysis represents only the
¢lemental concenlration in the fluorite (£ calcite) component of the zone. All ICP-MS
sample weights submitied as dissolved component weights, calculated prior to analysis
from the weight of the undissolved fraction (i.e. weight,, ., = weight, .., - weight ).
Most of the scater in the uncorrected raw data (R? = 0.57) plotted in figure 6.2.1a can be

atiributed to samples from zones containing non-fluorite (or non-calcite) phases. Based

on the assumption that most of the Y in the zone would be incorporated in fluorite but not
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Figure 6.2.1 Plot of (a) uncorrected and (b) corrected ICP-MS Yttrium data versus
XRF Yttrium data. The ICP-MS data are from boric acid dissolution of flucrite from
various zones. Corrected data are adjusted based on the estimated fluorite content of
the zones (see text), assuming all Y is contained in the fluorite fraction.

in the other mineral phases, the data was modified by multiplying the Y, ,,s value by
weight fraction of fluorite [CaF,(c)] in the zone (i.e. zones with 25% fluorite would be
reduced to 25% of the original ICP-MS value, assuming that the XRF analysis of the
whole zone represents a 3:1 dilution by Y-free components). The modified data, shown
in figure 6.2.1b, display a well defined linear trend with considerably less scatter (R* =
0.94) than the uncorrected data.

This supports the assumption, used throughout the remainder of this discussion,
that in the zones analyzed by ICP-MS (boric/nitric) the analytical data very closely
approximates Y and REE concentrations in the fluorite (£ calcite) component of the

zone, As well, taking into account the effects of other mineral phases which may be
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present, it ¢an provide reasonable estimates of the concentrations of other trace elements

in the fluorite component of the zones.

6.3 REE systematics in fluorife and related minerals

The discussion of the REE geochemistry of selected samples from the fluorspar
veins i8 presented on a sample by sample basis, starting with sample GNV-8, from the
Grebe's Nest Vein, which displays the most continuous series of growth zones of any of
the samples used in this study. The discussion of REE in fluorite (or calcite) will rely
primarily on the ICP-MS data but will utilize XRF data to determine the more complete
chemical character of the zones. A previous study of REE in growth zoned fluorite from
St. Lawrence (Strong et al., 1984) indicated moderate to high REE concentrations which
are highly but systematically variable. The discussion which follows will demonstrate
that, despite the high degree of variability in the chemistry of these samples, the REE and
other trace elements define a systematic pattern, reflecting the precipitation of fluorite
from a dynamic fluid system.

The REE geochemistry is'prcsemed as chondrite normalized plots to facilitate
comparison with other published studies. Normalizing values are those of CI
carbonaceous chondrites compiled by and listed in Taylor and McLennan (1985). Since
this section is aimed primarily at presenting the dala, interpretation will be limited to
correlation of the REE patterns with mineratogical and fluid inclusion data already

presented.




6.3.1 Grebe's Nest Veln

Sample GNV-8, from the Grebe's Nest Vein, cantains 16 continuous growth zones
of which 15 are coarse grained fluorite (figure 4.1.2). Sample GNV-ST is not from the
samc sample but is a sample of late-stage blue coarse grained fluorite from this vein. The
chondrite normalized distribution of REE in sample GNV-8 (figure 6.3.1) displays a
systematic variation with progressive periods of precipitation. The earliest precipitated
fluorite (GNV-8-A) displays a sub-parabolic patiem with a pronounced enrichment of
light-REE (LREE) over heavy-REE (HREE) and a2 maximum at Pr decreasing towards
both La and Lu. The zone has a well defined negative Eu anomaly combined with a less
well defined positive Gd anomaly. With progressive precipitation, zones B and C show
very similar patterns 10 A but with a pronounced 'flattening’ resulting from depletion of
the LREE and enrichment of the HREE compared to A, while Sm, Eu and Gd remain
virtually unchanged. Zone D displays continued ‘flaitening’ of the REE pattern through
[IREE enrichment and lesser LREE depletion, despite the flattening the Eu and Gd
anomalics remain and the HREE from Ho to Lu retain their negative slope, hereafter
informally termed the ‘Gil'. The pattern in the next zone (E) is virtually identical in shape
but has a somewhat lower concentration of all REE. Fluid inclusion data indicate a
carresponding homogenization temperature increase from A, with a peak between B and
C (up to 380°C), and decreasing to E, with a slight increase in salinity parallelling the
temperature trend. The fluid inclusion data from these zones follow ‘trend B' as opposed
1 the majority of samples which follow "trend A’ (see figure 5.1.4 and figure 5.3.1). The
LLREE (La - Nd) have evolved, with progressive precipitation, from strongly concave

upward in A to relatively flat in E.
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Chondrite normalized REE patterns for sample GNV-8 from the Grebe's Nest Vein

displaying evolving patlerns with successive growth zones. Symbols refer to specific zones. Zone P
is a late-stage incrustation of "iron oxides" and zone ST refers to sample GNV-ST, a sample of
late-stage, growth-stepped fluorite from the Grebe's Nest Vein.
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The crystallization of the last two zones of coarse grained green fluorite (F and
G), shows the development of what 1 informally term the 'V and tail' pattern,
characterized by a slight negative slope from La to Nd (the apex of the V), a moderate
positive slope from Nd to Er and a moderate negative slope from Er to Lu. This pattern
retains the negative Eu anomaly but loses the positive Gd anomaly. This 'V and tail’
pattern persists through to zone L, with progressive precipitation of coarse grained
fluorite. The later zones of blue fluorite (J to L) have lower total REE contents than the
earlier zones of green fluorite (F and G) displaying similar patterns. The zones H and I
which show an apparent reversal of sequence with regard to total REE concentrations
(i.e. H <) also show colour reversals (i.e. H is blue; I is green) as these zones mark the
transition from green to blue fluorite in the sample GNV-8 (figure 4.2.1). Fluid inclusion
data show relatively stable temperature and salinity conditions throughout these zones
with the exception of the 'late’ part of zone H which has a high salinity/low temperature
signature. Another diagnostic feature of the 'early' chondrite normalized (N) patterns
which occur in zones A to L is moderately negative to flat slope from Nd to Sm (i.e.
Nd/Smy > 1).

The chondrite-normalized pattern of zone M displays the transition from the 'V
and tail' pattern to the 'late-stage' patterns observed in zones N, O and ST. The pattern in
zone M could be considered a 'V and tail' pattern except for the development of a slightly
positive slope from Nd to Sm (i.e. Nd_/Sm_, < 1). Zones N and O display patterns that
characterize the latest zones of fluorite precipitation in sample GNV-8. These 'late-stage'
patterns are characterized by a flat to positive slope from La to Nd (i.e. extreme LREE

depletion), a concave upward trend from Nd to Lu with a maximum around Dy or Ho,
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and Nd_/Sm_ <1. The type of REE pattern observed in sample GNV-ST ig considered
10 be an example of 'extremely late-stage’ luorite similar to that in samples ISV-1-G and
LC-1 in the following sections.

Fluid inclusion data show a steady decrease in temperature from zone M through
O with zone O being characterized by low temperature and high salinity. The fluid
inclusion homogenization temperature versus salinity plot (figure 5.2.3) indicates that
zones M to O fall on 'trend A’ as opposed 10 zones A to L which fall predominantly on
‘trend B'. The last recorded stage of mineralization s the deposition of a hydrous
Fe-oxide (limonite, goethite) cap (zone P) which displays a flat REE pattern with the
characteristic negative Eu anomaly. This zone contains minor amounts of fluorite and/or
calcite accounting for 10-6% of the zone.

The LREE enriched chondrite normalized patterns observed in fluorites in zones
A to E are not typical of the majority of St. Lawrence fluorite samples analyzed in this
study or thosc of the earlier study by Strony et. al. (1984). The typical REE patterns
documented in St. Lawrence fluorites arc the HREE enriched patterns.  This type of
HREE enriched fluorite is characteristic of fractionated, late-stage fluids (Maller, 1983,
Mbller and Morteani, 1983). These 'late-stage, [IREE enriched patterns are developed in
sample GNV-8 during the later stages of fluorite precipitation as shown by zones M to O,

and especially in GNV-ST, in figure 6.3.1,
6.3.2  Sample 2

The significance of the identification of the ‘early’ LREE enriched pattemns in
sample GNV-8 was uncertain since they were only identified in one sample from one

vein. All the other St. Lawrence fluorite samples analyzed in the current study, plus the
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previous published analysis (Strong et al., 1984), had failed to identify similar patterns.
An examination of some unpublished data (Strong, D.F. and Fryer, B.J.), from the
original study by Strong et al. (1984), resulted in the identification of some anomalous
REE values in several growth zones in sample #2 (figure 4.1.12). Subsequently, ICP-MS
analysis was completed on four of the 10 growth zones in Sample 2.

The chondrite-normalized REE patterns for Sample 2 are presented in figure
6.3.2. The earliest zone (2-2) displays a remarkable resemblance to zone GNV-8-A with
the exception of a slightly higher La and Lu content. The relationship between zones 2-2
and 2-4 is identical to that between zones A and B-C in sample GNV-8, suggesting that
they may have been formed during the same period of fluid evolution and/or as a result of

similar processes. Fluid inclusion data (Strong et al., 1984) indicate that these zones
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Figure 6.3.2 Chondrite normalized plot of REE patterns from Sample 2 of Strong
et al. (1984), analyzed as part of this study. Note the similarity between these patterns
and those in sample GNV-8.
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formed at temperatures around 400°C to 300°C similar to results for zones A to C in
sample GNV-8.

The chondrite-normalized REE paterms in zones 2-8 and 2-10 display patterns
that are very similar 1o the 'V and tail' patterns in zones F to L from sample GNV-§.
These zones also show the characteristic decrease in total REE content in the later zone
(2-10) as well as the disappearance of the positive Gd anomaly that is evident in zones
2-2 and 2-4. Fluid inclusion data (Strong ct al., 1984) show that these zones formed at
temperatures less than 200°C o 150°C, again similar to temperatures in zones F to L. in
sample GNV-8. This indicates that either these two samples were formed from the same
fluid source or from separate fluid sources which had parallel luid evolution.

One notable difference between Sample 2 and GNV-R (as well as GNV-7 from
the Grebe's Nest Vein) is that Samiple 2 contains anamalously high (more than an order of
magnitude) concentrations of Nb and Ta (20-80 ppm and 20-35 ppm respectively)
compared 1o that in samples from the Grebe's Nest Vein (1.2-0.1 ppm and 0.5-0.1ppm
respectively). Since the location of Sample 2 was not documented there was always the
remote possibility that it came from the Grebe's Nest Vein as well, in spite of the fact that
all the samples used in the Strong ¢t ol. (1984) study were from the Director and Tarefare
mines, except for the LBV and BMW samples donated by the author. The extreme
difference in Nb and Ta concenirations preclude any possibility that Sample 2 and
GNV-8 were sub-samples of the same larger sample, and it also appears highly unlikely

that they were taken from the same vein.




127
6.3.3  Iron Springs Vein

The earliest three zones (A to C) are composed of a fine grained aggregate of
particles of quartz, calcite and fluorite in a matrix of fluorite, with the fluorite content
increasing from A to C. Similar fine grained fluorite was interpreted, by Strong et al.
(1984), to represent rapidly precipitated (quenched) fluorite but micro-structures indicate
a particulate rather than crystalline nature. The chondrite-normalized REE patterns
developed in zones A to C (figure 6.3.3) resemble 'late’ patterns observed in sample
GNV-8 (M) which occur near the transition from the 'V and tail' patterns to the
characteristic 'late-stage’ patterns. The Nd,/Smy ratios in fluorite from this vein
(Nd/Smy < 1) is characteristic of 'late-stage' fluorite REE patterns.

The chondrite-normalized REE patterns in zones D and E display characteristic
'late-stage’ patterns, except for the uncharacteristic 'flattening’ between Gd and Lu in zone

F . This may possibly be due to temporary ‘closing' of the system causing fractionation
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Figure 6.3.8 Chondrite normalized REE patterns for fluorite in sample ISV-1 from the Iron
Springs Vein. The symbols represent successive growth zones from the earliest precipitated
mineralization {zone A) to the latest (zone G). Zones A to C are characterized by fine grained fluarite,
guartz and carbonate while zones D to G consist of coarsely crystalline fluorite.
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due to preferential incorporation, by fluorite, of the REE with ionic radius close to Ho.
Such preferential incorporation may account for the concavity of the HREE in the
'late-stage' fluorites.

The REE pattern of zone G is characteristic of the 'extremely late-stage' pattern,
such as that developed in sample GNV-ST (figure 6.3.1). Fluid inclusions indicate that
fluorite precipitation took place during a period of increasing temperature (90°C to
140°C) and decreasing salinity (24 to 8 eq. wt. % NaCl), except for a rapid decrease in

temperature (140°C to 110°C) subsequent to the precipitation of zone G
6.3.4 Huaye's Ears Vein

In sample HEV-1, from the Hare's Ears Vein, the chondrite-normalized patterns

(figure 6.3.4) for all zones except E , are typical 'late-stage' patterns as recognized in the
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Figure 6.3.4 Chondrite normalized REE patterns for flucrite in sample HEV-2 from the Hare's
Ears Vein. The symbols represent successive growth zones from the earliest precipitated
mineralization (zone A) to the latest (zone E). Zone A contains fragments of earlier deposited
"breccia-type” mineralization in a matrix of coarsely crystalline white fluorite. Zone D contains up to
40% coarsely crystalline galena intergrown with coarsely crystalline gray-green fluorite. The lalest
fluorite in zone E appears to cut and fragment the mineralization of zone D.
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previous veins. Zones 13 to D display virtually identical shaped patterns with a systematic
deerease in total REE with precipitation. The relationship of zone E to the other zones is
uncertain as it appears o cul and fragment zone E mineralization. Apart from the higher
concentration of RIEE refative to the preceding zone, E resembles the 'flatiened’ patiern of
zone ¥ in sample 1SV-1 (figure 6.3.3) and may have a similar origin. The parallel
relationships between the Hare's Ears and Iron Springs veins may be due to their close
proximity, within 500 metres of each other.

Fluid inclusion data ts variable but generally inclusions from all zones fall on
'trend A" of the temperature versus salinity diagram.  Lack of well defined directional
crystallization textures in this sample makes the exact scquencing of zones and other
relationships uncertain, therefore conclusions drawn from this sample regarding REE

variitions with precipitation should be regarded as tenuous.
6.3.5  Bluke's Brook Vein

Samiple BBV-2, from the Blake's Brook Vein, contains 9 growth zones (A to I) of
very similar white to clear coarse grained fluorite with minor sphalerite and galena. The
only variable zones are zones G and 1 which appear to be of a later (secondary) origin
with respect to the other zones, The chondrite-normalized pattem (figure 6.3.5) reflect
the homogeneity of the fluorite as zones C to H have almost identical 'late-stage’ fluorite
patierns, with poorly devetoped concavity in the HREE. The abnormal HREE behaviour
is most apparent in zones A and B which display a quite uncharacteristic REE pattern
compared to the other fluorite samples. Zone A shows a positive Gd anomaly which is
observed in 'early’ zones in a number of samples. The patterns in zones A and B could be

considered ‘late-stage’ exeept for the uncharacteristic relative 'flattening' of the HREE
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Figure 6.3.5 Chondrite normalized REE patterns for fluorite in sample BBV-2 from the Blake's
Brook Vein. The symbols represent successive growth zones from the earliest precipitated
mineralization (zone A) to the latest (zone |). Zones A to H are characterized by coarsely crystalline
white-colourless fluorite, with variable amounts of galena and sphalerite (+ chalcopyrite). Zones C
and F contain a higher proportion of coarsely crystalline intergrown galena while zones G and |
appear to be later mineralization consisting of fluorite, sphalerite and galena.

which, excluding the Eu and Gd anomalies,; shows a rather monotonous increase from La
to Lu. The REE pattern in zone C appears to be transitional between the early (A - B)
and later zones (D - ).

The zones G and I, which appear to be 'later’ than the zones D to H, have identical
REE patterns to the latter except for a decrease in total REE suggesting the possibility of
dilution by a REE-poor fluid. Fluid inclusions in zones A to C show decreasing salinity
with precipitation during isothermal conditions (130°C), a significant drop in temperature
to 100°C at zone D, followed by a slight rise in temperature and salinity with
precipitation of the remaining zones. Two high temperature (380°C) inclusions in zone
A indicate that this zone, being fairly wide (2 cm), may be a composite zone containing

an unrecognized early zone of LREE enriched and HREE depleted fluorite, similar to the
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early zones in GNV-8, resulting in a ‘hybrid' REE pattern. The high temperature
inclusions plot on 'trend B' of the temperature versus salinity diagram, while the

remainder of the data plot on 'trend A".
6.3.6 Clam Pond Vein

Chondrite-normalized REE patterns for sample CPV-4, from the Clam Pond
Vein, are shown in figure 6.3.6. Early fluorite (zone A), with up to 10% intergrown
white quartz and barite with a 'breccia-like' texture, displays a 'late-stage' REE pattern.
This zone displays a prominent positive Gd anomaly, characteristic of the early zones of
many samples, as well as a larger negative Eu anomaly compared to succeeding zones.
This zone is followed by three zones (B - D) of coarse grained white to purple fluorite, all
of which display typical 'late-stage’ REE patterns. Zone E is a quartz-rich ( approx. 60%)
breccia, resembling the 'tuffisites’ found in the granite, containing up to 3% Al and K,

indicating a minor granitic component. The REE pattern of this zone appears to be

Claln Pond Vein (sample CPV-4)
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Figure 6.3.6 Chondrite normalized REE patterns for fluorite in sample CPV-4 from the Clam
Pond Vein. The symbols represent successive growth zones from the earliest precipitated
mineralization (zone A) to the latest (zone L).
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dominated by the fluorite component {40°4) as it s similac 0 the preceding Nuorie
zones, except for a minor positive Ce anomaly.  Zones F and G are ‘breccia-type!
mineralization consisting of large sub-rounded fragments of coarse grained fuorite
(locally banded) in a fine matnix of quartz, carbonate and fluorite. The REE patterns in
these zones appear to be dominated by the fluorite component (85 - 75 %), since they are
identical to the fluorite pawerns in the carlier zones.

Fluid inclusion data from zones A, B, C. D and G indicate that fluorite in the
Clam Pond Vein was deposited at very fow temperatures, defining a bi-modal distribution
with maxima around 75°C and 110°C with the fuorile fragments in zone G falling
consistently in the higher temperature group and temperatures in zones A o DD showing a
irend of increasing temperature with precipitation. Salinity data shows a wide variabilily
within zones but overall defines a tri-modal distribution with well define.t maxima at 26,
12 and 8 eq. wt. % NaCl. Al samples plot on ‘trend A’ on (he temperature versus salinily
diagram.
6.3.7 The Lunch Pond Vein

Samplc LP-2, from (he Lunch PPond Vcin, contains two early zones of
quartz-carbonate breccia followed by 10 narrow zones of fluorite, quartz and barite, The
samples have been sub-divided into three groups, bascd on mineralogy, for the purpose of

plotting their chondrite-normalized REE patterns (figure 6.3.7). The REE patterns of the

early guartz-carbonate breccia zones can be interpreted in terms of a hybrid pattern

resulting from REE incorporation into two phases, fluorite and calcite ( see later section
on the Salt Cove Valley Vein for discussion of ‘typical’ calcite patterns).  The fluorite

dominated zones show ‘late-stage’ REE paticrns similar to those in other fluorite zones.
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LunCh Pond Vein (sample LP-2)
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Figure 6.3.7 Chondrite normalized REE patterns for fluorite in sample LP-2 from the Lunch
Pond Vein. The symbols represent successive growth zones from the earliest precipitated
mineralization (zone A) to the latest (zone L).

The fluorite from the quartz-rich zones display abnormally flat patterns with consistent
positive Gd anomalies. Both zones D and L contain, S0 to 60% fluorite respectively, they
have identical shaped REE patterns to zones J and L which contain only 30% fluorite.
The higher total REE content in zone D may be attributed to 1ts occurring earlier in the

precipitation process from a possibly more REE-enriched fluid.
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6.3.8  Lawn Barite Vein

Sample LBV-7, from the Lawn Barite Vein, consists of 8 zones of intergrown
fluorite and barite (A - H), with minor amounts of quartz and calcite, except for zone G
which consists of primarily coarse grained white barite. Zone H consists of white barite
and fluorite which cuts across zones A to D. The barite and fluorite zones contain from
50 to 10% fluorite except for zone H which has only 3% fluorite.

The chondrite-normalized REE patterns for zones A to D (figure 6.3.8) are very
similar showing a fluorite pattern resembling a 'flattened' version of the 'late-stage’ type
containing a positive Gd anomaly and a negative Eu anomaly. This pattern is similar to
the transitional patterns between the 'V and tail' and 'late-stage’ patterns of other veins.
Fluorite in zone E displays a similar shaped pattern to the earlier zones but with a

significantly lower total REE concentration and an insignificant Gd anomaly. Fluorite
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Figure 6.3.8 Chondrite normalized REE patterns for fluorite in sample LBV-7 from the Lawn
Barite Vein, The symbols represent successive growth zones with zone 'A' representing the earliest
mineralization and zone 'G' representing the latest. Zone 'H' is a later veinlet which cuts zones Ato D
and resembles zones E to F in colour and texture. Zone 'G consists primarily of white barite, the
partial disselution of which probably contributes to the anomalous La concentration in this zone.
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from zones [ and Il show identical RIEE patterns to the first four zones and total REE
concentrations approaching those of these zones. The fluorite from the late bante-rich
zone (Gy displays a panern similar to that in zone E with the exception of a somewhat
flatter HREEE portion, an exceptionally high negative Eu anomaly and anomalously high
[.a.

The 1CP-MS analysis indicates that approximately 35% of the material analyzed
in the zone G sample was barite which may account for some of the irregularity in the
RI:: patiern. The relatively small negative Eu anomaly in the fluorites suggest that Eu is
present as Eu'' and as such will not be preferentially incorporated into barite as would
fiu? (Morgan and Wandless, 1980). Instead Eu® would be preferentially incorporated
into the Nuorite structure becawse of the relative difference in ionic radius between the
two oxidation states. The large negative Eu anomaly in zone G may reflect more reducing
conditions causing most the Eu to be incorporated into barite as Eu*’. The positive La
‘spike’ could also be explained by a contribution from dissolved barite. Morgan and
Wandless (1980) found that in barite from Creede, Colorado, only La and Eu (Eu®) was
present in detectable quantitics and in referring to the REE, excepting Eu, “...abundances
(all of( steeply as atamic number increases (and tonic radius decreases)...”. 1f barite is
responsible for the elevated fa in zone G, this would supgest that the REE content of
harite in the St Lawrence veins appears to be considerably higher that those of Creede,
since La in the Creede sample was only stightly above chondritic values (Morgan and
Wandless, 1980). The conclusions penaining to Eu in these barite-rich samples should be
treated with caution sinee the extremely high Ba levels may cause an interference of Ba

on BEu making the 1CP-MS results less than quantitative.
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Fluid inclusion data for samples from the Lawn Barite Vein indicate
homogenization temperatures in the range 330°C to 230°C and salinities in the range 22

to 15 eq. wt. % NaCl (Strong et al., 1984).
6.3.9  Salt Cove Valley Vein

Sample SCVV(A), from the Little Salt Cove Valley Vein, consists of two early
zones (A and B) .of white coarse grained calcite which is followed by a later zone of
coarse grained fluorite. The chondrite-normalized REE patterns from the calcite zones
(figure 6.3.9) display a convex downward pattern which is depleted in the middle REE
(MREE) compared to the LREE and HREE which are present in equal normalized
proportions. Calcite displays a strong negative Eu anomaly. The calcite from zone B is

slightly more depleted in REE, especially the LREE than that from zone A. The fluorite
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Figure 6.83.9 Chondrite normalized REE patterns for sample SCVV(A) from the
Little Salt Cove Valley Vein. Zones A and B are earlier precipitated calcite while zone C
is later fluorite.



from zone C displays a 'late-stage’ type of REE pattern typical of most of the fluorites in
the mine area. Fluid inclusion data show that the calcite was precipitated at temperatures
between 150°C and 100°C from fluids with salinities around 12 eq. wt. % NaCl and the
fluorite was precipitated at temperatures between 125°C and 80°C from fluids with

salinities between 24 and 12 eq. wt. % NaCl.
6.3.10 Individual Mine Area Samples

Sample BB-84-11 is a sample of coarse grained fluorite from the central part of
the main Blue Beach North Vein. The chondrite-normalized REE distribution (figure
6.3.10) is a 'late-stage' type pattern which would be considered typical except for the

negative slope from La to Nd suggesting a pattern transitional from the 'V and tail' type
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Figure 6.3.10 Chondrite normalized REE patterns for individual samples from the
St. Lawrence mine area. Sample AZ-1 is from a narrow fluorite vein in an altered
granite exposure at Chamber Point. Samples BB-84-11 and BBS-84-D3C are from the
Blue Beach Vein, the latter being from a small offshoot vein. Sample RHV-1 is from
fluorite, forming the matrix to a gas breccia in the Red Head Vein. Sample LC-1 is
from a large cubic crystal of fluorite representing extremely 'late-stage' fluorite which
probably formed in an open cavity (vug).
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pattern. Sample BBS-84-D3IC (79") is from a small ‘offshoot’ vein immediately cast of
the Blue Beach North Vein. [t has a REE pattem virtually tdentical to that of BB-84-11
except for a slight enrichment in the LRLEE. Fluid inclusion data from BBS-84-D3C (79"
indicate that the fluarite was deposited at temperatores around 100°C over a sulinity
range from 26 to 8 ¢q. wt.% NaCl.

Sample RHV-1, from the Red Head Vein, is a sample of blue to green coarse
grained fluorite which forms the matrix 1o a fluorite ‘tuffisite’ or pas breccia on the
western extremity of the vein structure. This breccia zone is characterized by rounded,
cobble to gravel sized fragments of granite cemented by a matrix of coarse grained
fluorite.  The plot of the chondrite normalized REE pattern (figure 6.3.10) for RilV-]
shows that it has a typical late-stage’ fluorite patiern like so many of the samples from
the St. Lawrence mine area. Fluid inclusion data from this sample indicates that the
fluorite formed from a moderately saline (8 to 6 eq. wt.% NaCl) fluid al a temperature
between 95°C and 85°C.

Sample LC-1 is a sample from a large cubic fluorite crystal with faces 12 to 10
cm across probably representing late-stage fluorite growth into an open cavity. The
chondrite normalized REE pattern (figure 6.3.10) of this sample is a classic example of
the ‘extremcly late-stage’ REE pattern in St. Lawrence fluorites.  This pattern is very
similar to that seen in samples GNV-ST and 1SV-1-G the two other late-stage fuorites.
This REE pattern shows an extreme LREE depletion, strong negative Eu anomaly,
concave upward HREE pattern and Nd/Smg << 1, all characteristic of 'extremely

late-stage’ 1ype REE patlerns.
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6.3.11 OQutlying Veins

The following section will discuss analysis from veins that are remote from the
main St. Lawrence Mine area. These are sample BMWV-10-1, from the Big Meadow
Woods Vein and sample AD-1-A, from the Anchor Drogue Vein. The plot of the REE
pattern from sample BMWV-10-1 (figure 6.4.11) shows a non-typical trend which is
most comparable to the hybrid 'late-stage' type pattern but with a pronounced flattening
of the HREE part of the pattern. The plot also shows a weak positive Gd anomaly and a
strong negative Eu anomaly. Fluid inclusion data for this breccia sample indicates
fluorite precipitation at a temperature of 125°C to 100°C from a variable salinity fluid

ranging from 26 to 2 eq. wt.% NaCl.

1,000 -

Outlying Veins - St. Lawrence Area

(coarsely crystalline fluorite)

100 - /el: — v

sample / chondrite
\I

10-5———-- o

AD-1-A BMWV-10-1
_.'__ _-_

1 — ¢ t t t f ; t } ¢ - t + £

La Ce Pr Nd (Pm) 8m Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 6.3.11 Chondrite normalized REE patterns for two outlying veins in the St.
Lawrence Area. Sample AD-1-A is coarse grained green fluorite from the Anchor
Drogue Vein. Sample BMWV-10-1 is fluorite in 'breccia-type' ore from the Big Meadow
Woods Vein.
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The chondrite-normalized REE plot for sample AD-1-A (figure 6.3.11) displays a
remarkable simularity to that of BM\WVV-10-1 except for a stronger positive Gd anomaly
and a much smaller negative Eu anomaly. As well this sample shows a depletion in the
HREE, espectally Lu, compared to BMWVV-10-1. Preliminary fluid inclusion data from
the Anchor Drogue Vein indicates fluorite precipitation over the temperature ranpe

175°C 10 80°C irom a generalty high salinity fluid (approx. 26 ¢q. wt.% NaCl).
6.3.12 Alteration Zone

Several samples of variably altered granite (AZ-2 and AZ-4) and a sample of a
Muorite vein (AZ-1) were analyzed from a molybdenite-bearing alteration zone ncar the
granite contact at Chamber Point.  Sample AZ-2 and AZ.-4 are altered fine grained red
aplitic granite with disseminated molybdenite and minor chalcopyrite. The chondrite
normalized REE patterns (figure 6.3.12) which show a [LREE enriched pattern with a
negative Eu anomaly have been presented Chapter 2,

The chondrite-normatized REE pattern of (luorite sample AZ-1 (figure 6.3.12),
from a vein within the alteration zone, is similar (o ‘late-stage’ patterns as documented in
other fluorite veins in the St. Lawrence arca. Fluid inclusion data from this vein indicates
fluorite deposition from a cool (120°C to 80°C} variably saline (dominantly 14 to 8 but

up to 24 eq. wi.% NaCl) Huid.
6.3.13 Seccond Dam Showing
Two samples of host granite (SDMS-2-B and SDMS-4) and a sample of quartz

vein or micro-pegmatite {SDMS-2-A), from the Second Dam Molybdenite Showing,
were analyzed for REE by ICP-MS. The vein mincralization consists of large platy

apprepates of molybdenite crystals in a narrow vein of quartz and K-feldspar which could
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Figure 6.3.12 Chondrite normalized REE patterns for samples from the 'Alteration
Zone' at Chamber Point. Sample AZ-1 is a fluorite vein cutting across altered granite
represented by samples AZ-2 and AZ-4.

be termed a 'micro-pegmatite’ since the 'quartz vein' locally has diffuse boundaries with
the host granite. The K-feldspar content of the quartz 'vein' is estimated to be
approximately 20% based on XRF analysis of Al, K and Na (i.e assuming all these
elements are present in K-feldspar). The granite sample proximal to the mineralized vein
shows a higher abundance of all REE (except Eu) in the chondrite-normalized plot
(figure 6.3.13). The Eu concentration in sample SDMS-2-B is below the detection limit
(<0.003 ppm) of the analytical procedure (Na,O, sinter) making it less than 0.03 times
chondritic values.

The chondrite-normalized REE patterns (figure 6.3.13) show a higher
concentration of the REE, especially the LREE, in the quartz 'vein' than in either of the

granite samples. The composition of quartz is normally very close to 100% SiO, and the
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Figure 6.3.13 Chondrite normalized REE patterns for a quartz-molybdenite vein
and host granite from the Second Dam Moly Showing. The proximal granite sample
is adjacent to the vein while the distal sample is at least 50 metres from any observed
mineralization.

small amount of impurities sometimes detected, can usually be attributed to small
inclusions of other minerals or fluid inclusions (Deer, Howi)e and Zussman, 1977).
Consequently, elements such as the REE which are not readily incorporated into the
quartz structure and the observed REE pattern in the quartz vein is more likely due to the
REE content of the K-feldspar and/or fluid inclusions and/or some unidentified minor
phase. It is assumed that the molybdenite, like galena (Morgan and Wandless, 1980),
would not incorporate significant amounts of REE into its structure because of the lack of

chalcophile character of the REE.



6.4 Strontivm Isotope Geochemistry

The measured ¥St/*Sr ratio of hydrothermal fluorite is interpreted to represent
the ratio in the fluid at the time of formation since *'Rb, which decays to ¥’Sr, does not fit
into the fluorite structure (Rutz ¢t al., 1980, 1985). The small difference in mass between
*'Sroand ™Sr indicates that these two isotopes should not be significantly fractionated
during deposition of a strontium-bearing mineral from a hydrothermal fluid (Ruiz et al.,
1985). The chemical and physical properties of Sr and Ca are very similar, therefore the
cvolution of Sr should paralte! that of Ca and, by inference, the *Sr/*Sr ratios of the St.
Lawrence fluorite samples should provide clues as to the behaviour and source of the Ca
in the mineralizing fluids.

‘The 'Sr/“Sr ratios of 5 fluorite samples from growth zones within sample GNV-8
and internal control sample GNV-7, both from the Grebe's Nest Vein, were determined
by Thermal-ionization Mass Spectrometry (TI-MS) after separation of Sr by
jon-exchange chromatography. The “Rb/“Sr ratios and Rb and Sr concentrations in
these samples were determined by 1CP-MS. The results of the *Sr/*Sr analysis of the St.
Lawrence fTuorites are tabutated below (Table 6.4.1) and presented graphically in figure
6.4.1. The samples show a consistent *’Sr/*Sr ratio averaging 0.70950 and, within
2-sigma crrors, all samples overlap within £ 0.00013.  Sirontium concentrations range
from 80 tu 60 ppm while Rb concentrations, and consequently the ¥Rb/*Sr ratios, are
very low (< 0.5 and < 0,02 ppm respectively).

6.4.1  Discussion

There i3 little dispute over the concept that, in the absence of isotopic resetting,

the V'Se/“Sr ratio of hydrothermal fluorite (and other 'Rb-free’ minerals) effectively
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Table 6.4.1  Summary table of "'Sr™*Sr ratios of fluorite samples tfrom the Grebe's Nest Vein, St,
Lawrence area. The *'SeSr were determined by TI-MS and the  *'Rb/™Sr ratios, plus Rb and St
concentrations, were determined by ICP-MS. The number of anwy tical cycles is given as n. Standard
NBS987(88) was run as a control sample.

Si1. Lawrence Fluorite Samples 1988-89
Sample ______Rb(ppm) _ _ Srippm) RTRb/BESr  RISt/RGSr [ sigma — n =
GNV-8-B(88 0.5 78.6 0.0214 0.70979 + 0.00040 40
GNV-8-C(88 0.3 80.0 0.0110 0.71083  + 0.00023 50
GNV-8-D < 0.3 80.4 0.00R82 0.70781  + 0.00085 16
GNV-8-& <03 60.3 < 0.0004 0.70950 + 0.00007 800
GNV-8-1. < 0.3 58.7 0.0004 0.70064 + 0.00004 250
GNV-7 < 0.3 62.3 0.0025 0.70952 £ 0.00004 222
NBS Standard
NBSOB7(88) 0.71030 + 0.00003 100
NBSS87 (reccommended value 3 2-sigma) 0.71025  + 0.00003
St Lawrence Fluorite Samples
Sumimary of Sr87/S¢86 ratios by TI-MS
0.712 prpT—
—|~ Mean
0.713 ——
-1 sigma
0.710 ————
° " = 0.7095
R 0.709
n
=
L 0.708 —
m R
0.707
L
0.708
0.705 | | 1 1 { | |
GNV-N-K(8M) GAVRD GNV-R-(L
GNV-RC(85) CNVAE GNY.?
Figure 6.4.1  Plol of *'Si/™Sr ralios in Husrite from the Grebe's Nest Ven, St.

Lawrence. Diagram shows mesn valuas plus ranna ¢l 1-swyma etrors.




preserves the initial isotopic ratio of the fluid from which they formed, but there is some
dispute as (o what the isotopic ratios of the fluid actually represent (see Norman and
landis (1983) for a discussion). |f the fluid had a source rock different from the rock
which now host the mincralization, the ¥Sr*¢Sr preserved in the hydrothermal minerals
would dependd on the amount of fluid imeraction with wall-rock between the source and
site of deposition. Any exchange of Sr between fluid and wall-rock should also involve
exchange of Ca. For the case above, Ruiz et al. (1985) conclude that "If the strontium
isotope composition of the Huorite differs significantly from that of the host rock, it could
mean that the vre-bearing solutions carried ymporant concentrations of strontium (and
caleiam) and thus Jess Tuoride.”  Since, in the case of the St. Lawrence fluorite, both the
host rachs and the source of the F oare most likely the St. Lawrence Granite, the
Si-isotopes should confirm if the granite was also the source of the Ca in the fluorite.

An initial VSSroratio of 0.722 £ 0.003 (315 £ 5 Ma) for the St. Lawrence
Granite was determined by Bell ¢t al. (1977) using a four-point isochron from a limited

sample suite. As part ol their 1983 study of the St. Lawrence Fluorspar Deposits, Strong

and Feyer calewlated an inida) »SeNSr ratio of 0.709 £ 0.006 ( 353 + 30 Ma) using an

11-point isochron from an expanded sample suite, and  they analyzed *Se/*Sr ratios of
cateite and fluorite from the fluorspar veins which measured 0.70945 1 0.00009
(2-sigma) and 0.70801 £ 0.00017 respectively (unpub. data, B.J. Fryer). Combining the
RB-Nr dat of B3elt et al. (1977) with the unpublished data of Fryer (excluding the fluorite
and calcite), a [3-point isochron was calculated (Yorkfit, 2-sigma errors) which yielded
an nitial ¥'SrMSe of 0.708 + 0.008 and an age of 353 + 22 Ma for the St. Lawrence

Granite, The ¥'Se™Sr ratio of 0.70935 determiined for fluorite from the Grebe's Nest Vein
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is identical, within errors, to the initial ratio of the granite. It is therefore conceivable that
the Nluids from which the fluorite formed were derived from or equilibrated with the
granite,  [n either case it appears that the most likely source of the Sr, and by inference
Ca, was the St. Lawrence Granite or its granitic magma.

The Rb-Sr age for the St. Lawrence Granite (353 Ma) ts constderably younger
than the U-Pb (zircon) age of 394 Ma (+6/-4 Ma) determined by Krogh et al. (1988) for
the coeval Grand Beach Porphyry (ignimbrite), suggesting that the Rb-Sr systematics in
the granite may have been modified by some Jater thermal event. Based on K-Ar studics,
Kontak et al. (1988) concluded that Rb-Sr systematies i the Ackley Granite were
modified by widespread, relatively low temperature (<200-250°C) fluid circulation
resulting in low temperature alteration of feldspars, the primary host of Rb and Srin the
biotite-poor granite.  Singe (he St Lawrence Granite is also biotite-poor, similar
widespread  modification of the Rb-Sr systematics may have accompanied  the

mineralizing cvent during which the Nuarspar deposits were formed.

6.S SENI Analysis of Fluorite Samples

A scanning clectron microscope (SEM) study was completed on a number of
polished thin sections, conceptrating on samples GNV-§ and ISV-1, n an attempt 1o
derermine if some of the REE patterns observed in the fluorite could be aitributed to
minor REE-bearing accessory phases or solid inclusions. A sample of altered granite
from the 'Alteration Zone' was also examincd to determine if its unusual LREE
enrichment could be related to exotic REE-bearing accessories. Several sulphide bearing

zongs were also examined o determine if sphalerite displayed significant Fe content or
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any other compositional zoning. The Fe-oxide/hydroxide minerals in late-stage zones of
sample GNV-8 were also examined for compositional zoning.

The results in most cases were negative.  No REE-bearing mineral phases or
RI:E-rich zoning were detected in the fluorite, despite extensive examination. It appears
that nearly a)l of the RETE detected in the fluorite is the result of substitution for Ca in
crystal lattice sites.  The only cxotic phase encountered was in zone 1SV-1-A (fine
grained zone of mixed fluorite, quartz and calcite) where a Ca-Y mireral (either fluoride,
oxide or carbonate) with a platy habit appeared to be filling a void between fluorite
orystals (figure 4.46), and hence is considered secondary. Several other zones show rare
anonalous Y in fluorite suggesting the existence of minor YF,, but this is only
specutative as no separate phase was identified and it probably only reflects enhanced
substiution of Y in Cak,.

Several ¢rystals of calcite and barite were examined but no unusual element
coneentrativns were noted. The sphalerite examined appear to be relatively pure Zn
sulphide and no significant zoning was noted in any of the sulphide minerals. The
secondary zoned oxides appear to be primarily Fe-rich with quite variable amounts of
other metals such as Cu and Pb. Examination of altered granite sample AZ-2 from the
“Alcration Zone' at Chamber Point identificd minor phases of zircon and rutite, but no

REE-minerals.

6.6  Cathode Luminescence in Fluorites and Calcite

Selected Nuorites and calcites were examined by cathode luminescence (CL) to

examine nlernal zoning within growth zones in crystals and to examine the oxidation
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Figure 8.56.1 SEM scan and photomicrograph of minor Y-bearing phase occurring
in a void between coarse fluorite crystals in sample ISV-1-A from the Iron Springs Vein.
Note the fibrous platy habit. The numbers (1 - 5) represent points at which SEM scans
were taken. The above scan was taken at point 1. FL = fluorite.
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oale of some rare carth clements. The REE are well documented CL activators in
Huoriie and lou™™ has a distinctve signature on fluorite CL scans, giving a strong peak
between wavelengths 430 - 410 nm (Marshall, 1988). The discussion presented here
bricNy summarize some preliminary observations.

Samples from the Grebe's Nest Vein (GNV-8), the Iron Springs Vein (ISV-1) and
the Lawn Barite Vein (LBV-7) were examined visually as well as by spectral analysis.
T'he flaorite displavs luminescence which varies from deep violet, through vanous shades
of blue to white-green. Internal microscopic crystal growth bands, as well as somewhat
diffuse patches within crystals, in samples 1SV-1 and GNV-8, display varying shades of
blue possibly reflecting chemical and/or structural variations in the fluorite lattice.
Calcite crystals in sample LBV-7 display aliernating light and dark yellow bands
reflecting compositionad zoning which transcets obvious optical crystal features such as
twin famellae.  Fluorite in this sumple ofien displays colour banding which is disrupted
and transected by intergrown barite crystals.  Barite and quartz in this sample are
non-fuminescent but sphalerite is seen 10 luminesce bright yellow.

Following the preliminary visual cevaluation, CL spectroscopic scans were
conducted on several samples by De. Roger Mason and the author. This work is of a
preliminary nature, therefore only two brief points are to be made. First, a strong spectral
response near a wavelength of 410 nm in sample GNV-8-A suggests an activation caused

by Eu”, although such responses have also been auributed to defect structures in

impurity-ree syathetic floorite (Marshall, 1988).  Second, the fluorites do give strong

and variable responses which, combined with further petrographic and analytical work
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(i.e. laser [CP-MMS) could give some insight into the distribution of REE in the fluorite

crystals.
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7 REE Systematics - Genetic Perspective

It has been shown that REE distributions in fluorite samples from the St
Lawrence veins display radical, but sysiematic changes through successive periods of
fluorite precipitation. These systematic changes appear to be relatively independent of
Jocal temperature and salinity variations within the veins, tmplying that they may be more
inimately related to bulk changes in the chemical composition of the source fluid
throughout the broad ¢volutionary cycle. In the following section, a genetic ¢lassification
scheme will be proposed, based on the observed REE distributions in fluorite. Fluorite
samples from this study have been categorized and sub-divided, based on the proposed
scheme. The validity of the classificaton scheme is evaluated in terms of correlation
with geochenmical and fluid inclusion data.

In terms of the folowing discussion, the REE variations are considered to be the
result of bulk changes in chemical/physical conditions at the site of deposition. A more
detaled discussion of the processes involved are presented in later sections. [t must be
stated that (his classification scheme is based on fluid compositions and processes
inherent inthe St Lawrence mineralizing system. Therefore, its application to other
fluorite-bearing systems would have 1o be constdered in terms of their individual source

uids and specitic mineralizing processes.




7.0 Defining a8 Genetic Classification Scheme

The purpose of the classification schemie is o hink the systematic vanations in
REE distributions to the chronological seguence, based on the growth zones, displayed in
the fluorite samples.  The systematics are presented  griphically in terms of
chondrite-nomalized REE plots.  This type of plot was chosen for simplicity and
comparison with other published data and does not imply that the source fluid resembles
chondritic proportions nor that the patterns refleet true  (lusd-mineral  panitioning
behaviour, ahhoagh the effects off REE partitioning between the {luorite and the tlaid
influence the shape of the patterns.

Despite quite variable REE concentrations, most of the fluorite zones display very
similar chondrite-normalized REE patterns, consistent with those reported by Strong ¢t
al. (1984). These zones represent a wide range of physical and chemical processes as
evidenced by breecia (gas, wectonic and hydraulic) extares, crystal habit, grain size and
associated mineral phases as well as fluid inclusion temperature and salinity data. This
suggests that, despite varying conditions at the site of deposition, the overatl REE balance

in the fluid and the REE partitioning behaviour (fluorite/fluid) display remarkable

consistency. In spite of this overall coherence, some notable exceptions oceur (i.e. in

sample GNV-8) which appear to be systematically refated w the typical’ fluorite REL
patterns. It is possible that the REE variations reflect a broader cycle of fluid evolution
in the hydrothermal system, as opposed to the more restricted intra-vein cycles evidenced
by fluid inclusion data and mincralogy (Collins, 1984; Collins and Strong, 1988). If this

assumption is valid, the REL systematics should, with a few local variations, define an




153
evolutionary trend that is reflecied in the chronological order of fluorite precipitation
within individual smmples.

The genetic classification scheme relies heavily on REE systematics in sample
GNV-§, from the Grebg's Nost Vein, and in well developed crystal forms indicative of

Jate-stage fluorite precipitation. These were chosen for the following reasons:

¢ saniple GNV-8 vontains the most (16) consecutive growth zones of any of the
samplces in the study

¢+ sample GNV-8 appears o represent a complete cycle of mineralization from fine
grained carly fluorite at, or near, the vein wall, to late oxide-coated, well developed
Muorite crystals which appear 1o represent late-stage growth

* fluid inclusions in sample GNV-8 display a wide, systematic, range of temperatures
from near 3007 C in carly zones to less than 100°C in later zones

e the RELE distributions in sonple GNV-8 show gradual systematic, rather than
abrupt, changes with suceessive periods of fluorite precipitation

* the well developed erystad forms are interpreted to represent slow crystal growth in

vags during the final stages of fluorite precipitation

The proposed schematic evolution of REE distribution in St. Lawrence fluorite
samples is considered in terms of six distinct classes as shown in figure 7.1.1. These are
represented by the chomdrite normalized REE patterns from the earliest to latest stages of
Auorite precipitation, based on growth zone relationships in samples. The characteristics

of cach class, as shown in figure 7.1.1, are as follows:

1 EARLY: well defined LREE enriched patiern with generally a negative
slope from La to Lu and a prominent maximum at Pr. Concentrations of
LREL are usually preater than 100 times chondrite steadily decreasing to
approximately 10 times chondrite at Lu. Moderate negative Eu anomaly.

2 FEARLY-MIDDLE: relatively flat pattern with a characteristic “tail'
defined by a negative slope between Er and Lu.  Concentrations of rnisost
REL are close to 100 times chondrite, decreasing, from Er to Lu, to near
30 ames chondrite.. Moderate negative Eu anomaly.
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3 MIDDLE: characteristic V-shaped pattern defined by a negative slope
between La and Sm and a positive slope between Gd and Ho, with a
variably developed 'tail’ defined by a negative slope between Er and Lu.
This pattern is informally referred to as a 'V and tail' pattern.
Concentrations of LREE generally range between 20 and 60 times
chondrite while concentrations of HREE range between 20 and 100 times
chondrite.. ~Moderate negative Eu anomaly. The early to middle
fluorites are characterized by a Nd,/Smy 2 1, a characteristic which
changes and becomes more diagnostic in later fluorites.

4  MIDDLE-LATE: this class is transitional between the 'V and tail’
patterns and the characteristic late-stage patterns, displaying a higher
degree of variation than the other classes. The LREE generally display a
negative slope from La to Nd with a Nd,/Sm,, ratio slightly less than 1.
The HREE generally display a relatively flat pattern which may, or may
not, display a weak maximum at Er (a relict 'tail’), Concentrations of
LREE are generally around 10 times chondrite while HREE vary between
20 to S0 times chondrite. Moderate negative Eu anomaly.

/Schematic Evolution of Rare Earth Elemenm\
in St. Lawrence fluorites

== potential indicator of the timing of mineralization

s i, EARLY e MIDDLE - LATE
®mo v\ — La'L; (') 100 = La-Nd (‘)
= max Pr = Gd-Lu (~flat
10 | =Lu~ 10x ch @ o - Nd—Sm(("‘) )
‘ m:I‘La Gd Lu mc:c'a Gd  Lu
' EARLY - MIDDLE LATE
100 == [a-Ho (flat) 100 = La-Nd (+)
) S s @ | /N —curveNdLu
10 — ~ 100x ch Ll = max Dy-Ho
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Figure 7.1.1 Schematic evolution of REE in St. Lawrence fluorite samples
portrayed by chondrite normalized plots. The general characteristics of each of the six
classes (1 lo 6) are listed ("+" and " denote positive and negative slopes respectively;
ch = chondrite).
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5 LATE: characterized by LREE depletion with a positive slope from La
to Nd and a Nd,/Sm, ratio less than 1. The HREE show the development
of a concave upward shape with a well defined maximum near Dy-Ho,
characteristic of ‘late-stage' fluorite.  Concentrations of LREE are
approximately 10 times chondrite while HREE are variably enriched with
maxima around 100 times chondrite. Moderate negative Eu anomaly.

6 LATEST: extremely 'late-stage' patterns are similar to those of the late
fluorite except that the features are more strongly developed. They show
extreme depletion of the LREE, especially La, a positive slope from La-Nd
and a Nd/Smy ratio very much less than 1.The HREE show a parabolic,
concave upward curve from Nd to Lu with a well defined maximum near
Dy-Ho. Maximum normalized concentrations of HREE are generally an
order of magnitude higher than the LREE. Strongest negative Eu anomaly
of all the classes.

The samples from zones in which fluorite is the dominant mineralogy were
categorized according to the criteria outlined above. Samples which have significant
amounts of calcite were not included since the partitioning of REE into calcite would
alter the REE pattern of the sample. Samples containing significant amounts of quartz or
barite were included since neither are considered to host significant amounts of REE and

both have very limited solubility in the acid dissolution procedure (ICP-MS). For similar
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Figure 7.1.2 Histogram showing the distribution of St. Lawrence fluorite samples
based on the genetic REE classification as cutlined in the text.
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reasons, samples containing significant amounts of gatena (¢ sphalerite) were also
included. In all, 73 Auorite-bearing samples were ¢elassified. The relative disteibution is

shown in figure 7.1.2 and the samples are individually listed in Table 7. 1.1,

Table 7.1.1  Listing of fluorite-beaning samples, from the St Lawrenee area, subdivided according
to the proposed REE genetic classineation scheme as outlined in the teat.

Class| Clase2 Clazsd Claxsd Class$ Classéd

Sample Sample Sumple Sample Nample Sample

22 GNV-ED 210 A7 LIV-7-A AD-T-A GNV.ST
2.4 GNV-$-1E 28 BR-84-11 LBV-2- BBV-2-A ISVA1G
GNV-8-A GNV.7 BHSR4-DIC 1BV HRV-2-R L
ONV-8-B GNV-K-I* BMWY-10-1 LIV-2D B2
GNV-R-C GNV-R-G CPVdA | V7.1 RBV.2.D)
GRV-RY CPVAdLly LIW-7.¥ BOV-2.)
GNV.&.] CI'V-4.C 11W-T-6 BHUV:2.F
GNVX-) CPV-- LBV-710 BRV-2-G
GNV-R.K CPVal-l: 1 P.2.¢ 13\ 2-41
GNV-R., CPVA-F 1221 BNV-2-1
CIVAG )p2-k GNV-K-N
GNVRAM 1P GNVAR-O
LEV-1-A 1121 HEV-1-1;
LA 112 ISV-1-1)
IEVA-C LP2K INV-1-F
HEV-ED by, REIV-1
ISV <A NSCVVA)-C
ISV 08
ISV.1.C
1NV-1-1:

7.2 Comparison of Classification to Fluid Inclusion Data

Comparison of the samples that have been classified on the basis of their

chondrite-normalized REE panerns 1o fluid inclusion data for growth zoned vein samples

show seme obvious relationships. A strong correlation is apparent between the ¢lasses
and the temperature data but no correlation can be made with the salinity data. Fluorite

in the characteristic "carty’ ¢lass (1) shows consistent cvidence of being formed at higher




157
temperatures. The large spectrum of growth zoning in GNV-8 displays a general trend of
decreasing temperature through classes | 1o 6. The relationships between growth zoning,
wmperatare and REL distributions in fluorite samples suggests a paragenetic relationship
between these samples. This apparent paragenctic sequence is shown in figure 7.2, for
samples from erght different veins .

[vis evident from figure 7.2.1 that, in the samples studied, the higher temperature
Taorite displays distinctive RIEE distributions in comparison to the lower temperature
floorite which is the most abundant type in the St. Lawrence fluorspar veins. This
relationship is especially apparent in the main mining area (including the Grebe's Nest
Vein). Smime of the autlying veins, such as the Lawn Barite, Anchor Drogue and Big
Muaidow Woods Veins, are more difTicult to ¢lassify based on their REE patterns, but in
matching with wore typical Tuorite patterns (figure 7.1.1) by visual 'best-fit', combined
with (Tuid inclusion temperature daty, they roughly correlate with mid-late stage criteria
in the overall geactic classification schemes.

One exception is the Lawn Barite Vein. Fluid inclusion data (Strong et al., 1984)
{rom (his vein indieate temperatures from 200 to 250°C, a range normally associated with
‘carlicr’ REIZ patterns. This deviation from normal REE behaviour may be related to its
being hosted by a mixed lithology conglomerate unit, with which the fluids may have

interacted, and 1o tts distance from the main granite body (~ 1.5 km).

1.3 Comparison of Classification (0 Geochemical Data

Geochemiwal data from the fluorite samples were subdivided based on the

classification  scheme  developed from the chondrite-normalized REE plots.  The
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Fluorite Paragenetic Sequence
as indicated by REE patterns

AZ-1 AD-I-A
& & 97* 108°
BMWYV-10-F ROV-1
A 105 90"
BR-§4-D3C SCYV(A)-C
95" 95"
La‘vn Bal‘ite vein ....... APV e AT TR0 3 | LA 0y BT = 300-250"
Lunch Pond Vein | e i
Clam Pond Vein L RSP TR L LWL, "L S . 90460
Blake's Brook Vein YT SSIOAL .| OO : o 120-110
> . 920-80°
Harels ltars Veln = 1 - TETTTTPREORE, [T oRet
. . s : 90° 110"
Iron Springs Vein | . o
Sample 2 (loc. ?) auid L
Grebe's Nest Vein ———————f|_3% 159 =L 120 20
Numbers indicate homogenization. Temp. ("C} 1 2 3 4 5 6
considered 1o be characteristic of genctic dusses E a r|y > L ate

Figure 7.2.1 Paragenetic sequence suggested for various fluarite-bearing zones in
samples from this study. The numbers 1-6 refer to genetic classes based on
chondrite-normalized REE patterns. Temperatures refer to estimated temperatures of
formation from fluid inclusion data.

statistical analyses of the geochemical data from the genetic classes are presented in detail
in Appendix 3 and here summarized as tables of mean values. Table 7.3.1 gives a
summary of all samples classified, while Table 7.3.2 gives a summary of all samples in
which the major mineral phase is fluorite (i.e. > 75% CaF,). From Table 7.3.,1 several
conclusions can be made with regard to the proposed paragenetic sequence labelled 1 to
6. First, it is obvious that most of the co-genetic barite and quartz were deposited under
fluid conditions characterized by mid-late stage fluorite (class 4). Secondly, although a
significant amount of galena occurs with the barite, the bulk of the sphalerite and galena

was deposited after the barite, under fluid conditions characterized by late-stage fluorite
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(class S).  Chaleopyrite was also deposited uoder these conditions and is aiso found
associated with vory Jate-stage (Tuorite (i.e. ISV-1-G).

This is roughly consisient with the paragenetic sequence proposed by Van Alstine

(194%), except that he concluded that most of the sulphides were deposited prior to the

deposition of the barite. The co-genetic relationship between barite and galena is

Tahte 731 Average geochemica) values (or subdivisons of e data bazed on a genelic ¢lassification
(chasses b 6) utlizing chondrite normatized REE pattems of the fluorite. This table includes all of the
thuorite bearmp-samplex which caractertze imdividual prow th zones.
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Table 7.3.2  Average geochenticd values for subdivisions of 1he data base.l on a genetic elassification
(classes 1 to 61 uailizing chondrite nomualized REL paterns o the tonte. This table includes only
zones in which the Nuarite component is greater than 73%.,
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cvidenced in the Lawn Barite Ve, Big Mcadow Woaods Vein , Anchor Drogue Vein and

others. It is suggested that Van Alstine’s (1948) scquence may have been highly

influcnced by the high grade veins within the St. Lawrence mine arca which were

actively mined during the period of his study. The present study suggests that these veins
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were formed Yate in the overall mineralizing ¢vent, as defined by the fluid inclusion and
RELE duta, therefore seemingly carly-stage mincralization noted in these veins are not
necessarily ‘carly-stage’ in terms of the overall system.

Comparing classes 4 and S in Tables 7.3.1 and 7.3.2, it is apparent that most of
the anomalous trace clement variations can be accounted for by the presence of associated
sulphate or sulphide phases. T'his is particularly true of such elements as Ba and Sr which
are common in barite and Pb, Zn, Cu and Ga which are intimately associated with the
sulphide phases. The anomalously high average Nb and Ta, in classes | and 3, result
from the contribution of one sample (Sample 2), which contains anomalously higher
concentrations of these elements than any of the other samples in the study.

Sinee the classification scheme is based on REE distributions, the REE show
much more consistency  than shown by the subdivision based on mineralogy presented in
Chapter 6. Other clements (such as Sry in fluorite show a much more systematic
behaviour based in terms of this subdivision. The REE themselves reflect the systematic
Change from LRI domination to HREE domination on which the classification is based.
Other, non-induced but significant characteristics of the REE distributions are: 1) the
steady deercase in Nd:Smg ratio from class 1 o 6 (figure 7.3.1); and 2) the 2-fold
nature ol wal-R1:1E deercase, from classes | to 3 and from 4 to 6 (figure 7.3.2). Table
7.3.2 shows that these trends are preserved, even when a significant number of the
samples [rom zones contmming accessory phases are discarded. The 2-fold cyclic nature
o Quid bebaviour in the svstem has been noted in the Grebes Nest Vein as indicated by

tTutd inctusion data (Collins, 1984: Collins and Strong, 1988).
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Such decreases, followed by subsequent increases, in total-REE content have been
attributed to recharge of the system by subsequent pulses of magmatic fluid (Strong et al.,
1984). This is consistent with the framework proposed here, where periodic recharge,
sometimes explosive, can affect the total REE concentration of the fluid, and
consequently the REE concentration of the fluorite. However, the overall distribution of
REE in the fluorite appears to be governed by factors which evolve continuously through
the life of the hydrothermal system. The above observations (REE in fluorite) essentially
outline the 'effect’, therefore the next item to be addressed is the 'cause'. In broad terms,
such systematic REE behaviour must be related to either the systematic changes in

LREE/HREE ratios in the evolving fluid or systematic changes in the content of other

Class | Class 2 Class 3 Class 4 Class 5 Class 6

Figure 7.3.1 Schematic histogram showing the trend of Nd,/Smy ratios throughout
the genetic cycle 1 to 8, defined by the chondrite normalized REE distribution in
fluorite.



Chass 1 Class 2 Class 3 Class § Class 5§ Class 6

Figure 7.3.2 Graph showing decline in totalREE content (ppm) throughout
successive genetic classes as defined by chondrite normalized REE patterns in fluorita.

clements (volatiles) in the evolving fluid which dramatically and systematically alter the

concentration of REE ions which are available for co-precipitation with fluorite.

7.4 Application of Tb/Ca - Tb/L.a Abundance Ratios

Using a compilation of REE daa for fluorite from a wide range of mineralizing
environments, Schneider et al. (1975,1977) and Moller et al. (1976) suggested the use of
Th'Ca and Tbh/La atomic abundance ratios as genetic indicators in fluorite. The Tb/Ca
rato is interpreted o refleet the chemical environment from which the fluorite was
pencrated while the Tb/la  ratio is related to the degree of fractionation during the

mincralizing process.  Mdéller et al. (1976) noted that the chondrite-normalized REE

distributions in hvdrothermal fluorite druse, from a mine in Germany, could be roughly

characterized by:




preferential concentration of the LREE in carly ervstallizing fluorite;

relatively flat (chondritic) REE compositions in the intermediate stages of

crystallization;
C  preferential concentration of the HREE in late-stage (Tuorite mineralization,
This 3-fold charactevization of chondrite-normalized REE distributions in German
fluorites is similar to the overall REE evolution i the St Lawrence Muorite, Motler et al.
(1976) attribute such RLEE differentiation to two intinutely associated geochemical

processes:
1 complexation of REE in the ore-lforming solutions

2 co-precipitation (in fluorite) tn which only free (non-complexed) REE
ions are incorporated into the crystl lattice of the mineral

Maoller et a). (1976) suggested using a plot of Tb/Ca versus Tb/La as a synoptical

representation to help classify fluorite into penetic groups. Using more than 150 samples

from a wide varicty of fluorspar deposits, they were able 10 define three ficlds on the plot,

each of which represents a particular type of geochemical process. These ficlds were
genetically classified based on the petrogenetic environments of the deposits concernced.
These fields are defined as:

¢ Pepmalitic (pncumatolytic)  characterized by higher Tb/Ca ratios for a given
Tb/La ratio reflecting the higher total-REE  contents of late-stage felsic
diffcrentiates

+ llydrothermal  characterized by intermediate Tb/Ca ratios which increase with

increasing Tb/La
¢ Sedimentary  characterized by lower Th/Ca ratios suggesting equilibrium with

depleted "sedimentary-type” reservoirs
The Muerite samples from the St Lawrence deposits were plotted on the Tb/Ca

versus Tb/La diagram (figure 7.4.0) and sub-divided on the basis of assigned genetic
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Figure 7.4.1 Plot of St. Lawrence fluorite samples on the Tbh/Ca - Tb/La genetic
discrimination diagram of Mdaller et al. (1976). The symbols represent the genetic
classes (numbers) assigned to the flucrite samples based on their chondrite
normalized REE patterns (section 7.1).
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classes {section 7.1}, Since Ca was not guantitatively analyzed for these samples,
stoichiometric Ca (CaF)) was assumed i ealeulating the Th'Ca ratios.  The diagram
includes the trends (arrows) proposed by Moller et al. {1976) to represent normal’
fractionation, with precipitation, and remobilization of previously precipitated Nuorite.
All the St. Lawrence fluorite samples, with the exception of the very late-stage fluorite,
plot within the hvdrothermal field. From this diagram it is apparent that the proposed

classification scheme, based on the chondrite nommalized plots is refllected in this

diagram.  From the carlier (1) to later {3) stages of mineralization the groups display a

tendency 1o migrate along a trend parallel 1o the remuobilization trend of Moller et al.
(1976). The very-late stage samples are dramatically ofTset from the main group along
this trend.  Jt is apparent that samples within cach individual group roughly follow the
fractionation trend, whereas, between groups (he trend roughly paradlels that of the
remobilization trend. Although remobilization may have been involved in the furmation
of the very late-stage fluorite, it is difficult 10 envisage such processes being dominant
throughout the bulk of the minerahizing process. ‘Therefore, there is a need to consider
other potential explanations for the non-conformable but systematic trends displayed by

the REE 1n the St fawrence fluorite.




Fluid Evolution and Fluorspar Deposition

8.1 Initial Magmatic Fluid

by summary, the St. Lawrence Granite 1s a relatively homogeneous pink, coarse
grained, cquigrimutar to megacrystic, high-silica, alkaline to peralkaline, granite. The
apparent homogencity of the granite may be partly due to limited sampling of the roof of
the pluton, since the granite, showing little change in orientation since emplacement, is
only exposed 10 shallow crosional levels.  Geochemical, petrogenetic and field
relationships indicate that the granite was emplaced 1o shallow levels (< 1 km) as a hot (>
R00™C), relatively dry (< 2% 1,0), water-undersaturated, high-silica melt. Such granites
are usually characterized by a protracted crystailization history (Whitney, 1988). Aplite
wid porphy ey dykes. embayed amd rounded quartz phenocrysts, and volcanic equivalents
(Strong ¢t al. 1978), supgests isothermal  decompression in the water-vapour-
undersaturated region, resolting from periodic venting to the surface or near-surface
region,

From experimental studies, Whitney (1988) concluded that, for an alkaline granite
composition similar 1o the St. Lawrence Granite (Cape Ann), if only 2% water is present

tac 2 kb pressure). 73%4 of 1the melt would erystallize (between 720 and 685°C) before
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vapour saturation is achieved. Following vapour saturation, the remaining melt would
crystallize within 10°C as vapour is evolved (between 685 ynd 678°C). Since the pluton
would cool and crystailize from the top and margins inward, this tinal vapour-saturated
mchk would be located within the core of the pluton,  The ¢losest equivalents of this
late-stage melt, in the St Lawrence Granite, are the aplitic and porphyritic dykes which
cut the cearse grained ‘roof-zone' granite.

Cranitic magmas which initially have low witer contents, but beecome water
safurated as result of a high degrze af crystallization, exhibit greater enrichments in F,
and consequently, farger values for D, (vapour/meit) at water saluration relative to
magmas that contain high initial water contents (Webster, 1990). \Webster and Holloway
(1989) have showsn that high-silica granite/rhyolite magmas may achicve extreme
enrichments in F priov 0 fluid saturation. They caleulate than, <uring (he end stages of
crystallization of a topaz rhyolite magma, itnitially contmmng 1 wi% F, the F
concemration of the residual melt exceeds 10 wit% with as much as 10 wi% of the melt
remaining.  Using this analogy, the Si. Lawrence Granile magma, which averages
approximately 0.12 wt% F (where ¢xposed), could he expected 10 achieve F
concentrations (o near 110 2 wit% at ar near vapour saturation.

Experimental studies (Webster and Holloway, 1989) indicate that (at 2 kb and
800°C), in granitic melts containing < 7 wi% F, Cl pastitions in favour of the fluid phase

and F panitions strongly in favour of the melt. [n granitic melts (hat contain 2 7 wi% F,

Cl partitions in favour of the melt and § partitions in favour of the aqueous fluid
(Webster and Hotloway, 1989). They also concluded that F partitioning is relatively

independent of Cl concentrations of cither the fluid or the melt. “T'his model suggests that,
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unless F is more highly concentrated in the ‘late-stage’ granitic melt, the fluid evolved
from the St Lawrence Granite should be initially Cl1 dominated.  With progressive
crystadlization and vapour cvolution, the melt would become increasingly enriched in F,
resulting in F dominance in extremely ‘late-stage’ fluids.

In response 1o lower water solubility in shallow levels of the crust (< 1000 bars),
the melt may become progressively enriched in chlorine as vapour evolution proceeds
(Candela, 1089). This results in dramatically different behaviour of Cl and Cl-complexed
clements between low and high pressure regimes.  In modelling Cl behaviour in
magmatic vapour cvolution, Candela (1989) demonstrated that, at depths of greater than
3-4 km, the concentration of Cl in the melt and the associated vapour phase display a
monotonic decrease with progressive vapour evolution, as opposed 10 the same process at
depths less than 3-4 ki (shallow levels), in which increased Cl in the melt results in a
gradual enrichinent in Cl (hrough most of the vapour ¢volution, with extreme Cl
cnrichment inlate-stage” luid.

The above results in a parabolic increase in Ci-complexed cations, including Cu,
IPb and 7n, with progressive vapour cvofution  The “melt-compatible” elements like F,
B and Mo are progressively enriched in both melt and vapour. This behaviour is
schematically displayved in figure 8.1.1. Both F and C1 will become increasingly enriched
in the mett and the Muid as vapour evolution proceeds (1.e. successive aliquots) and will
be especially enrviched in the ‘late-stage’ flutds.  This indicates that Cu and other
Cl-complexed cations will show marked changes in concentrations in “ate-stage’ fluids,

displaying extreme enrichment followed by extreme depletion.  This is a result of the

increasing. CUocontem of the flwid which causes increasing the ‘effective partition
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Figure 8.4.1 Plot of REE and selecled element concentrations, normalized to St.
Lawrence Granile model fluid composition, for fluorite sample GNV-ST, from the
Grebe's Nest Vein. The diagram shows the relationship between apparent partition
coefficient versus the ionic radius of the elements.

¢+ the bulk of the mineralizing fluid in the system was originally evolved from the
late-stage granite and if there was a meteoric component, it did not significantly
change the REE balance of the fluid.

¢ the concentration of F in the fluid was reduced much more rapidly than the REE
concentration due to fluorite precipitation.

¢+ the late-stage fluorite was precipitated from a fluid with a much lower F activity, in
which most of the REE fluoro-complexes would have decomposed and, therefore,
it should be dominated by free-ion REE species and most closely reflect true

fluorite/fluid partitioning relationships.

The apparent partition coefficients calculated from sample GNV-ST (figure 8.4.1)
show a parabolic trend, for the trivalent elements, reminiscent of the type of partition

relationships observed in crystal-melt studies (Onuma et al., 1968; Matsui et al., 1977).
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is consistent with the continuous precipitation of fluorite throughout a wide range of fluid
salinities in the St LLawrence veins. The interpretation of the Cl systematics must take
into account the flutd modification caused by boiling, separation of low salinity vapour
and subsequent fluid mixing, within the conduit system, afier initial vapour evolution.
Whether related to decrcased water solubility (Candela, 1989) or increased F content in
the melt (Wcebster and lolloway, 1989) it would appear that both F and Cl should be
enriched in 'Late-stage” magmatic fluids. The concentration of F, and consequently Cl, in
the ‘carly-stage” magniatic fluid depends on how effectively F was concentrated in the
residual magma, prior to vapour saturation.  Crystallization of F-bearing mineral phases
priot 10 vapour saturation could reduce the ' ocontent of the residual melt, and

canscquently evolving an ‘early-stage’ fluid with lower I and higher Cl concentrations.

8.2  Partitioning of Trace Elements in Fluorite

The fluorite crystal structure consists of a calcium ion enclosed within a cube of
fTuorine amons, cach of which is, in turn, coardinated tetrahedrally by four calcium ions
(Jat¥e, [YRY). Therefore, the Ca™* ions are in cight-fold coordination and the F ions are
in four-fold coordination and their bonding is highly ionic, The REE and Y commonly
replace Ca in the fluarite structure and their concentrations are influenced by the
crvironment ot formation (Fleischer, 1969).  The degree of substitution of REE in
fluorite is direetly related to the concentration of uncomplexed REE™ ions in the solution
and the tonic radius of the substituting REE ion (Maoller, 1983; Moller and Morteani,

1983
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The relationship between partivon coeflicients and jonic radius is well established

for mineral'melt systems using crystal/melt relations,  Onuma et al, (1968) presented
plots of partition coclficicnts versus ionic radius for pyroacne phenoerysts from atkaline

olivine basalts. They demonstrated that substitution of trace clements in erystat lattice

sites is the main mechanism for trace clement partitioning.  These plots show parabolic

curves with well defined peaks at or near the 1onic radius of the major catton. The curves
for individual valence states are roughly paraliel, with the valence state of the major
cation showing the strongest partitioning.  They proposed the fullowing relationship,
based on the “isowopic elastic model of fonic erystals”, proposed by Nagasawa (19606):
InD,=A(r,-r,) 8.

where D is the partition cocflficient of the clement; 7, and 7, are the ionic radit of the
trace clement and the most favourable site size, respectively; A 15 a constant relited to the
clastic constants of the erystal and B8 is a constant introduced by the charge batance. With
the refinement of more consistent values of onie radivs (Shannon, 1976) and improved
trace clement analytical technigues, these refationships were even more substantiated.
Moller (1988) suggested the use of jonic volumes (i.c. /') and thermodynamic relations to
better define the relationship between ionic radius and crystal-melt partitioning,

In a study of coprecipitation of radium and barium sulphates, Docemer and
Iloskins (1925) conclude that the instantancous trace’major ion ratio at the surface of a
growing crystal is proportional 1o the ratio in the solution, reflecting the instantaneous
distribution coefficicent. 1f the instantancous distribution cocfficient is greater than unity,
the trace component is enriched in the crystal and the crystal has the highest trace

concentration at the centre. [ it is less than unity, the trace component is enriched in the
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solution and the crvstal has the highest trace concentrations af the rim. - The overall
distribution between the mineral and solution can then be represented by the logarithmic
distribution law such that:

Tog (final/initial) = Aloe (final'initial)

et LI

where A is the logarithmic distribution coetlicient (constant tor a given system), final
and initial refer to concentrations in the solution and tracer and carder refer w the trace
cation and major cation, in the erystal, respectively { Doemer and THoskins, 1925).

Matsui (1966) studicd the coprecipitation of REE with calcium oxalate, showing
that the distribution cocfficicnts of the REE increased systemativally from Ce to Lu,
suggesting that ionic radius plays an important role i the process. fle also recognized
that the distribution coefficients of the REE inercuse with decreasing pll, but still follow
the logarithmic law, and are redatively ndependent of jonic concentration.

In a study of the coprecipitation of the RELE with synthesized calcite and
aragonite, Terakado and Masuda (1988) concluded that the varying patterns of apparent
partition cocfficients is highly dependant on concentration levels of the REE in the
solutions, They relate the extreme variance in partitioning 1o the strong control of
REE-complexes and that crystal structure and ionic radius control is not & major factor.
This extreme variation may have resulted from the effects of changing pll within the
experiments, which range from ~6.3 al the beginning o0 ~(7.5 - §.5) al the end, but the
phl of the experiments are not reported individually.  This pll range crosses the
REE-carbonate complex dominance fickd of Wood (19904, p. 177, fig. 15D) for 25°, whao

demonsirates (using FEu) that at a pH near 6 the dominant REL: species changes from the

free-ion to REE-carbonate complexed fons and by phl 7 the REE in the system would be




174
almost entircly carbonate complexed. The results of the short duratior: experiment (Fig.
1¢ |C3]y of Terakado and Masuda (1988) may best represent the partitioning of REE into
caleite from weaskly complexed solutions.  This trend is parabolic, with a maximum at

Sm, and suggestive of strong crystal structure and ionic radius control. [t appears that the

apparent partition coefficients in ionic (and other) crystals in natural systems s a function

of the 'frec-ion’ concentration in the solution, which, itself, is a function of the bulk’
chemieal composition of the uid and the physical conditions at the site of deposition.

There is no experimental work relating to the partitioning of elements between
tluorite and solutions. In a study of the REE in natural barite, Guichard et al. (1979),
attributes  the observed RTIE  distributions to crystallographic constraints on REE
substitution, and o the complexing of REE in the mineralizing solutions. Morgan and
Wandless (1980) siudicd REE distributions in natural barite, anhydrite, siderite and
galena, concluding that, “...although complex formation may have an influence on the
absolute  values of partition coefficients, the relative REE pattern in a simple
hydrathermal mineral is governed largely by the ionic radius of the major cation.".

The results of carly work on the distribution of REE in fluorite and calcite, from a
variety of Buropean and Asian deposits, are extensively reviewed and interpreted in a
paper by Mller and Morteani (1983). They concluded that “...the resulting fractionation
of REL, as observed in tluortte and calcite, is the summation of REE shifts in all
geoachemical processes which are involved in the formation of the minerals; e.g. the
generation of the solutions, the interaction of these solutions with the country rocks and
crystatlization from the altered solutions. Furthermore, remobilization and alterations of

the nuncrals will add to the fractivnation...”. They attribute most of the fractionation
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observed in fluorte and calcite 10 the cffects of REE  complexes,  especially

fluro-complexes.  Using relationships  documented in the Ca-REL-oxalate  system
(Matsui, 1966), Maller (1983) concluded that only uncomplexed REE ions need to be
considered in REEE coprecipitation with Ca-minerals.

In considering precipitation of fluorite from a given volume (closed-systeim) of
super-saturated solution, Maller and Morteani (1983} suguested that there would be more
LREE available as free-ions, since the complex stabilitics of (he RELE fluro-complexes
increase from La 10 Lu, leading to the formation of LREY cariched fluorite at the
beginning of precipitation.  The continuous previpitation of fluorite results in an
impoverishment in F~ ions in solutton, causing the REE fluro-complexes to decompose,
leading 10 more HREE available for coprecipitation and consequently HREE enniched
fluorite in the final stages of precipitation. Maller and Morteant (1983) suggested that
these results can be transferred to dynamic (open) hydrothermial systems where these
early and late stage relationships relate to a given volume of flud and can, therefore, be
modified by factors such as periodic recharge and tlow rate. They indicated that high
degrees of fractionation of the REE in fluorite is characicristic of crystallization from a
less productive hydrotherm (slow fow rate) and lesser degrees of fractionation are
characteristic of crystallization from a more productive hydrotherm (fast flow rate). This
relationship formed the basis of the Tb/Ca vs. Th/La genctic discriminatinn diagram
presented in Chapter 7 (fig. 7.4.3). These models provide a means of predicting the
availability of REE ions in solutien, which would be available for coprecipitation, but do
not address the effects of crystal structure and ionic radius on the incorporation of the

REE in fuarite and calcite.
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831 REE Complexing in ¥-bearing Solutions

The stability constants of the low-temperature REE complexes haye been
determined experimentally by a number of workers and recently reviewed by Wood
(1990a,b) who used the experimental resuits of Walker and Choppin (1967) to
theoretically predict the stability of REL complexes in hydrothermal solutions to 350°C
at saturation water vapor pressure. Al studies conclude that the stability constants of
REE Nuoro-complexes increase from La to Lu but with some disagreement as to the
nature of this increasing trend. The experimental results of Walker and Choppin (1967)
sugpest a monotonic increase in stability constants for REE monofluoro and difluoro
camplexes from La to Lu. Other studies {Bilal et at., 1979; Bilal and Becker, 1979; Bilal
and Kofl, 1080) supgest a sygmoidal shaped trend for the REE monofluoro stability
constants, which increase from La to Lu, with a maximum at Tb and local minima at Ce
and Yb.  They suggest a monotonic increase from La to Lu for the REE difluoro
complexes.  Bilal ¢t al. (1979) conclude that REE monofluoro complexes will
predominate at lower fluoride activities (up to 10* M) and with increasing fluoride
activity (abave 10* M) REE difluoro complexes will predominate,  Bilal and Becker
(1979) examined the stability of REE fluoro-complexes at various ionic strengths (I =
0.1, 0.3, 1.0 and 3.0 M) wsing a NaCl aqueous medium (at pH=3.6 and T=25°C),
concluding that the highest degree of REE fractionation typical for fluorite is obtained if
the salinity of the mineralization milicu was nearly corresponding to the ionic strength of
1-0.53 M (5.83 eq. wt.%% NaCl). Both the experimental results of Bilal and Langer (1987)

and the theoretically determined results of Wood (1990b) attest to a dramatic increase in

the stability of REE-Nuoride complexes with increasing temperature up to 350°C.
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In order to gain a deeper insight into the competition of the various complexes for
trivalent REE in hydrothermal solutions, Woud (1990b) carried out  equilibrium
calculations at 100°C using Cu™ as the representative for afl e RELE, owing to the
completeness of the data set for that ion.  He suggests that at higher fluonde
concentration (10° M), the speciation is dominated by fluande complexing over the entire
pH region; at lower fluoride concentration (10 M), fluoride complexes predominate in
the near-neutral region but chloride and carbonate complexes become important under
relatively acidic and basic conditions, respectively: and at higher temperatures (>200°C),
fluoride complexes predominate over other complexes throughout the entire pli range.
The free fluoride activity of a hydrothermal fluid at 300°C in the presence of fluorite
would be in the range 10* 10 107 M (Wood, 1990b), and, at such fluonde activitics and
temperatures, fluoride complexes should predominate over all others in the pH range two
to three units of acidic from neutral.  Based on the predicted high fluosine activity in the
St. Lawrence luids, it appears that fluoro-complexes would be dominant throughout

most of the precipitation history of the system.

8.4  Apparent Partitioning of REE in St. Lawrence Fluorites

In a study of REL distribution in hydrothermal minerals, Morgan and Wandless
(1980) suggested that normalizing REE abundances 10 compositions that more closely
resemble (he hydrothermal fluids from which they were formed could provide more
insight into apparent partition cocefficients. In mincrals from continental deposits, for
example, they suggesied normalizing to average REE abundances in continental igneous

rocks and relating these values to atomic radius.  From this type of plot, they suggested
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that the refative REE patierns in hydrothermal minerals are strongly influenced by the
rospiective sizes of major and trace cations.

To cvaluate the influence of crystal structure and solution complexing in the St.
Lawrence Nuoriles, the RELL distributions from sclecied samples were normalized to a
madificd St. Lawrence Granite composition (HCT-187) and plotted versus ionic radius,
along with Ca and other elements such as Y, Sr, Pb, Ba and Bi, which could substitute for
Ca in fluorite. Weight proportions were converted to atomic proportions to better
approxiniue the tolal number of race ions replacing Ca ions in the fluorite lattice. The

plots are based on the followinyg assumptions:

+ samplce ICT-187 is a granitic porphyry dyke, interpreled to be latest (and least
altered) granitic phase represented in samples from the St Lawrence area that has a
complete set of reliable major and trace element data available. This composition
should most closely approximate the composition of the late-stage granite melt
from which the luid cvolved.

¢ the predicted composition of the fluid was calculated from the granite composition
(HCT-187) using the vapour/melt partition coefficients (F-rich vapour) of Flynn
and Burnham (1978) for the REE (~0.2). Since there is little data available on
partitioning of ather clements between a melt and fluorine-rich fluids, and Keppler
and Wyllic (1991) indicate that the solubility of silicate components in an aqueous
fTuid can be very high in a fluorine-rich melt-fluid system, and the partition
coeflicient of Cu (a common Cl-complexed species) between a F-rich fluid and a
haplogranite melt 15 in the order of 1-3 (2 kb, 750°C), the other elements (Ca, Sr
and Ba) were assigned a partition cocfficient of 1. The other element, which can
have a A7 valence state, Bi, was assigned the same partition coefficient as the REE.

* the normalized Ca vatue is calculated based on stoichiometric Ca contents of the

fTuorite.
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Figure 8.4.1 Plot of REE and selected element concenlrations, normalized (o St.
Lawrence Cranite model fluid composilion, for flyorite sample GNVST, from the
Srebe’s Nest Vein, The diagram shows the relationship between apparenl partition
coefficient versus the ionic radius of the efements.

* the bulk of the mincralizing Nuid in the system was originally evolved from the
late-stage granite and if there was a meteoric component, it did not significantly
change the REE balance of the fluid.

¢ the concentration of F in the fluid was reduced much more rapidly than the REE
concentration due to fluorite precipitation,

¢ the late-stage fluorite was precipitated from a fluid with a much lower F activity, in
which most of the REE fluoro-complexes would have decomposed and, therefore,
it should be dominated by free-ion REE species and most closely reflect true

fluorite/fluid partitioning relationships.

The apparent partition coefficients calculated from sample GNV-ST (figure 8.4.1)

show a parabolic trend, for the trivalent elements, renmimiscent of the type of partition i

relationships observed in crystal-meft studies (Onuma ct al,, 1968; Matsui et al.,, 1977). ,




180

‘I his fuorite sample is a coarse grained fluorite displaying well developed crystal form
(octahedraly with multiple small scale growth steps reflecting slow growth during
tate-stages of fluorite deposition. This fluorite is interpreted to have formed from a fluid
in which the REE fluoro-complexes have broken down, as a result of decreasing F
activity and/or decreasing temperature,  Botk of these factors contribute to a decreasing
stability of RI: fluoro-complexes (Wood, 1990a,b). This mechanism was also proposed
by Strong ¢t al. (1984) to exptain similar behaviour of REE in fluorite from St.
[Lawrence.

Assuming that the apparent partition coefficient from sampie GNV-ST resembles
the true partitioning behaviour of free-ion or weakly complexed REE between fluonite
and the bydrothermal fluid, several conclusions can be made:

I fluorite has a partitioning maximum near the 1onic radius of Dy (0.303
nm [1.03A]) which may represent the most favourable site size. This would

help to explain the anomalous behaviour of Y whose ionic radius (0.102 nm
[1.02A]) would be very close to optimum site size

2 the partitioning behaviour of the REE from La to Dy is parallel to the
trend displayed by Ca and Sr, and also similar to partitioning trends noted in
crystal/melt systems between trivalent and bivalent ions

3 Eu deviates from the trivalent trend suggesting the posstbility that, at
least some of the Eu was in the bivalent state. This is supported by spectral
response in cathode-luminescence scans of Grebe's Nest fluorite,

The apparent partition cocfficients for sample GNV-8-A are shown in figure
N.4.20 In this plot, the trends are similar to those of GNV-ST, except that the maximum
has shified to near Nd, with a flattening between Nd and Gd. This curve may reflect the

extreme complexing of the REE i this high temperature, early-fluid, resulting in a

suppression of the concentration of HREE available for substitution in the fluorite since
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Figure 8.4.2 Plot of REE and selected element concentrations, normalized to St.
Lawrence Granite model fluid composition, for fluorite sample GNV-8-A, from the
Grebe's Nest Vein. The diagram shows the relationship between apparent partition
coefficient versus the ionic radius of the elements.

the HREE fluoro-complexes are much more stable than those of the LREE. The lack of
competition from the HREE, for the substitution site in fluorite, may account for the
increased apparent partition coefficient of the LREE. In both these plots Bi appears to
follow the same partitioning trend as La, suggesting the strong control of ionic radius and
charge on trace element substitution.

The results of this study point to the need for experimental studies on the
partitioning of trace elements between minerals and hydrothermal solutions. The high
degree of systematic behaviour of trace elements in minerals could lead to an accurate

means of ‘fingerprinting' potential source(s) of mineralizing fluids by analyzing
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associated minerals like Nuorite or calcite, which are common gangue in a wide variety
of ore deposits.  With a comprechensive experimental database on low-temperature,
fluid/mineral partitioning, fluid compositions could be more accurately monitored,

lcading to a better understanding of the processes invotved in fluid evolution, and

subscequent deposition of ores, in a wide range of mineral deposits.




9 Summary

The St. Lawrence Granite is high silica, alkaline A-type granite, emplaced to high
crustal Ievels in the Early Devonian, in a post-tectonic extensional regime that followed a
widespread Silurian orogenic cvent.  The granite formed from a relatively hot, dry
magma that underwent a  protracted  cooling  history, during  which  progressive
crystallization resulted in the concentration of volatiles (especinlly F) in late-stage
residual magma ot the core of the pliton.  As this residual magma reached vapour
saturation (after approximately 75-80% crystallization) it evolved a ¥-rich, relatively
saline, supercritical magmatic fluid.  This {Tuid, after varying degrees of unmixing to
form a coexisting low salinity vapour and high salinity liquid, infiltrated into the conduit
system alrcady developed in structurally modified couoling cracks in the grantte's
‘roof-zonc’.

The hot fow salinity magmatic vapour reached the cooler upper levels of the
conduit system much more rapidly than its denser Jiquid counterpart, there condensing to
fill the conduit system with low salinity liquid. “The hot, moderately saline magmatic
fluid periodically broke through to low pressure (vented) repimes within the upper parts

of the conduit system where it boiled and separated a low salinity vapour (steam), often

with explosive force. Much 2l this low salinity fluid probably also condensed in the
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upper regimes of the conduit system and variably mixed with condensed primary
magmatic vapours as wel! as its more saline parent fluid that would eventually infiltrate
into the upper levels of the system. Fluid inclusion evidence and breccia textures suggest
that numerous ¢pisodes of boiling, and associated explosive activity, occurredin the
conduit system.  These explosive breceias probably formed as a result of the sealing of
the conduit system by precipitating minerals and the subsequent development ana violent
refease of overpressures caused by periodic recharge of the system by new pulses of hot
magmatic {laid.

Apart from the effects of ditution and concentration, caused by boiling in ihe
epithermal repime, the (Tuorite geochemistry sugpests that the composition of the source
fluid remained relatively constant throughout the mineralizing event. An exception is F,
whose concentration appears to have decrcased considerably in the later stages of
mineralization, This probably retlects the transition from "onen svstem' to 'closed system'
conditions caused by cessation ol recharge by new magmatic fluid, either after complete
vapour cvolution and subscquent ¢rystallization of the granite or after final sealing of the
conduit system by precipitated minerals.

[t appears that most of the REE variation in the fluorite can be related to changing
stability of REE fluoro-complexes in response to higher temperatures in the early-stage
flurds and dechning F acuvity in the late-stage fluids. The fluids appear to have boiled
perndically throughoot most of ihe carly and mid stages of the mineralizing event, with
litde effect on the chemical balance (especially ine REE) of the fluid except for the

lacalized effects of concentration and dilution. However, the boiling of the fluids may

have contributed to the loss and’or redistribution of fluorine in the system.
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In a study of solubility and deposition of fluorite in hivdrothermal solutions,
Richardson and Holland (1979a.b) concluded that the most Likely mechamsms for fluorie
deposition are: (1) simple cooling of ore tluids; (2) dilution of ore fluids witk cool
metearic water; (3) mixing of two brines of different chemical composition; and (4) an
increase in the pHl of acid ore fluids.  tn the St Lawrence vems, fAuorite deposition
consistently occurs during both increasing and decreasing temperatore and  salinity
regimes which appears to rule out either of the first theee mechanisms as the sole cause of
fluorite deposition. Althouvgeh the first three niecchanisms mav contribute indirectly, the
main control on fluorite deposdion, as suggesied by Strony o al. (1984), appears to be an
increase tn the pll of imttally acidic Ferich magmatic Quids, the fourth mechanism
proposcd by Richardson and Holland (1979b),

The specific mechanism respansible for such an increase in pil is not readily
apparcnt but, as previously proposed by Strong ct al. (1984), the bothing of fluids,
incursion of higher pH meteoric water, and in particalar the chullivion of carbon dioxide,
possibly combined with the foss of acid as [1,CO, HCE or HE, could provide a means of
increasing pll. Boiling removes gases (CO,, 11,8, cte.) from solation accompanied by a
decrcase in the activity of 1™ (Henley et al., 1984) such as in the cquitibrium reaction:

HCO, +H'=CO,, + H,0
The incursion of high pH groundwater is a potential mechanism for increasing the p}'I of
the ore forming solutions. Direct measurements of the fluid isotopic (8"0) composition
of decrepitated primary liquid fluid inclusions (Strong et al., 1984) ranged from -6 to -10

per mil.  This was interpreted to indicate that a primary magmatic fluid underwent

variable dilution and cooling by a reservoir of low iemperature meteoric water which
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cpisodically penctrated into the conduit system under appropriate hydraulic conditions.
The sample (20) from which the inclusion fluids were extracted (Strong et al,, 1984)
displays chondrite normalized REE patterns which are characteristic of late-stage fluorite
in the Si. Lawrence deposits. Therefore, such incursions of mctcoric waters appear to be
nost prevalent in e waning siages of the magmatic hydrothermal system as evidenced
by the occurrence of gocethiie encrusiations on late-stage fluorite in many of the St
Lawrence veins,

The most commuon means of increasing the pli of ore-forming fluids is by the
veaction of the acidic solutions with wall rock to preduce hydrous silicate minerals such
as clays and micas.  Although some zones of intense sericitic alteration of the granite
have been obscrved, such zanes are usvally small and localized. Most of the fluorite
bearing veins have sharp wall-rock contacts with little evidence of extensive alteration,
sopgesting that wall-rock alteradon was not a significant factor in increasing the pH of
the ore-forming solutions and promoting the deposition of the St. Lawrence Fluorspar

Depusits.
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Appendix 1

Geochemistry
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A. 1CP-MS
for selected trace elemenig by 1CP-MS and the analvtical resulis are presented below,
' Two different dissolution methods, HEF-HNOI and Na,O, (listed with the samples), were
used in the preparation for analysis. The analytical pracedures and the detection limits
for the HF-HNO3 procedure were given by Jenner et al. (1990),
procedure by Longerich et al. (1990).
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The granite and related host rock samples discussed in Chapter 2 were analyzed

and for the Na,O,

A i

it e
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In preparation for analysis by 1CP-MS, the fluorite and calcite bearing vein

sampies were dissolved using a boric acid technique modified from Eppinger (1988).
‘T'he boron cation (13") forms extremely stable soluble complexes with fluorine, which
results in rapid, total dissolwtion of fluorite and prevents the precipitation of insoluble
Huorides, @ problem that plagued fluorite analysis using standard HF-HNO, dissolution
technigues. The common gangue minerals in the fluorite veins, barite and quanz, are
relatively insoluble in this procedure, therefore tn most mixed mineralogy samples, the
analysis are almost entirely representative of the fluorite and/or calcite components of
the samples,

The tollowing procedure was used for fluorite dissolution:

1 weigh and record (S)) approximately 0.1 grams of fluorite (and/or
caleite) powder in a screw top Teflon bomb. I the samplg contains barite or
quartz the sample weight should be increased accordingly
2 add 0.8 ml of concentrated distilled 1INO,
3 adid 1.0 ml of 5000 ppm boric acid solution (i.e. 2.85g 4,BO,in 100 g
doubly distilled, Nanopure filtered, water) and cover

heat covered for 1 hour (90-100 “C)

remove from heat and let stand (covered) for 24 hours

add 1O wl of 500 ppm boric acid solution

cover and beat for an additional 2 hours (90-100 ¥C)

renwve fram heat and let conl

weigh, secord, and label | dry, acid washed, 100 ml sample container
(SC) and | dry, actd washed 50 ml centrifuge 1ube and cover (CT,) for each
sample
10 wash sample from Teflon bomb into centrifuge tube using ~30 ml of
Nanopure distilled water, rinse the bomb and the cover several times
It centrifuge for 1O minutes and decant fiquid into sample containet being
careful not to decant any of 1he solid residue
12 use wash bottle (distilled water) to agitate residue (if any) to promote
removil of absorbed sample, fill tube to ~30 m! and centrifuge again
I3 repeat 2
14 weigh sample container (SC) and calculate sample solution weight (wt.
SC, - 8C, = sample sol. wt.) which should be ~90 g
IS place open centrifuge tube and its cover in drying over (overnight)
16  when dry, weigh the centrifuge tube and its cover (CT,) to calculate
sample residue weight (8,) fi.e. S, =CT,- CT, ]
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17 calculate weight of dissolved sample (S) [ie. 8, = S - § ). This
sample weight (S,), 15 used to caleulae clemental concentrations from the
ICP-MS analysis. (S, primarily represents the weight of the fluorite
and/or calcite components of the initial sanplc)

The ICP-MS analysis of the fluorite-beartng vein minerals are presented inthe
following section along with the sunwnaries and graphs of (he analyses of calibration

blanks, reagent blanks and fluorite control sample GNV-7. The ¢ontrol  sample was

analysed in duplicate in every dissolution run and most analytical runs. The  replicate

analytical results are consistent for most of the elements that oceur in detectiahle
concentrations. The REE are particularly reproducible, displaying relative standard

deviations (RSD) of less than 10%.
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1CIP-MS horic-nitrie dissolbtion pricecdure
Limils of Deteetion und Reugeat Hinks {C1.0 nosmalixed for s diution of 0.500 g/kg)
REER RS > B o W MLD Mcan  Moximum  Mimimum Blank
(Bxsd) (10xsd) Bxwnd) Reagenl Resgent Reagent ELQ Correction
Lilement (n=549) (n=54) (n=6) Blank Blunk Blank (ppm) Paclor
(ppm) _ {ppnn) fppm) _  (ppm)____ {ppm) {ppm) (ppm)
Li 0.7 2 1.3 0.6 t.2 0.13 2
Be 4 4 16 12 20 3 14
Sc 6 20 6 3 6 0.000 20
v 1.8 6 1.2 0.77 1.3 0.000 6
Cr 26 gs 52 8 47 0.000 8s
Cu 1.0 ) 6 (.4 6 0.000 3
/n 4 {2 ? 3 7 0.4 12
Rb 0.08 0.3 0.08 0.02 0.06 0.000 03
Sr 0.2 07 < 0.9 3 0.000 4 -09
Y 0.006 002 0.07 0.04 0.07 0.00? 0.07 -0.04
7t 0.3 1.4 1.7 0.3 1.5 0.000 1.4
Nh 0.0%0 0.03 0.0)3 0.004 0.042 0.000 0.03
Mo 0.08 0.17 0.04 0.02 0.04 0.00 0.27
(@Y .02 0.04 0.4 0.06 0.3 0.000 0.4 -0.1
Ba 0.8 1.7 4 1.4 4 0.17 1.7
l.a 0.0n8 0.0} 0.7 0.11 0.6 0.000 0.7 0.1
Ce ¢.009 0.03 004 0.015 0.03 0.000 0.03
Pr 0.008 0.018 0.6 0.10 0.6 0.001 0.6 0.1
Nd 0.06 0.19 0.7 0.12 0.6 0.000 ¢.19
Sin 0.03 0.11 0.7 0.12 0.6 0.004 0.7 -0.1
f Lu 0.012 0. 0.006 0.001 0.005 0.000 0.04
Gd 0.04 0.N 0.07 0.016 0.07 0.000 0.14
™ 0,007 0.0 0 003 0.001 0.002 0.000 0.02
Dy 0.02 0.08 0.010 0.004 0.0t0 0.060 0.08
tlo 0.007 0.02 0.008 0.002 0.008 0.000 0.02
lir 0.3 010 0.3 0.05 (k) 0.000 0.10
T .007 0.02 0.4 0.05 03 0.000 0.4 0.1
Y 0.05 0.16 0.09 0.02 0.08 0.000 0.16
l.u 0.009 00} 0.008 0.002 0.006 0.000 0.03
nr 0.10 03 0.003 0.001 0.003 0.000 0.
Ta 0.011 0.04 0.008 0.003 0.006 0.000 0.04
hi 0.18 0.8 03 008 0.3 0.0} 0.5
Ph 0.3 09 k) 0.8 3 0.018 0.9
Bi 0.07 02 0.4 0.07 04 0.000 02
Th 0.08 0.17 0.5 0.07 0.4 0.000 0.17
U 0.04 0.12 0.6 0.09 0.5 0.000 0.12

The calibmtion blank Limit of detection (CLD) is based on the calibration blank (0.2 N HNO3) standard deviation
fram 9 runs (6 blanbx per run) between May &, 1991 and Junuary 18, 1992, The CLD is calculated as 3 tlimes
the standard deviaticn of e calibrgion hlunk while the limit of quantitation (CLQ) is calculated as 10 times the
sandund deviation of the calibration blank. The method limit of detection (ML.D) is bascd on § analysis of
reagent blankx wilhin Uwxe 7 runs and caleuliled as 3 times the standard devialion af an individual determin-
aton The effective it of quantitation (E1.Q) is vquivelunt to the calibration limit of quantilation (CLQ) except
where e meass of thie reagent blank is within the CLQ. In such casus, the MLD is uscd as the ELQuanda

Plank vorrection factor’ is applicd to te anadylical value, Fhese limits aee applicd Lo the analysis of fluorite

(4 busile, quartz & caleite) xamples utifizing the dissolution proceeduns described in the text,




Calibeation Rlank Limits of Dvtection (CLIY) - ICE-MS Boric acid dissohution proceedury {sormalized 1 w dilation of 0.500 g/kg)

Run 7 447 458 460 463 464 467 a2 L¥) 475 Maan ed. max. min,
il (ekg) IRUL] 05K 0.619 4.549 0.629 0.4 0,726 0.583 0.5%4 0,812 ©.157 1.014 0.402
Dae ] May 31991 Aup 20, 1991__Sepd . 1991 Scp 2V, 1991 Sep 25. 1991 00123, 199] Nav S2 399 Jun 13, 1992 Jun LS, 1992 0.500__pAcg normalized (n = 54)
[N LI R ] LR LE L] .390 0, 594 LR 0157 LR ] 02641 LA N 1.19% A_VMH o 7
Be 0.416 0185 409 0. 36x 0.58% 34.514 1238 0.204 0,300, 4.236 10,706 3514 0.155
S¢ o 977 1% 4.912 f.80 17,089 1710 X200 2.200 0.510] 6112 6133 17 100 0.510
v 0.193 0126 1.726 1178 7.877 0.1/ 0.047 am 0317, m? 2.566 1817 0.047
Cr 0.973 0423 9. 1% 5.45% 55764 155,945 0.3 17 406 1om! 285,500 4P 444 15K 985 o304
Cu $.0%4 0314 as10 0.159 0.506 0.663 0452 0.164 0.203| 0.960 1475 s 052 a1
/n 2057 15.012 1.710 | 689 2.000 5458 1097 0,662 ik 3745 4.6 15.012 a.662
Rb vo? 0,304 0y 0,052 0.074 0,027 4.0 0.0 ! 0.0%0 0.083 ¢34 L
St 0 e 0.162 0438 LI 027 0126 LR 0092 n19s' 0,206 0.13 1). 445 0.052
b 0.004 VITY o wy? 0.005 0.009 0.007 o on? (1 Y0] oz | 0,004 0.063 0 0% o.uny
7x 0w 1 1xx 0,734 0.377 0.657 0,088 556 .04 b2, 0.435 0.342 1.18% 0047
Xk 000s 0,008 a018 0,006 0 05a a4 .03 v.012 o002 0.010 0.007 0.423 0.002
Mo 0.0l6 0057 0108 0049 0.07% am2 0.0%9 udil ¢.i29! 0.08§ 0.03¢ 0103 0011
Ce owmg 0oL G016 o011 0.0Ls oalo 0821 0 o winsi 0.012 0 o 9,021 0.3
ha ELRA) ] .07 T G063 G199 3500 0.232 0.e¢M ] M’; 511 1.065 x50 LY
ta 3,2 " oe? nor? LURL i) Q.0LL Q413 G 0L2 a9, 0.1003 t Q.08 h.ous Q.01 0.0}
e 0.002 0w 0,018 0 s 0.009 0,020 o.u10 0,005 n,00a 000 2.005 0.170 o2
Tr IR aoa? 0.1k 0.003 0.004 VU4 0.004 0009 .00 | 0.008 0,004 0.014 0.0M
Nd a2 0047 0,03 0.047 0,683 0330 ©.075 0.034 0.009 0.056 0.083 0130 ou
3m (LR 1] aur? N0k 0 083 0GR Qi (L wory. 0034 0.n14 oy 9.017
Yu ; [EL [LETI JuL? LT 0,018 ol 0013 .7 G004 0012 LX) niaz LIXCTE]
Gd i a0 A0 0 003 oule 0.0%8 B85 (K o_m.s]f 0.042 0.030 0,055 0.001%
™ , 0.004 G nad g O oS am? D oLe X1 w? 0.002 0.007 0.008 nuls 6.2
In uula [XUF a0Le 0.0t 0.0 0,054 0.8 D.ansd 910} .05 0.0 0.094 (V1]
Ha . 0o (XTI 0 ou 0 ooz 0.000 0130 0011 0.00] 0.z ot 0.t 9.420 w06t
Fx , oo 0.u30 oay 0.01 0023 0.075 0 639 0 ong 0,008 noig 0.024 007§ 0.0
Tm | oy U i duld v.0uy ¢ v 0.4 0.006 0,002 9.003 0.007 0.004 0014 0.0
b F 0,014 0.074 0087 00w 0048 018 0.065 0.00% 0.014; 049 0.08 0 1k} 0.004
1u 0 004 0 0y 0.01% 0.008 0.005 00M 0.013 0.007 0.003 0.00% 4,009 0.02% 0.602
Hr : 002§ 0048 0.342 .05 0.084 0.221 0.138 O 046 X 0099 [ 5 0.221 LY.,
T (A 0.00m v.914 0.0 0.014 0.027 0.0t 0.002 0.003 ! 0.011 0.007 0.7 0.0
n [ 0.014 0.056 0.300 a.918 036 0.B13 0.04% 0112 0.028 4 0147 0.219 UEls 0014
3 . 0.041 0,064 0.151 0.045 1342 0.t0% 0.141 0.402 0.049 0.26] 0.397 1.342 004)
B 0168 0.047 0.073 0.033 0.045 0.053 0.22) 0.00% 0.009 , o.0h 0.069 (%]} 0.009
T | 000 0.107 0,084 0036 0.050 0.109 0.066 0.006 a.o13! 0.051 0.035 0.109 ©.006
v ! © 008 000 0.037 0.028 0 030 0.113 0 03[ 0.004 0005} 0.036 0.3 0.113 00904
Note: The calibration blask limit of detection {C1.D) is calculated ss Lhree times the standard deviation of the analysis of the calibration blank (0.2N HNO3), e
The cakulated CLD. based o the bianks (6 per run}, are preseated for &ll 9 runs in which samples used in this study were snalyzod (May 3. 1991 (e Jan 18,1992), =

The original run CLD, calcuiatod o the average rua dilution, bave been normalized to g difution of 0.500 gicg for comparison and stdtistical compilarios.




Methad Limit of Detection (MLD) - horic acid dissolution procedure teaieuluted from resgent blankal

Swmple BLANK (Bl) HLANK(H2]  BIANKBH  BIANK(RS) RLANK(RSI BIANKBY) rvean smndard i
Dwe 30 Aug-91 B4 Sep91 25-5cp-91 1200491 13 Now 91 25 Ay 03 {n = &) devistion masEmum iy, [
B {ppm)d ¢
0.161 0,421 n12? 12% 0 My IRTL L] D49 5.0 027

i
Be ! LI 15612 H) A3 10 536 §.852 131045 11,544 5398 20403 LR
S
Y

Hun 45% 445 A an? 472 42K ippm) (ppm) {pgwn)

1
4.0 I8 * 159 LT 4.3 LLEL M7 1.863 6103 LR

1082 [ XTH -0 K nAIZ 0,688 1289 0,770 043 1,189 0000 |
Cr .72 2,642 33 47318 00 aneol 3154 17,400 47318 0.000
Cy ! 5744 1.6n1 n 281 L 0 o6l a439 1307 2045 5.744 0 on
£.596 22 05 1164 4 462 2208 2683 2.1 [
Kb 0.063 0.054 RIE 1014 0085 0017 g nom n o 0.0n3
Ne [ X[ 1082 -0 188 oLl 0.002 A ETUE 0,902 1.208 3410
Y a.nM 0, Mug 7 0,008 0.049 0.050 0.036 0.0 0,009
0,277 n.n4 N 0,083 215 146t 0351 0.555% 1.493
0.007 0.} 11 M n,0on3 -0 2 LUK B 0.8 0,004 Q.012
0.026 0024 002 n 64 00 ey 0.019 a0 0.038
0.007 0.U06 010 0 iai2 0003 pan | 0,057 n119 a3
0.789 1.26% 0.509 1.41% 0171 3.951 | 1 200 1.20% 1081
0.019 n.m7 1IN o3 BRIk Ty 0,633 0.109 0,23 0.833
0.0 n.ax7 DELL] INL K] 0,02 LLRELY] 0.8 0412 0.031
a.003 LX) i E] 1 (L 1,004 0 L33 0,099 0.218 O 583
0.004 0.042 ULy 0,001 0.038 0612 016 0.223 as?
0.91% 0006 a0 0,028 0.0 0RLS 0117 0.223 Q.65
-0.00% [(R11L] -1, WM -0 4 0 o0s 0,032 0.0 0.2 0.00%
-0.005 o416 HINZ U | 0.7 DL (L] 0.024 0.067
G002 0w -0 o -0.00)3 0000 0000 0.} X ] a.002
-0.001 0.010 AT 0.006 009 0,003 0,004 0003 “rig
0.001 G002 - Ny 0.108 Q.02 - (WeE 0002 0.003 0.00%
-0.004 0,012 0,007 0.015 0.002 0397 0.054 0109 0.297
0.001 0.001 -0.000 05 -0.007 G A2 0,05% 0.it9 L X ]
0.003 0.066 0,028 Q.004 0.001 B 011 0.014 .03 a.084
0,000 0.001 0.006 0.0 -0.001 4.He 0.2 0.003 0.00%
.047 0.002 -0.00% 0.001 -0.116 -0 045 0.001 0.601 €003
0.000 0.006 -0.005 0.006 -0.001 0003 0.0g3 0.003 0.006
0.064 0.01 001} 0.053 8.007 4,301 0,080 o101 0.301
0.967 0.402 31y 0,067 0.083 ¢.0is QLT 1. 1% 1.13%
-0.023 0.006 0.022 0.0 -0.070 % s 0.088 Q.138 0.877
£H.013 0.002 0.028 -0.002 -0.623 0423 0.0Mt Q.158 04D
0. 003 0.012 0,009 0.01% 0.011 0.519 0.09% 0.190 0.519
Nowe: A single reagent blank was prepared with each dissolution run, using the same proportions of reagents as sample dissolutions.
In the siatistical analysis, egative values were considered s Zoro concentration level (i.c. €.000 ppm).
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Relative Standard Deviation

ICP-MS Boric/Nitric Control Sample GNV-7/

St. Lawrence fluorite analysis - 1992
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HCP MS anaslytad data

Sarmple # ONVN-G
Asmalyin dae  )]-Nov9)

GNY.D

1#Sarp- T
HEMYQ)

GNV-A-P
21-UaR
Haoric Acid

(L%}
[y}l
<5
)

< 26
3912
M7
.50
5.3
4251
(1.3
0.5
211
0.62
253

FOLs8<eEP Gk FE

6.301
16,349
2,740
1454
.27
1.47M
i Ne k]
4.434
LIt
6.365
16.01
1.150
.2t
1.0}

La

L)
Pr

Nd
Sen
Eu
Oid
™
Dy
He
Er

™
Y&
Lu

< 0.10
0.24%
0.24)
1395
020

0.41
428

e EFAIE

11907
24173
01723
0.1540

1t

0.%9
.7

6.%0
LS.%7
268
14.1%
K.n
1.34
17.30
411
27.20
2
wn
.63
KAt
0.97

0.13]

0.4
Lt |
10.07)
0.34
4,13

13-Iao-92
Bome Acid

HCT-111
1-trp- 47
HF-HxO3

HCT- 187
18- Srp-¥7
HF/HNQY

HCT- 197
12-lan92
HFH=03

HCT- 168
16-Sep-87
HFHNQ)

HEV-1.A
4-Sep-91(
Rorie Acid

HEV- |-
5 Seplt
Boric Acid

S1. Lawrence TluonTe and relatad camples

HEV-1-E
pLE Y]
Boric Acid

ISv-1C
= o]
HFHNOY

.o
27
<6
15.5
Tehd
LERIEN]
12537
40.33
1115
*N.6
4%
1.2
2.u2
10.59
3340.7

Mo
3. 101
11.37
5223
18.1x)
2.0M3
2800
6.259
5.0}
10,528
3y
42319
189
3,882

2.4
0.380
4.80
20930.2
5.4}
766
179.06

24357
0.2101
0.9921

values less than kmit of detactan (LOD) - <LOD

1]

.7

13
15.7
<2
<13
< 4
413
1 9)]
4312
1.5
169
X3
05.2
9.5
5.4t
3.5

4624
99,47
n.ae
IR.96
1050

n.23
11.69

242
iN.16

4.11
13.64

p )

15.49
217

1540
.45
1.3
o2
L7
41,45
16.3%

1.2319
24710
ih1628

1M 7254

19.0

7.2
(L3}

< &
< 1R
< 26

<07
(5]

< L&

28.24
3.502
.57
1666

<0.10
0.109
10.18
20171.0
LR}
10.06)
0.39

[0S
0.0000
0.2855
40323

< {3
15

< h
< [.3
< Zn
1354
1
0.00
528
BOA
0.8}
0.3
200
.12}
34

13.507
42,160
635
LR L
16.95
0714
a2
6.152
43.45
10.083
29.43
3RS
24.18
31

< 0.10
0.324
©.43)

197114
3326
0.12)

1.65

L1167
13926
03162
4.0327

131
W4
<2
)

h

an
312.50
L Ricd
3.
s
22.45
3z

0.19
Q.17
<013
499
3%
021
.75

12141
24046
0.2714
0.3133

values keSS than effective mit of quantitaton (ELOG or LOQN - (valua)
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ICP-MS analytical data Sr. Lawrence fluonte and ralated samples

Sample # SUVVIARA SOVVARD SCVVIARC SUVVIAIALY  SDMS-2-A  SDMS-1-B EDME4  5Y-2 (H}) SY-20) YWD ST-2(0) SY-24) fa BTl SY-HE) Y-
Anabysl dabe  224M91 22-Oct-91 LA Edul0  15Marw USMarB? 130 ?? KAuwdl Ihep-RT 25-Jukon -ld00  13Mar-89 ISMarFF 1SR ApcBR 1-Ap-
Dosobtion Batic Ackd__ Horic Ackd _ HE/HNO)  HFATROY  NaJOZ 8 Na2Ol Sist WFHNO}  Borie Ackd  HFAINGY  HF/HNO1  HE/MNOY  KalG? St NelO? Sl Nad? St NadO2 S
u < 0.7 < 0.7 2.2 LX) 59.0 249 HU P 9%.4 [a.]
He < 4 < 4 0.4) ©.5 18.2 (2 4.5 242
S <8 <6 <2 2) <2 (61 9 g
v < LR < |8 7 6 < 1. 14.y 51 31
r < 2o < 26 < d < 4 < 4 < 26 A 212
Cu 271K 49.6 < 31 5.4
£ (5] n (56) L
<m0 540.0 139
[SENRY 928 5.6 4.7 36.3
1859 0.6 551.2 T84 a4 Y50
< .4 < 4 LR ) . 127y 344 63.1
0.9 18] 0.1 4.3 &5 (G
Q.24 D41 0% . 4.1 030
w.on WO < 1,13 6.27 [Ler}]
Finda iR 4K16.3 $30,3 482 20

A6 2361 k%2 . 4170 2534 61378
43,723 o A R4 . 75,47 5468 143308
1083 T 1.44 %.73 6,39 i7118
LT 26.34 117 29.02 22R0 64 b5
*.90 .45 5.04 . 1.56 5.03 1101
[t ) [Tr ] 004 . < 0.3 0.03 2031
EN 2] 5.99 L3.89 R 134 308 14.74
1.078 (S E] 350 A . 1.1 1.08 2424
11.82 9.3 wua 1270 16.51
167 247 SR L3 1% 1.93 1699
¥.51 x™ 14.1% .71 120
1ons 1.482 1.73 . L.he 1.869
14.07 12.24 9.8} . 1182 1219
bR 1 1.99] 1.2 1.0 1.742

E R [ B T 0.1 479 .05
028 LNRY 0.9 qQ. 017 < 3011
Vs <008 €013 . W%
ns Nty LLY | ROY
< 007 o) 10.04) {0.EN . n.16 .
<0 < s D% 156,70 W1 % . 2 35417
(WL TN 09 LA ] 24108

P00 P N7 25N 28 1.2108 9IS 7.7
PR TN G488 01347 28004 4450 40323
MRS Q0D [ORLLL 0.42%0 VRS L) 0.1575 4.1208 0.1253 0.1294
RAI? i 0.0t 0,50 23145

valies lepa than kit of peiochon ILOD - <LOD values iz Than eftective it of quarttatson (ELDQ or LOQY - tvahse}




XRF

The vein and host rock samples were analyzed by XRF for selected trace and

major (some scemi-quantitative) elements using a pressed powder pellet technique.

Samples SDMS-4, BBS-84-64 and CV-6 were analyzed for quantitative major elements
using a fused bead XRF method. Two control samples were used to monitor the precision
and accuracy (Ca and Si only) of the method for fluorite analysis. These samples were:
(1) National Burcau of Standards (NBS) reference material 79a (acid-grade fluorspar
concentrate); and (2) an internal control sample GNV-7 (coarsely crystalline fluorite)
which was also extensively analyzed for trace elements by ICP-MS. An outline of the
analytical method and tabulation of results from standards and samples are presented in
the following section.

This brief outline of the analytical procedure and discussion of detection limits is
taken primarily from Longerich (in press). The XRF data for the study was obtained
using a FISONS/ARL 8420+ sequential wavelength dispersive X-ray spectrometer, 1tis
cquipped with one goniometer that is capable of holding 6 analyzing crystals. In this
study § crystals were used, including a LiF200-H crystal, which is specially treated for
enhanced heavy element sensitivity, Al samples, including control samples and
standurds, were prepared as pressed pellets using the standard sample preparation
procedure:

I weigh 5.00 ¢ (£ 0.10 g) of sample powder into a clean 100 ml glass jar

2 add 0.70 g (£ 0.10 g) of BRP-5933 Bakelite phenolic resin to the sample

(add up to 0.05 g more or less for samples of lower or higher density than average
silicate rocks)

3 mix powder well with spatula, add two clean 13 mm stainless steel ball
bearing and firmty place a clean plastic 1id on the jar
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4 place the jar on a roller mixer for 10 minutes to thoroughly mix the powder
and resin

5 carefully transfer the mixed sample into a cleaned Herzog peliet press (29
mm diameter mould) and press at a pressure of 20 tonne for § seconds

6 place pressed pellet on a flat stainless steel sheet and bake it an oven at
200°C for 15 minutes

7 label pellet on the side which was adjacent to the metal sheetand store in a
clean container
The “Poisson™ limit of dctection (LOD), from Poisson counting statistics, is
determined for each individual run, The vialue is reported as 3 (imes the Poisson standard
deviation of the blanks of all pellets in the run. The LOD, presented in the table below,
was compiled by Longerich (in press) from the means of 5 individual runs, e found a
general agreement betwecen the Poisson and Average rock (calculated from a 8i0), blank
pellet) indicating that the variation in the LOD is pramarily due to counting statistics
alone and other sources of error make only a small contribution to the total variance. The
following Poisson LOD values (LLongerich, in press) were used in the statistical analysis
of the samples from this study. The limit of quantification (I.OQ) was esimated as §0

times the Poisson standard deviation (or 3.33 timcs the LOD).




Poisson limits of detection for XRF analyses (pressed pellet)

Element L.OD LOQ Element LOD LOQ
Sio, 006% 020% S¢ 6 ppm 20 ppm
TiO, .002% .007% \Y 6 ppm 20 ppm
ALO, 004% .013% Cr 7 ppm 23 ppm
[Fe,O, 002% .007% Nj 4 ppm 13 ppm
MnO .001% .003% Cu 3 ppm 10 ppm
MgO .010% 03% Zn 2 ppm 7 ppm
CaO 002% .007% Ga 2 ppm 7 ppm
Na,O 010% .03% As 13 ppm 43 ppm
K,O0 .010% .03% Rb 0.7 ppm 2 ppm
P,0, .003% 01% Sr 1.1 ppm 4 ppm
Y 0.6 ppm 2 ppm
S 11 ppm 37 ppm Zr 1.0ppm 3 ppm
Cl 20 ppm 67 ppm Nb 0.6 ppm 2 ppm
Ba 18 ppm 60 ppm
Ce 36 ppm 120 ppm
Pb 4 ppm 13 ppm
Th 3 ppm 10 ppm
U 3 ppm 10 ppm
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Pinorite Reference Matesial \NBX-792

T All Ba wnd Sr asaumed W occur s accessary culphats phuses
> All RU:LS and ¥ ameumed 0 avcwr w Nuonide

Values loss than the bt of detectian A0)) - < 1.0O))
Valucs less thn the Limit of quuntificabon 10Q) - tvabscy

XRF snalysis (pressed pellet)
R s TOOTCST _TOIORTIA  T9IIAT _‘_INOHUT._LW!Q;"I‘L_Tﬂ{NMT T ™iioT _
Major elemenis e T )
sio2 2.15% 1.26% [ 1 ] 1.29% 1. u4 LA 1.
T2 <0.000% <09 PN Al TRRFSY[ VPl SYURERUIRTVIE ¥ WHOMET O
AL2OD 0.000% 0.1308% 0.4 N8 0.1Une O o TRPEY VAN
Fe203 0,000% 0(X0¥ [Fh34 ) 0.084% 71T XL Y XL OT
M=20 <OMNE  <OME  WHaEld) <comF AN chaite o)
M0 <UVDIOS <OUII% <ULIUS  <UDWE  CUUBUS  <COMB% clvive
(%] 1% 0.3% 2.3% RN R THY OB .66
Na20 <0.010% <O.DIOS (0.025%) <UL.OIVE  <Yotud  <OUILS O
X0 <0urs% <0.02% U.imnes 0.007% oaTs oane 0.
P28 ©.N%) <OMUIS (G761 PO0EE1  (LUSe)  (Omxd) e dad)
S ppm 08 542 0 [N “«» o L
Clppm 100 (& ] 1% AR 124 1”2 in
Lol 108 1 WS
Trace alements
- pa 45 “® &8 " N »
v < <6 <é <6 <b () 1ty
Cr <7 ({0} us [{L]] an (an ns
N <4 <4 <4 <3 M % <d
Cu " 1] o) [{{U] (v 3] s
yz3 ] <? 17 ? Y Wy 2
[p 93 <? <? * <2 <2 <z <?
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Fluorite Contrnl Sample CNV-7

220

XRF nnslysls {preesed prilnt) Moplicair aralysisn « 7
R ¥ Towmiar T YoImiaT_ I00nmT T ToinoioT _ 19100 TOI0NA moe (1) RSD =SEm
Mujyor olaments
AN IR~ 3 | 0.9% 0.627% 0.573% 0.584% 0.6598 0.4554 0.6008 0.042% % 0.037%
T2 <hRK  <COURK <UMMmE  <HURE  <OHNrS <0uME  <0.002% <0.0n% NA NA NA
A203 0UIXE  0.UN%) DATUK (VONSK) (UUIR) 0ON%  lorK) ©.013%8) Olv6s 99 0.008%
1'220) 0.Mms [oX) 51 9 omis 0.0ns [1X{s.9 ] VA4S 0.005% 0.8 % 0.003% s 0.00%
Manl) <HUNK  <U0R2% <0unNf <QuPRL <Omlf <oors <00ms <0.002% NA NA NA
Mgt) <0LIOR  <LIWUE <Oyr08 <0.0]0% <0.010K <D0.0108 <0010% <0.010% NA NA NA
(%] 7. 21,38 71.3% 71.0% n.9% nia 0.k8 TIS% 0.x% 18 0.6%
NuH) <OOUR  <00l0X  <OOINE  <ODIDS  <0.0)0X  <ODOK  <0.010% <0.010% NA NA NA
K <0URS <OUMS  <UORS <OUrS <oU2K <OMrS  <D.ORS% <0.00% NA KA NA
PO <OONKE  cOUNE  <OaANK  <OOMR  <OOK  <OMIE  <ONIS <0.003 8 NA NA NA
S pprn on i) 10n& Suh 984 98 g 1oy 56 5% 42
Clppm 0 wy w2 [+ 31] (36 3 ) s n 49 W
101 1 06K 1.us 1138 0.07% (3] 0.108
Voirs sLrmonts
S 53 45 W 57 h o o “ 7 134 3
v <6 <t <8 <6 <6 @ <6 <6 NA NA NA
Cr <? iy 1y 0 < 41 &) [§15] s “% 4
Ni <4 <d cd <4 <4 <4 <4 < NA NA NA
'y ke 74 n " n o] n ] 3 s 2
n 2 <? a <? <? <2 <2 5 7 136% [
(u 1} n -1 9 ] L] 13 14 1 478 5
As <13 <{} cn <13 <y < <|3 <i3 NA NA NA
Rb <u? <0.? <0.7 <0.7 <u.7 <0.7 (L4 <(0.? NA NA NA
K¢ 0s [ ~ 3 o “ X3 3 1.2 2% 0.9
Y 532 %) m ™ T2 ™ ™ i 13 2% 12
Yz <l.0 <y <1.0 <10 <to <)a <10 <10 NA NA NA
Nb <06 <ab [{RY] a.m 2 (L3 [{ B} (1.3 Q.7 N 0s
Ha (A1) 182 13 1 16 <8 188 10 R WU 49
Ce <M <M <M <\ <M <3 <36 <) NA RA NA
(L3 o8 NS S nd =y 23 32 1 .| is 3
™ <3 <) (=)} <! <3 <2 8 <3 NA NA NA
u <) <3 <3 <} <3 (&) <3 <3 NA NA NA
Cale whitrd -2y 5D RSQ 8L
a2 SIN% .03 o .A% AT [ X1 ) 1m.2s cx.6% 0.6% L.2% 1% (128 §
S 0.5 % 0.0081% O AT 0.474% 0.584% 0.680% 0.3%% 0.00% 0029 7% 0.014%
fy" L wis wie wis ox 4k [ B 101 4% W% 9.1% 1.29% K3 0.4%
U 02188 0.20% 0.3 0.MN% 0.307% 0.M3% 0% 0.316% 0.02% 7% 0008%
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St. Lawrence fluorite - XRF {pressed pellet) analytical data

subscripts: value 1s average of {1) duplicate: (2) triplicate: or {3) more than 3 analyses

Sumphe AZ2 AZ-4 BB-84-11 BBS-8464 BBV.2.A BBV.2.B BBV-2-C BBV-2.D BBV-2.E
MUN # M1631 M1632 M1633 M2000 M543 M154S M1634 MS67 M1546
Mugfore (%}

Si02 14.670 67.096 1.366 B2.109 0.183 O 158 0.528 0.197 2.211

TO2 0.229 0.132 0.019 0.082 < 0.002 < 0.002 < 0,002 < 0,002 < 0.002

Al203 10.904 7.268 0.1B3 8046 < 0.004 < 0.004 0.018 0.041 (0.013)

Fe203 1.910 1.266 0.341 1.776 0.052 0.055 0.290 0.105 0.011

MnO 0.055 0.095 0.023 0.010 < 0.002 < 0.002 < 0.002 < 0.002 < 0.002

MpO < 0.010 < 0.010 < 0.010 {0.019; < 0.010 < 0.010 < 0.010 < 0.010 < 0.0i0

Ca0 4.546 17.510 67.068 0.660 604 76,172 32,942 73,142 71.984

Nal0 2.351 < 0.010 < 0.010 2.3719 < G.010 < 0.010 < 0.010 < 0010 < 0.010

K20 5.212 5829 0.042 3.544 < 0.002 < 0.002 < 0.002 < 0.002 < 0.002

P05 0.01% 0.013 0.013 < (.003 10.005) {(0.008) (0.008) < 0.003 {0.006}
Traces (ppm)

1 < 6 < 6 {6} < 6 <6 <6 <6 < 6 <6

Cr (8) <7 (%) {13 (N <7 (123 <7 (11}

Ni < 4 < 4 < 3 < 4 < 4 < 4 < 4 < 4 < 4

Cu 2 1508 0 ()] a7 M 9795 601 g

Zu 427 193 13} 20 2248 216 1775 26 <2

Ga 50 (&)} <2 18 <2 <2 6250 12 27

As 114 < 13 < 13 <13 < 13 < 13 <13 < 13 < 13

Kb 2846 o827 a2 199.6 < Q.7 < 0.7 < 0.7 < 0.7 0.7

Sr 28.% 260 69.1 11.3 356 0.0 23 1320 144.8

Y o6 8 97.5 1014.5 129.8 662.2 521.7 4927 1371.0 1426.1

Ir 291.2 2369 129N 341.6 < .G {11 < 1.0 <10 < i.0

Nb 4.0 288 < 0.6 51.2 {1.4 (1.8} 8.2 29 3.2

Ba 1231 . | 3338 g4 < 18 126 < 18 (4 B < 18

Ce (73) o5z < 1o 135 138) [EE) < 36 < 36 < 36

Pt S003 Boo 208 s 1158 1205 T09380 6553 8672

Th N 10 <X 0 <3 < 3 < 3 14 <3

U (4 13) <3 W <3 < 3 91 <2 <3

values less than the limit of detection {LOD} - <LOD

values less than limit of quantitation {LOQ] - [valuel

BBV.2.F BBV-2-G BBV-2.H
__M1547 MIi548 M1635
0.356 12.380 1.982

< 0.002 < 0.002 < 0.002
0.017 0.067 0.020
0.007 .12} 0.076

< 0.002 < 0.002 {0.003)
< 0.010 < 0.010 < 0.0{0
71.485 4323 T1.706
< 0.010 1.393 0 087
< 0.002 0021 < 0.002
(0.010) 0.012 0.012
<6 <6 {6)
<? 225 114

< 4 172 25

41 488 40

432 160481 6211

104 1480 )

< 13 < 13 < 13
{1.3) < 0.7 < 0.7
i16.8 44 4 119.1
1294 4 6119 1205.3
< 1.0 <14 < 1.0
23] 5.0 < 0.6

< 18 < 18 22)

< 36 < 16 < 36
20984 182558 3751
") n <3

< 3 23 < 3

-

LYY

—_—




S1. Lawrence fluorite - XRF {pressed peller) analytical data subscripts: value 15 average of {11 duplicate; (2) 1nplhcare; or (3} more than 3 analyses

Sample CPV4-A CPV-A-B CPVA.C CPVAD CPVAE CPVAF CPVAG Cv-4 OGNV GNV-8-A GNV-8-B GNV-8.C
MUN # M1550 M 1636 M1637 M1638 A{155] M1552 M1553 M 1998 AVERAGE A11553 A1555 M1556
Majors (%)

5i02 10.85% 1.085 2.694 3.748 64,037 26.838 16914 5893 0.600 2493 030 0.101

TO2 (0.004) < 0.002 < 0.002 < 0.002 0.024 < 0002 < 0.002 1.018 < 0.002 0.022 < 0.001 < 0.002

Al203 0.192 0.032 0104 0.059 1.678 0.242 0.088 22906 {0.013) 0.623 0.07} (0 006}

Fe203 0.208 0.053 0.054 0.032 0.715 0.18} 0.18] 8133 0.028 0.25% 0.057 0.033

MnD 0.000 < 0002 < 0.002 10.003) 0.008 {0.004) 10.003) 0.069 < 0.002 0.012 {0.003%) < 0002

MO < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 2.257 < 0.010 < 0.010 < 0.010 < 0.010

Ca0 66.067 74.527 73.329 75.264 32584 60.200 66.328 0.785 71.538 72.865 75,458 T6.194

NaZ0 < 0.010 0.076 0.303 < 0.010 < 0,010 < 0.010 < 0.010 Q694 < .00 0.142 < 0.010 < 010

K20 0.099 (0.005) 0.046 0.012 1.216 0.136 0.02% 5.386 < D.002 0.128 0.007 < 0.002

P0S < 0.003 < 0.003 10.003) < 0.003 < 0.003 < 0.003 < 0.003 0.120 < 0.003 0.012 < 0.003 < 0.003
Tracer (ppm)

v < 6 <6 < 6 < 6 <6 <& <6 t35 <0 <6 < 6 <6

Cr i51 b3 47 <7 723 ({3 [d] 138 {10) (20) tid) (8)

Ni kK [t} {10} < 4 184 < 4 < 4 51 < 4 < 4 < 4 < 4

Cu (7 8) 9} N 14 <3 {6) {10y 78 38 12 .Y

Zn <2 <2 <2 < 2 <2 <2 <2 7 3) 210 12 <2

Ga < 2 <2 < 2 <2 < 2 <2 <2 33 14 <2 <2 <32

As < 13 <13 < 13 < 13 < 13 <13 {19 < 13 < i3 < 13 < 13 < 13

Rb B.2 (0.7 < 0.7 < 0,7 853 19.1 (1.B} 313.1 < 0.7 6.2 < 0.7 < Q.7

Sr 183.7 106.7 769 T79.2 314 54.) 65.8 47.2 65.6 87.5 8.1 T?.8

Y 365.7 486.4 39509 355.4 147.1 2477 3573 43.0 T88.6 4515 926.3 8515

Zr 1. < 1.0 <10 <10 86.2 10.3 (2.6) 1472 < 1.0 6.1 (1.7 <10

Nb 32 < 0.6 < 0.6 < 0.6 14,4 3.0 (1. 17.1 < 0.6 23 (1.7 {1.6)

Ba 20055 457 137 341 435 388 T46 989 134 66 2N < I8

Ce < 36 (82) 50N (84) (50) (oY) (55) 123 < 36 257 [§:1 187

[} 19 18 23 (12} 51 44 105 o 5189 267 49 30

Th <3 <3 <3 <3 {$) <3 {4) 13 <3 (63 <3 <3

U <3 <3 <3 <3 {3) <3 <3 (4) ~ 3 <3 <3 {4)

[444

values tess than the limit of detection {LOD} - <LOD values less than himit of quantitation (LOQ} - {value}




St. Lawrence tiyorite - XRF (pressed pellet] analytical data subscripts: vafue is average of (1) duplicate; {2} triplicate; or (3} more than 3 analyses

Sample GNV-8-D GNV.B.E GNV.&F OGNV.8.G GNV-8-H GNV-2I GNV.8.} GNV.8.K GNV.E8.L GNV-E-M GNV-8-N GNV-BO
MUN # M1557 M1558 M1559 M1560 M1561 MI1&39 M1562 M568 M1563 Mi564 M1565 M1640,
Majart ()

§i02 0.321 0.175 0.155 0.081 0.371 0.327 0.070 0.072 0.269 0.123 0.282 1.714%
T2 < (.002 < 0.002 < 0.002 < 0,002 {0.005) {0.002) < 0002 < 0.002 < 0.002 < 0.002 < 0.002 0.014
Al2Q3 10.008) (0.005) 0.03% < 0.004 0072 0.088 < 0.004 < 0.004 0.072 0.030 0.083 0.5
Fe203 0.055 0.028 0.027 0.070 0.063 0.036 0061 0.02% 0.103 2.534 3.93g 6,455
MnQ < 0.002 < $.002 < 0.002 < 0.002 < 0.002 {0.003) < 0.00Z < 0.002 {0.002) 0.012 0.027 0.048
MO < 0.010 < 0.0{0 < 0010 < 0.010 < 0.010 < 0.010 < 6.010 < 0.010 < 0.00 < 0.010 < Q.010 < 0.010
Cad) 74186 75.744 74.198 75.556 4567 75.583 74,188 75.853 74.738 72.408 12,607 66.084
Na2Q < 0.010 < 0.0i0 < 0.010 < 0.010 0172 0.244 < ¢.010 < 0.010 0.038 < 0.010 < 0.01¢ < 0.010
K20 < 0.007 < 0.002 < 0.002 < 0.002 0.m7 0.026 < £.002 < 0002 0.046 < 0.002 10.003) 0.976
P20S (0.006) < 0.003 (0.003) (0.004) (Q.005} (0,009 (0.006) 0.007) (0.005) (O 005) 0.020 0.015

Traees {ppm)
v < 6 <0 <6 < 6 < 6 <6 < 6 < 6 < 6 <6 < 6 < 6
Cr [§11)) < 7 (10 8) y <7 193 (&]] (18) 113; (7 23
Ni < 4 < 4 < 3 < 4 < 4 < 4 < 4 < 4 < 4 < 4 < 4 < 4
1 Cu 14 14 ) (9 44 15 58 22 37 26 i+ 330
v &n <2 <2 <3 < 2 <2 <2 <2 < 2 <2 <2 75 447
1 Ga < 2 < 2 <2 < 2 <2 <2 <2 <2 <2 < <2 <2
; As < 13 < 13 < 13 < 13 < 13 < 13 < 13 < 13 <13 < 13 (26} 102
) Rb < 0.7 < 07 < 0.7 < 0.7 < 0.7 < Q.7 < 0.7 < 0.7 < 07 1.0 0. 4.1
Sr 813 $8.9 29 51.0 158 42,7 4.9 55.5 56.1 390 435 56.7
Y 1467 4 R 8828 7428 183a 6729 421.1 591.8 5952 1953 84B.1 25
Zr (1.21 11.0% < 1.0 < 1.0 (1.3) < 1.0 <10 < 1.0 <10 <10 < 1.0 < 1.0
Nk 3.2 1.3 2.2 (1.5 (16 < 0.6 1. .5 (1.4) (12} (1.9) < 0.6
Ba (2% < 18 < 18 < I8 91 104 < 18 87 4 < 18 121) 289
Ce 203 1120 {41 185) (48) (80 15 139} {81 < 36 153) (37
Fr 1 o 27 ag 1 20 22 19 30 125 383 665
Th &) < 2 < 3 < 3 <3 <3 <2 <3 < 3 <3 <3 <3
U < 3 P < 3 < 3 <} < 3 <3 <3 < 3 <3 (6) <3

values (ess than the it of detection (LOD) - <LOD values less than limut of quanttation (LOQ! - [vaiuel




St. Lawrence fluonte - XRF (pressed peliet) analyt.cal data

Sampie
MUN ¥

GNV-8-P

Mi1641

HCT-111
MI1642

HCT-187
M1643

HCT-188
MI1644

HEV-1-A
M1566

subscripts: value is average of {1} duplicate; (2] triplicate; ot {3) more than 3 analyses

HEV-l-B HEV-1-C

M 1567

MIiSo8

HEV-1-D
MIS69

HEV-1-E
M1570

1sV-1.A
MI5?H

1sV-1-B
MLST2

Isv.1-C
MisaS

Muyore (%)
Si02
TiO2

Al203
Fe203
MnO
MgO
Ca0
Na20
K20
P25

Traces {ppm)
v
Cr

Ni
Cu
Zn
Ga
Ag
Rb
Sr

Y
Zr
Nb
Ba
Ce
Ph
Th

U

1167
0.04%
1.578
80.905
0.278

< 0.010
4,949
0.082
0314
0.081

(10
101

3l
2118
7049

56

218
17.5
239

268.5

7.5

23

765
{63)

B654
<3

0

80.339
0.125
11.984
2.256
(0.006)
< 0.010
0.506
3.786
4.791
{0.004)

< 6
<7

< 4
<3
<2
o

8.8

79.615
0.055
12.488
1.280
0.027

< 0.0i0
0.151
4114
4,653
(0.004}

75.700
0.055
12.383
0.964
0.040

< 0.010
1.795
5.820
2.310
{0.005)

values less than the limit of detection {LOD) - <LOD

11.539
0.012
0.583
0.110

< 0.002
< 0.010
67.424
<0010
0 247
{D.009)

0.287
< 0.002
0.022
0.068
< 0.002
< 0.010
74.23]
< 0.010
< 0.002
0.012

0.328
< 0.002
0.049
0.166
< 0.002
< 0.010
.21
0.098
(0.006)
0.017

1.384

< 0.002
{0.011)

0.044

< 0.002
< 0.010
24.993

< 0.0]10
< 0.002
{0.009)

values less than limit of quantitation (LOQ) - (valuel

1.321

< 0.002
0.019
0.117
{0.002)
< 0,010
68.652
< 0.010
< 0.002
(0.009)

5320

< 0.002
0.192
0.108
0.214

< 0.010
70657
(0.019)
0.039
0.023

5359
0.014
0.462
0.173
0.106

< 0.010
70.508
0.195
0.104
0.031

< é
65

19
1]
25

<
< 13
4.7

905 .4

3.3
409

<3
<3

2152
Q.01
0.288
0.346
0.123

< 0.010
71.862
< 0.010
0.051
0.027




St. Lawrence fluorite - XRF {pressed pellet) analytical data

Sample
MUN ¥

ISV-1-D
M1646

ISV-1-E
M1573

ISV-1-F
MI1574

IsV-1-G
M565

LBV-T7-A
MI1575

subscripts: value is average of {1} duplicate; (2} triplicate; or {3} more than 3 analyses

LBV-7-B
M1576

LBV-7-C!
AVERAGE

LBV-7-D
M1578

LBV-7-E
M15719

LBV-7-F
MI1580

LBV-T-G
M1&47

LP-2-A
MI648

Majory (%)
Si02
T2

Al203
Fe203
MnO
MgO
Ca
Na2Q
K20
P20S5

Traces {ppm)

v
Cr

0.842
0.020
0.212
0.807
0.014

< 0.010
10.112
< 0.010
0.021
0.028

0.078
< 0.007
< 0.004

0.043
(0 004)
< 0.010
T1.278
< 0.010
< 0.002
(0.005)

0.308

< 0.002
0.033
0.503
(0.004)
< 0.010
72518
< Q.010
< 0.002
(0.005)

< 6
0y

< 4
1335
77

< 2
< 13
< 0.7
30.7
578.5

510

<3

0.080
< 0.002
10.005)

0.248
(0.003)
< 0.010
72.490
< 4.010
< 0.002
< 0.003

vatues less than the hmit of detecuon (LOD) - <LOD

10.757
0.055
1.205
0.524
0.024

< Q010

33.115

< 0.010
0.489
G010

<6
208

18

9.82S
0.022
0.355
0.227
< 0.002
< 0.01Q
28.459
< 0.010
0.117
10.006)

<6

12

732
<2

<6
443

49
150
278
<2

< 13
25
8376.4
134.7
8.8
1.5y
539917
< 36
< Jd
<}

< 1

7.375
0.021
0.131
< Q002
< 0002
< 0.010
[D.8]2
< 0.010
0.037
< 0 D03

<6
487

52
176
4]
<2

< 13
4.7
7841.0
171.4
555
(1.2)
532416
< 36
a8
<3

< 3

values less than hmut of quantitation (LOQ - (value)

1.443
0.00%
0.095
< 0.002
< 0.002
< 0.010
38,717
< 0010
0.019
(0.005)

<6

229

20
ti

< 2

2.6

0.369
< 0.002
0.126
< 0.002
< 0.002
< 0.010
32.805
0.180
0.030
(0 005)

<6

228

%
147
26560
<2
169
5.4
4311.7
330.2
273
23
316486
< 36

i 1537
< 2
<3

0.594
0.043
0.5
< 0.002
« 0.002
< 0.010
1.874
«< 0.010
0.058
0.010

<6
668

19

113
1844
< 2
(1)
35
6407.1
2.7

< 1.0
22

666963
< 36

<3
11

21.761
0.009
0.983
0.081
0.312

< 0.010

58.632

OHn
0.590

{0.007)

<6
(i5)
< 4
n
208
<2

nz

5.2




5t. Lawrence Huonte - XRF (gressed pellet} analyucal data

Sample
MUN #

LP-2-8
M1649

Lp-2C
M1382

LP-2-D
M1650

LP-2-E
M1383

subscrpts: value 1s average of (1) duphcate; (2) triplicate; or {3] more than 3 analyses

Lp-2-]
M1651 AVERAGE

M1653

Mi654

M1587

M1655

NBS-T9A’ SCVV(A)-A SCVV(A)B SCVV(A)I-C SDMS-2-A SDMS.2.B

M1656

Majors (%8)
5102
Tio2

ALZO3
Fe203
MnQ
MgO
Ca0
Na20O
K20
P05

Traces (ppm}
v
Cr

Ni
Cu
Zn
Ga
As
Rb
Sr

cFFOFPEN«

27.594
(0.004)
0.126
0.095
< 0.002
< 0.010
431.676
< 0.010
0.041
(0.007)

<6
3

81

158
43
<2

< 13
4.0
25341
376.5
< 1.0
< 0.8
118161
< 36
1252
<3
(5

2.898
< 0.002
(0.009)
< 0.002
< 0.002
< 0.010
Tt.247
< 0.010
< 0.002
< 0.003

values less than the limit of detection (LOD) - <LOD

75286
< 0.002
0.173
0.025

< 0,002
< 0.010
25.486
< 0.010
0.035
{0.004)

1.300
{0.004)
0.171
0.058

< 0.002
< 0.010
70.317
< 0.010
0.007
{0.008)

< b
(14

< 4
N

9
<2
(28)
< 0.7
s N
{1.8)
(1.1)
< 0.6
35
< 36
27
<3
<3

4.255
< 0.002
0025
0.061
0.1s
< 0.010
70.906
< QMo
< 0.002
< 0003

12.388
< 0.002
0.061
0.112
D.487
< 0.010
65.659
< 0.010
(0.004)
(0.004)

<6
29

< 4
47
24

<2

< 13
< 0.7
81.2
209.6
< 1.0
<06

211

(09)
158%

<3

<3

valugs less than limit of quantitation (LOQ) - {valuel

0.526
< J.092
0.021
Q.088
0.011

< 0.010
75.284
< 0.010
< 0.002
0.010

102 166
0.010
4.390
0.242

(0.004)

< 0.010
0.263
0.545
2.447
0.015

79,343
0.063
12.859
1.446
9.019

< 0.010
0.299
4.408
4.437
{0.006)

<6
< ?

< 4
<3
36
28

3186
56
80.5

596
Rk

55
16

>
[
L=




5t. Lawrence tluarite - XAF {pressed pellet) analyucat gata

subscripis: value is average of (1] duphcate; (2} teiphcate; or 13) mare than 3 analyses

Sample SDMS-4
MUN # M 1999

Majors (%)
$i02 T1.555
TiO2 0.058
AlYO3 11.361
Fe203 t.506
MrO 0.016
MgO < 0.010
Cal 0.047
Nal2O A6
K20 4.527
P205 < 0.003

Fraces (ppm)
A

values less than the hmit of detection (LOD} - < LOD values less than mit of quanttation (ILOQ) - (vaiue)




Appendix 2

Fluid inclusion Data




2

Samiples for fluid inclusion analyvsis were cut into thin stabs to separate individual
growth zones within hand samples of vein material. A water cooled diamond saw was
used 1o cut the samples. The fluorite and carbonate samples were relatively soft, so
overheating during cutting was not a problem. Extra care was taken not to overheat the
harder silica rich samples. The thin slabs were ground and polished to produce doubly
polished wafers on which the microthermometric measurements were made,

The fluid inclusion study was conducted using a modificd USGS heating and
lreezing stage. Since most of the inclusions homogenised at relatively low temperatures,
heating experiments were carmied out first, followed by freezing experiments. 11 was
considered thal expansion on {reezing would have a higher potential for siretching the
inclusions than expansion involved in the low temperature heating measurements.
Reproducibility of both temperature and salinity measurements indicate that stretching
was not a probiem in most of the samples studied.

Calibration was periodically conducted using both seagent standards and synthelic

fluid inclusions. Early work, calibrated with reagent standards and  distilled  waler

indicaled less than 1 degree variance between 250°C and 0°C and a correction Tactor of
only plus 2°C at 400°C. Later calibrations, using a wide range of svnthetic fluid
inclusions indicate deviations of Jess than 1"C up to 375°Cand as low as -56"C. Distilled
water consistently indicated ice melting temperatures near 0°C.

The fluid inclusion data are listed in the following section.  For sample

descriptions and vein locations, see text.




Flwg inclusion measurements S1. Lawrence Fluorspar Deposits

Sample Mineral  tmleuty __Tm(hyd) __ TmGce) _NaClegh
ADB8A Fluonte 250 <251 251
AD-8 A Fluorite -12.4 24.0
ADB A Flunrite D44 284 249
ADS8.A Fluorite 278 -27.8 263
ADBA Fluore -30.3 -30.3 26.3
AD-8-A Fluonte -30.8 -34.4 250
ADSRA Fluorite 24 40
AD 8A Fluorite 4.6 73
ADSB Fluorite -10.0 14.0
ADEB Fluorite ~24.5 28.0
AD 8B fluorite . =229 247

AZ-1.A Fluonte 228, -1 240
AZ-1-A Fluorite 9.5 27
AZ--A Fluorite . 78
AZ-1 A Fluorite S
AZ-1-A Fluorite 10.8
AZ-1-A Fluvrite 15.2
AZ-1-A Fluarile g0
AZ-1-A Fluoritc 16
AZ 1A Fluorilc 37
AZ-V-A Fluorile . 8.5

il ading
[ EREE-Y

Vo
(VIRV}
PN

-J-
™

AZ-1B Fluorile . 6.1
A7 1B Fluorile i 72
A7 18 Fluorile . 12.8
AZ-1 B Fluorite 55
AZ-1 B Fluoric . . 240
AZ 1B Flaarite -)0. 13.5
AZ1R IFluorite . 13.3
AZ 1 fluorie . 9.4
AZ:1 B fluorien . 10.4
AZ 1B Fluouite -6. 9.9

AZ-I.C Floeorie 6.6
AZ-1-C Fluonite 7.8
AZ1-C Fluorite 13.8
AZ-}-C Fluorite . 133
AZ-1-C Fluorite 12.6
AZ 1€ Fluoeite 11.0
AZ-1-C Fluorite 15.2
AZ-.C Fluorite 16.1
AZ-1.C Fluorite . 5.6
AZ-1.C Fluorite . 2.8

AZIB Fluorite 213
AZ-3B Fluorite
AZ-3B ¥luorite
AZ-3-B Fluorile
A7Z-3B Eluonie
AZ38 Fluorite
AZ-3B Fluorite
AZ-3R Fluurie
AZ-3-B Fluorite
AZ-38 Fluorite

D2CU0Y Fluonite




Fluid inclusion measurements St. Lawrence Fluorspar Deposits

Sample__ Mineral ____ Tm(eut)  _Tw(hyd} Tued) NalCl g%
D2C(30) Fluorite 973 132
D2C30") Fluorile 8.6 12.4
D2C(30) Fluonie 213 25 0
D2C(30) Fluonte oy 241
D2C(30%) Fluonite -10.3 143
D2C(30°%) Fluorite <33 38
D2C(30%) Fluorite -20.B Na
DAC(30") Fluorite 3.4 7.0
D2C(30Y) Fluontc .8 76

D3C(79°) Fluornite <. 25.0
D3C(79’) Floarite -28. 263
DAIC(79") Fluorite . 16.6
D3C(79') Fluorile -18. 188
D3C(79 Fluorile 262
D3C(79) Fluorite 7. 109
D3C(79) Fluorue 33 16 2
D3C(79%) Fluorite 2 25)
D3C(79%) Fluorite - 12.9
D3C(79) Fluorite 413

D3C(140°) Fluorite
D3C(140) Fluorite
DAC(140%) Fluorite
D3C(140") Fluorite
D3C(140% Fluonite
D3C(140%) Fluorite
DAC(L40°) Fluorite
D3C(140) Fluorite
D3C(140%) Fluorile
D3C(140) Fluorite

BBV-2-A Fluonite
BBV-2-A Fluorile
BBV-2-A Fluorile
BBV-2.A Fluorite
BBV-2-A Fluorite
BBV-2-A Fluorile
BBV-2-A Flaorile
BBV-2-A Fluorite
8BV-2-A Fluonte
BBV-21.A Fluorile

BBV-2-B Fluaric
BBV-2-B Fluorite
8BV-2-B Fluonte
BBV-2-B Fluorite
BBV-2-B Fluarite
BBV-21-C Fluonte
BBV-2-C Fluoriie
BBV-2-C Fluorilc
BBV-2-C Fluotite
BBV-2.C Fluorite
BBV-2-C Fluorite
BBV.2-C Fiuorite
BBV-2-C Fluornite




Fiuid inclusion mMeasurcments

Sample

BBV-2.0
BBV-2-D
RBV-2.D
BRV-2-D
B8V-2.D
BBV.2.D
RRAV-2-D
BBV-2-D
BBV-2 D
BRAV-2-D

B8BV-2.E
8BV-2-k
BBV-2-E
BBV-2-L
BBV-2-E
BBV-2 E
ABRV-2 E
BRV.2 E
BRV-2-E
BBV-2 B

BBV-2 F
BBV-2 ¥
BBV-2
RBV-2-F
BRV-2.§*
BRV-2-P
RBV-2-F
BBV-2-F
BBV-2-F
BRBV-2-F

BBV-2-G
BBV-2-G
BRV-2-G
BRV-2-G
BBV-2-G
RBV-2-G
BRV-2-G
BBV-2-G
BRV-2 G
B8BV-2.G

BRV.2 It
BBV-2-H
BBV-2 U1
ARV-2-1
BBV 2.1
BBY-2-H
R8V-2 I
BBV-2 11
BBV-2-1
BBV-2 i

BMWV-1-A
BMWV-1-A

~Mineral

Fluoritc
Fluorite
Fluonw
Fluorile
Fluorite
Fluorite
Fluentc
Fluorite
fFluonte
Fluorile

Fluorite
Fluorile
Fluorite
Flunrite
Fluonie
fFluorite
Fluorite
Fluorile
Floorite
Fiorile

Fluorite
Fluonie
Fluorite
Fluorite
Flovrite
Fluorite
Fluorite
Fluorie
Fluorite
Fuorile

Quartz

Quarty

Quartz

Fluorite
Floorile
Fluorilc
Fluonite
Fluornite
Fluorilc
Fluorite

Fluorite
Fluorite
Fluorite
Fluotite
fluarite
Fluorite
Flavrite
Fluorite
Fluorite
Fluorile

Fluorite
Fluorite

S{. Lawrence Fluorspar Deposits

232

Cfmlewt) __Venthyd) ___ Tim(ce)_ NaCl eq%

-12.4

-12.1

1.4

4.7

-32.7 0.6
-21.5 -13.4
21.7 217
-21.5 21.8
21.2 221.2

0.2

4.3
1.0
5.7
-5.6
6.7
-6.6
-10.1
-$.3
-1
<1

-21.9
218
-1.5
2.0
3.2
50
70
3.5
327 64
24

1219

[N

»

9.8
9.0
<221 Sl |

2234 -19.4

e e e i e il

ThL. ThV
16.4 93.0
16.1 99.0
11.0 $7.5
7.5 72.5
1.0 114.1
17.4 7.4
23.7 92.7
235 84.4
234 86.3
0.4 122.1
9.6 114.8
1.7 113.2
8.8 92.1
8.7 86.3
10.1 108.3
10.0 96.5
14.1 99.7
8.3 91.6
1.9 114.4
6.6 96.5
n8 88.3
237 87.3
1.1 135.1
10.5 119.2
5.2 91.2
1.9 111.5
10.5 1127
5.7 112.7
98 108.7
40 111 6
12.8 109.8
2.9 1104
2.0 85.1
12.6 107.8
6.3 107.5
57 109.4
14.8 88.6
2.4 86.9
143 101.5
9.2 113.0
78 111.5
182 99.0
(4.1 (1.0
6.3 101.5
13.6 107.4
4.6 (31.0
10.9 120.2
10.0 121.6
12.9 106.6
19.4 912
2.0 842
10 100.2

g




Fluid inclusion measurements St. Lawrence Fluorspar Deposits

Sample Miners! Twen)  Twmhyd)  Tmflee)  NaCley%
BMWV-1-A Quanz. -13.0 17.0
BMWV-1.B Fluorile 2328 263
BMWV.1.B Fluorite 12,7 16.7
BMWV-1.B Fluoeite . 26
BMWV.].B Fluorite 262 253
BMWV.1.B Fluorite -200 6.3
BMWV-1.B Fluorite 3. 52
BMWV-).B Fluorite 242
BMWV-1-R Fluorite 253
BMWV-1-B Fluorite . 19

Barite -S. 89
Fluorite .2, 3.7
Fluortte . 4.3
Fluorite
Fluorite
Fluorite
Fluorte
Fluorite
Fluorite
Fluorile
Fluorile
Fluonte
Fluoritc
Floorite
Fluorite
Floorile

Fluorite

Fluoritc

Fluorite
BMWV-|.F Fluorile
BMWV-{-F Fluorite
BMWV.].¢ Fluoritc
BMWV.1.F Barite
BMWV-1-F Fluorite
BMWV-]-F Fluorite
BMWV-1-F Fluorite

BMWV-1-G Fluorile
BMWV-1-G Fluorike
BMWV-1-G Fluorite
BMWV-1-G Fluorite
BMWV-1-G Fluorile
BMWV-1.G Fluorite
BMWV-1-G Fluorite
BMWV-1-G Fuorite
BMWV-1-G Fluorite
BMWV-I-G Fluoritc

BMWV-|-§ Fluorite
BMWV-1-l{ Fluorite
BMWV-1.H Fluorite
BMWV-(-H Fluorite
BMWV-|-1} Fluorite
BMWV-1-}I Fluorite
BMWV.1-H Fluorite




Flud inclusion measurements St. Lawrence Fluorspar Deposits 234
Ssmple_ _ Mineral __Tm(eut)__ Tinthyd) ___Tm(ice) _NaCleq% Thl, ThV_
BMWV(01B Fluarite -30.9 -17.1 235 93.0
BMWV 10 {B Fluorite -10.2 14.2 113.8
BMWV 10 (B Fluonie Bl | as 166.8
BMWVI0.18 Fluorite 27 26.6 56.1
BMWVI0-1B Quarnz S0 7.9 108.2
BMWVI10 118 Quart. -11.85 15.5 113.0
BMWV 10 1B Fluonte -1.7 2.8 93238
MWV 0-1B Fluorite -1.0 1.7 112.0
BMWVIO0 18 Fluoritc -10.8 14.8 95.2
BMWV10.18 Fluorite 6.6 10.0 97.3
BMWV103 Quartz -11.3 153 284.5
BMWV10-3 Quartz. -14.1 18.0 500.0
RMWV {03 Quartz. 3.8 6.1 100.0
BMWYV(0-) Quarty -1.4 24 302.7
BAMWVIO0 ) Quury -1.6 2.7 374.3
q BMWVI10-3 Fluorile -10.8 148 121 7
" RMWV 103 Fluorite 108 14.8 2.3
BAMWVI03 Quarts. B 35 265.0
CI'vV-4-A Pluorile 27 4.5 59.7
CPV-4-A Fluorite -7.2 10.8 659.2
CPV-4-A Fluorite -4.1 6.6 25.5
CPV-4-A Fluorile 283 9.6 244 83.7
ChPv-4 A Fluorite 24 4 9.6 244 76.5
CPV-4 A Fluorile 1.2 10.8 68.6
CPV4 A Fluorie -26.7 -13.5 16.8 571
CPV-4-A Fluarile -38.7 6.1 85 S8.4
CPV-4 A Fluorite 2253 -8.} 24.7 738
CPV-4.A Fluorile 7.8 1.5 58.0
ChPv-4 13 Fluorile -S00 -8.4 12.2 78.1
crv4 3 Fluorite -50.0 -19.7 R 72.4
CPV4 8 Fluorite -50.0 +10.8 24.0 68.7
CPV4 B Fluorite -50.0 4.2 6.7 77.6
CPV 4B Flunrite -9 128 90.9
CPV4A B Fluorite 4.9 7.7 97.8
cpv-4-B Fluorite 1.7 28 98.6
CPV 4B Fluonte -45.0 2.4 4.0 80.9
CIV-4-B Fluorite -45.0 .1 6.6 72.0
Chv-4 C Fluorite 4.7 7.4 72
CPV-4-C Fluorite -39 6.3 74.5
CPV 4 C Fluorile -34 56 80.4
Crva.C Fluorie 333 2313 24.7 720
CPV-4.C Fluorite 40 6.5 84.6
crvd4 C fluorite 2200 2201 24.0 68.7
cpv4 C Flrorite =33 54 §1.8
CPV-4-C Fluorite -19.7 226 60.5
CPV4 C Fluerile 217 11.4 100.6
CPV-4.C Fluoeite 2.6 41 100.5
crv4a.D Quartz -30.0 -20.2 28 95.6
CPV-D Fluorite -30.0 8.7 12.8 n.s5
CPV4 D Fluorite ©-30.0 -9 15.9 84.1

CPV4-D Fluante -8.6 12.4 110.0




Fluid inclusion measurements St. Lawrence Fluorspar Depossts

Sample Mineral _ _ Tm(eut)___ Tm(hydd  Tm(ee) Nal'l g%
CPV-4-D Fluorite -380 9.2 24.7
CPV4-D Fluorite -8 119
CPV-4.D Fluorite 12 168
CPV4.D Fluorie -40.0 48 5.4
CPV4-D Fluerite -10. 141
CPV4.D Fluorite 9.2 13.1

CPV-4-G Fluorile - 188
CPV-4-G Fluorie 51
CPV-4.G Fluorilc . . 100
CPV4.G Fluorile . 10.3
CPV4-G Fluonic . 9.6
CPV-4-C Fluorite . 10.4
CPV4.G Fluotitc 2. 26.0
CPV-4-G Quarty. -1 1.1
CPV4-G Quartz 1.5
CPV4-G Fluorile . 1.0
CPV4-G Fluorni¢ 80

GNV-8-A Fluorite - 99
GNV-8-A Fluorite . 10.7
GNV-8-A Fluorite . 10.0
GNV-8-A Fluorile -39, . 216
GNV-8-A Fluorile -6. 10.3
GNV-8-A Fluarnile -3 60
GNV-3-B Fluorile . 14.2
GNV-8-B Fluorite 9.1
GNV-8-B Fluorie -8, 12.6
GNV-8-B Fluorite -2, 112
GNV-8-B Fluonlc 28, -10. (4.3
GNV-8-B Fluorilc . -8 2.1
GNV-8-B Fluorile 106
GNV-8.-B Fluorite 13.6

GNV-8-C Fluosite 7. 11.3
GNV-8.C Fluoritwe . H 3
GNV-8.C Fluoritc -7. 10.6
GNV-8-C Fluorite -28. . 12.7
GNV-8.C Fluorite . R 132
GNV.8.C Fluenite - 14 §
GNV-8.D Fluorite 28, -2 10.9
GNV-8-D Fluorite - 27
GNV-8-D Fluorite . 3, s
ONV-8-D Fluonte 24, - 100
GNV-8-D Fluorite - 116
GNV-8.-D Fluorile 28 - 13.7
GNV-&-D Fluerite . 10.9

GNV-8.E Fluorite 7. 1$.1
GNV-§-E Fluonte 29, 6.8
GNV.8.E Fluorite . -1 10.8
GNV-8.E Fluorile 10.0
GNV.B.E Fluarite 7. 10%
GNV-B-E Fluonte . 10.9

GNVE-F+ G Fluonte
GNVS8-F+G Fluorie




Fluid inclusion measurements St. Lawrence Fluorspar Deposits 236

Sample _ __ _ Mioeral _____Tm(ent) __Tmchyd)_ Tm(ice} NaCleq% T, ThV
CNV8-F+G Fluonite -58.2 -7.6 113 161.7
GNVS8-F+ G Fluorile 2.4 11.0 141.9
GNV8.F+ G Fluotie -7.3 10.9 139.9
GNV8.F+ G Fluunte -7.5 11.1 134.8
CNV-8 G Fluorite -29.0 -7.8 1n.s 140.0
GNV-8-G Fluorite -271.2 -6.6 10.0 205.0
GNV-8.G Fluente -27.4 -7.5 11.1 145.0
CNV-8.C Fleonte -21.3 6.6 10.0 146.2
GNV.-8-G Fluorite -26.7 -8.1 9.4 2847
GNV-8.G Fluorite -27.0 -6.8 10.2 138.1
GNVR-G Fluorite -23.2 6.9 10.4 129.0
GNV-R G Fluorite -28.7 -7.6 113 135.0
CNV8 G Fluonte 6.7 10.1 130.0
GNV-8.H Fluorite 7.6 112 217.2
GNV.8-l{ Fluorite .19.7 -7.0 10.§ 151.8
GNV.-8-H( Fluorte -28.0 -7.4 11.0 207.9
GNV-8 11 Fluorite -25.0 -6.9 15.0 87.1
GNV.8 11 Fluorile 299 -29.9 26.3 86.9
GNV-8 |1 Fluonic 257 247 25.0 87.2
GNVEH Fheorite 375 282 252 84.5
GNV .8 {1 Fluorite 337 7.6 249 €8.0
GNV.8 ! Fluorite 267 6.7 10.1 116.2
! GNV-8-1 Fluorite 29.1 -1.4 2.4 117.2
; . GNV-8 | Fluorite -58.5 2.0 10.5 130.7
1 GNV.-§ 1t Fluorile 292 -1.3 10.9 119.4
¢ GNV-8.[ Fluorile -7.4 11.0 (35.8
GNV-8:| Fluorilc 1.5 11.) 136.6
GNV-§.) Fluvritc -28.7 7.6 11.2 159.3
GNV-8 | Fluoriwe -28.2 -7.6 11.2 153.3
GNV-8J Fluank 7.2 76 11.2 156.8
CNV-8.J Fluorite 278 <16 1.2 174.8
GNV-8.) Fluvrie -29.6 -7.3 10.9 125.8
GNV-8) Fluorine 28§ 1.5 26 155.4
GNV-8.} Fluorite 7.1 10.6 164.5
GNVS-K-+ 1. Fluorite 2258 -1.3 22 216.5
GNVS-K+4 L. Fluarite -58.2 40 84 116.7
GNV8-K+ L. Fluorite 7.8 1.5 120.7
OGNV K+L Fluorit¢ -8.1 11.8 118.5
GNVE-K+L Fluorite -8.0 11.7 134.3
GNVR K+ L Fluorite 7.9 11.6 118.6
GNV-§-NM Fluonte ) 4.6 114.4
GNV-8-M Fluarite -3.1 S.1 1103
GNV.8 M Fluorite -29.1 -7.6 12.0 118.0
GNV-8 M Fluorit¢ 4.5 7.1 118.2
GNV-§-M Fluonie -29.2 -8.2 12.0 114.6
GNV-8-M Fluorite -8.2 12.0 156.2
GNV-8-N Fluorite -4.8 1.6 947
GNV-8-N Fluorite 3.8 6.2 109.0
GNV-&-N Fluorite 6.3 9.6 96.4

GN\' &N Fluonle 5.6 8.7 96.7




Fluid inctusion measurements St. Lawrence Fluorspar Depusits 237
Sample Mineral Tm(ent),  Tmgiyd)  Tmice) NaCleq% Thi, Ihy
GNV-8-N Fluorite Bl Ye! 5.0 78 85.7
GNV-8-N Fluorite -30.3 -30.3 263 BS.?
GNV-8-0 Fluorite 242 21 233 86.2 ‘l
GNV.8.0 Fluorite -1.0 26.2 359.8 ;
GNV-8-0 Fluoritc -22.0 4.0 85
GNV-B-O0 Fluorite -23.5 -19.§ 223 89.1
3 GNV.-8-0 Fluorite -33.0 -19.6 223 98 0
- GNV-8-0 Fluorile -21.2 238 94.8
8 GNV.8-0 Fluorite -21.2 235 94.1
HEV-1-A Fluorite -5.0 7.8 721
REV-1-A Fluarite £.0 9.2 6.8
HEV-]1-A Fluoritce 1.0 10§ 97.7
REV-1.A Fluorite -$.0 7.8 840
HEV-1-A Fluorite 4.8 7.6 S8 0
HEV-1{-A Fluorite 8.3 12 n1
HEV-1.A Fluorite 9.3 13.2 80.t
HEV-1-A Fluorite 6.2 9.5 98.5
HEV-1-A Fluarite 4.8 7.6 105.8
HEV-1-A Fluorite <10.2 14.2 923
HEV-1-B Fluoritc -132 172 770
HEV-1-B Fluornite -2t.9 209 238 88 7
HEV-1-B Fluonite 298 -29.8 263 .2
HEV-1-B Fluorite 283 1.5 -13.5 242 74.5
HEV-{-B Fluonte 255 1.9 -12.5 24.1 75.6
HEV-1-B Fluorite 254 -3.2 21 1216
HEV-1-B Fluorite 218 218 2.7 62.6
HEV-1-B Fluorite 255 58 99 80.7
HEV-1-B Fluorite 225 89 12.8 97.0
HEV-1-B Fluorite -20.8 3.0 49 DR
HEV-1-C Fluorite 222 -13.5 2228 238 619
5 HEV-1-C Fluorile 244 -12.5 -17.7 240 iy
‘ HEV-1-C Fluorile 154 -35.4 354 80 |
HEV-1.C Fluorite 22 36 116.3
tIEV-1-C Fluorite 385 8.0 $.3 24.9 69 0
HEV-1-C Fluorile 21 2010 234 7199
HEV-1-C Fluorile -20.8 -20.8 23] 950
HEV-1-C Fluorite 28.6 286 26.1 783
HEV-1.C Fluorite 253 -12.0 9.5 240 48
HEV-1-C Fluorite -28.1 -28.1 26.3 70 4
HEV-1.D Fluorile 242 332 25.0 9 0
HEV-1-D Fluorile 291 -29.1 26.3 78.7
HEV-1-D Fluonie 258 -13.2 238 8l.8
HEV-1-D Fluorite 218 218 238 96.2
HEV-1-D Fluorite 228 28 242 94.3
HEV-1-D Fluorite 28 -17.7 23S 820
HEV-1-D Fluorite 9.4 13.0 14% 3
HEV-1.D Fluorite 38 61 918
HEV-1-D Fluorite 53 8.3 973
HEV-1-D Fluorite 3.7 6.0 100.2
HEV-{-E Fluorite 5.0 78 524

HEV-1-E Fluorite 2.7 =227 26.2 742
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Fluid inclusion measurements St. Lawrence Fluorspar Deposits 238

Sample _ Minerwt_____ Tin(ewt) __Tinthyd)____Tm(ice)  NaCt eq% Thi. TWWV
HEV-1 E Sphalerite 9.5 134 123.9
nev-1-2 Sphalerite 2.4 4.0 115.2
Hev-1 B Fluorite -8.0 11.7 109.0
HEV-)-B Fluorite -2.7 45 83.5
HEV-1-B Fluorite 4.9 1.7 82.6
HEV-1.2 Fluorite 4.8 10.2 225.0
HAS R Fluorite -B.§ 123 120.8
Hezv-1.12 Fluorite -25.7 -1.8 25.7 73.4
ISV-1-A luorite -30.6 2281 25.7 88§
ISV-1.A Fluorite -21.7 238 85.8
ISV-1-A Floorite 234 ~16.5 20.0 106.3
ISV-1-A Flusrigc 283 -24.7 -16.7 20.2 85.7
ISV-t-A Fluorilc 253 -17.7 21.0 85.5
ISV-1-A Fluonic 278 -15.9 19.5 280.4
ISV-1-A Fluoritc -15.9 195 106.5
ISV-1-A Fluonic -30.7 <247 -17.7 21.0 84.4
ISv-1-B Fluorite 288 234 -17.2 21.1 96.2
ISV-1-B Fluorilc 278 278 363 83.0
ISV-1-B Quuaz -17.5 208 88.0
ISV-1-R Fluonite -15.0 18.8 103.0
ISV-1-B Fluorile 272 7.2 26.0 84.1
ISV-(-B Fluoriw 124 -13.6 18.2 84.1
Isv-1 C Fluerite -16.9 20.3 98.2
ISV-1-C Fluosite -18.6 21.6 98.7
1SVv-1.C Fluorite -24.7 -11.7 163 90.2
ISV-1-C Fluorile -29.1 -16.5 20.6 97.3
ISV-1-D Fluonie -20.2 -18.0 212 87.0
(SV-1-D Fluorite 9.6 14.2 121.0
tSV-1-D Fluoritc 1.2 11.4 122.1
ISV-1-D Fluorie 9.4 133 107.6
ISV-1-D Fluorite -11.0 15.0 113.6
ISV-1-D Fluorite 2210 5.0 7.9 103.6
ISV-1-B Fluorite -8.1 11.9 113.5
ISV-1-E fluorile 28 8 239 345 82.5
1SV-1.08 FFluofite -18.7 -16.2 19.8 94.8
ISV-1-B Ftunnte -14.7 18.8 815
ISV-1 -t FFluorite B 24.0 928
ISV.1-B Fluorite 96 13.5 104.9
{SV-1-IF Fluorite -29.2 1.6 11.3 122.0
ISV-1.F Fluorite 4.3 6.9 115.0
ISV-1-F Fluorie -29.6 -6.9 10.4 139.8
ISV-1-F Fluorite 6.7 10.1 138.4
ISV-1-F Fluonite -1.6 2.7 114.7
ISV-1-F Fluornte 6.2 9.5 135.4
ISV-1-G Fluorite 2223 83 12.8 109.7
ISV-1-G Floorite 3.7 6.0 106.0
ISV-1-G Fluorite 3.5 $7 108.8
ISV-1-G Fluonite 9.1 13.0 109.6
I.P-2-E Fluuorite -45.0 22 3.7 48
L.P-2-E Fluorite 45.0 -0.8 1.4 102.4




Fluid inclusion measurements St. Lawrecace Fluarspar Deposits 239
Sample Mineral Tmeut) - Twthyd) _ ‘tm(ice) NaCleq% Thi, hy
Lp-2-B Fluorite 5.0 30 49 78.9 |
LP-2-E Fluorite -50.0 -14.9 18.7 92.6 !
LP-2-B Fluorile -$0.0 -15.0 18.8 9.6
LP-2-E Fluorite -$0.0 9.1 13.0 109.3
SCVV-A-A Fluonte 66 10.0 1432
SCVV-A-A Fluofite 66 10.0 1458
) SCVV-A-A Calcite 8.0 t1 7 136 1

SCVV.A-A Calcie -26.0 2.6 2.6 259 924
SCVV-A-A Calcite ©.8 10.2 1430

i SCVV-A-A Caleite 7.2 10.8 109.5

’ SCVV-A-A Caleite 2.2 10.8 112.0
SCVV-A-A Caleite 16 2.7 105.6
SCVV-A-A Calaile 4.8 103 142 8
SCVV-A-A Calcile £9 104 141 0
SCVV-A-C Fluarite 80 11.7 1144
SCVV-A-C Fluorite -25.7 -28.7 255 83,1
SCVV-A-C Fluoeite A5 6 <109 14.9 109.8
SCVV.A-C Fluorile 220 220 1.7 806.7
SCVV-A-C Floorile -6.7 -109 14.9 1165
SCVV-A-C Fluorie 248 1§ ¢ 23.8 09
SCVV-A-C Fluorite -31.0 o 15.0 676
SCVV-A-C Fluonic -25.7 -6.8 10.2 101.)
SCVV.A-C Fluonte 2282 <133 242 850
SCVV-A-C Fluorite 256 1.6 243 112.0
SDMS-1-A Quartz 262 1
SDMS-1-A Quartz 88.3
SDMS-1-A Quartz 96 6
SDMS-1-A Quartz 323 §
SDMS-1-A Quany. (80 0
SDMS-1-A Quartz, 316.0
SDMS-1-A Quarnz 328.0
SDMS-3-A Quartz 4.4 7.0 94.5
SDMS-3-A Quartz 0.2 04 210.0
SDMS-3-A Quarty. 14 0.0 200.0
SDMS-3-A Quanz 0.1 0.0 5.0
SDMS-3-A Quartz 02 00 240
SDMS-3-A Quartr. 0.7 00 218 9
SDMS-3-A Quarty. 22 3.7 W00
SDMS-3-A Quartz -1.0 1.7 1500
SDMS-3-A Quany -14.4 18.2 2750
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Appendix 3

Statistical Analysis
of

REE Genetic Classes
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L3 L .
Earliest Fluorite - Genetic Class 1
(a=3%)
Mesa _8id v, Masimom Minmom e e Arex M4, d, MOumam  Atiebmian
Bonie Acid Divsolution ICP-MS Tracor
% undissol 0.100 0,100 0200 0.0 Li 1.4 L s <o
% Jissol.® 9.9 0.1 100 ¥9.8 Be (B.0) 28 (I (RRY]
S 9 2 M < 4
Calculated from XKF v <} NA thH <1
CaF3(c)* 104 2 166 101 Cr ) [ (1% <¥
HaSO4ic) 0.023 0.02% 0.062 0.002 Cy 26 12 44 14
Si02(¢} 0.521 0.8447 LY 0.082 Zn 4 [\ t17 (o)
PuS(c) 0.013 0.012 0.031 0003 Rb 1w 213 Sl O 1n
ZnS(c) 0.61t  0.014 0.0 .00 $1° XX.7 Wh 108y 776
CuFeS2(0) 0.001 0.000 0.001 Q0.000 Y 4 174 52 (hy
Totad 104 Zc LYy 0.6 Y (.n
XRF Majors Nb 204 0.8 MO U
S0 1.00 1.06 249 0.161 Mo 2.82 kN1 N4t 0.3
TiO2 (0.008) 0.009 0.022 < 0.003 Cs 0219 0M4 N ad)
AROY 0.233 0.278 0.624 < 0.006 Ba 4.8 6.2 17 (.
Fe203 0.115 0.099 0.158 0.033 111 n.1n 0. 0O9R < a7
MaC {0.005) 0.005 0.012 < 0.002 Ta B.63 10.3 4 0.048
AMgO < 0.02 NA < 0.020 < 0.020 b)) 0.0 U 02¢ < O0us
Ca0° FER 14 8.2 ne Ph 59. NN 20 4 2
Ns20 0.052 0.064 0.192 <0014 Bi 0.761 0.4 1o% 0 V4
X20 0.045 0.054 0.12% < 0.0m Th 0.2y 019 ) od @ 1
P20$ 10.005)  0.008 0.012 < 0.003 u- 0.52 o 0.al U,
Lot 1.0? 0.4} tx2 0689 ICP NS REE
XRFE Trocer La 4n.8 12 [TA] Jes
S 298 258 658 107 e [ " 197 1
(o] 161 188 Kib) (X)) Pr 289 - 612 ] IR9
Nu (26 17 164 Y]
Sce 35 3 N 26 Sm* 2719 20 Wy 4 5y
v <? NA <7 < Eue I 0.2y 14mn i
Cr {14) 5 (20 %) Gd* 5.2 2.1 .4 LA
Ni <4 NA <4 <4 T $.51 0.9 {3 s
Cu 19 13 AL (%) Dy 24.7 7.2 (TR 184
Zn 74 96 210 <3 Ho $.87 1.60 & 1Y 148
Ga <4 NA <4 <d Er 10.1 4] 14.2 489
Rh 2.0 2.8 61 <07 Tm 0.9 04N 1.1 0171
Sre 31 4.5 8 " Yb 4.02 1.R0 L) 1.4¢
Y &1 1RI Gl 240) Lu 047 A 0.7 o.uB
2r 2.8 2.4 61 <10 Total REC® 462 &) LYAY W7
Nb* .9 0.3 33 {).6) 1CP-AMS Restiore
Ba 138 164 166 <23 (ONMDNIT L1720 oo | Xn) 14
Ce* 2)0 KR) 247 1%6 200117 2412 0O0W  246) 2. 382
) 118 108 267 30 MU OIW 003y g6 O I
Tu <) NA (&I} <] RbIIS1¥0 Odh 0071 0187y
U < 4 _—.NA.-_< ‘.._— <.‘_. L L O Sy S ~ = - —
Notet  afl dements with RSD € of = 20% deoterd by [ ® |

veluas leas then limi of detection (LOD) - <LOD veluas less than limit of quantificution (LOQ) - {valua)
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carly Fluorite - Genetic Class 2

Afve Nd dv. Auvmus  \inkaug L e Mead _S(4. d \urbmea Nainum
Bone Acd Dasvlation 1CP-MS Truces
AL undixsa) NA NA NA NA Li < 0. NA <03 <03
% diwol. NA NA NA NA B (6.5 1.5 (8.0) {5.0)
S < 4 NA (O] <4
Culrubisded from ARY v <2 NA <? <2
Cal2)” DX} | 108 103 Cr <8 NA <¥ <y
BaSO4) (VN1 12 0 Wl 0 008 Q.02 Cu* 20 4 24 17
S 0,128 0.8 017 Q.0 Zn (R) 3 n $)
PuS(- = 0.00% 1).00X) (X9 32 ] 0 00 Rb (Q.133 9.09 0.23y < 0.08
ZoS) 0.0 0.0 0.0 Q.00 Sre 70.4 10.0 30.4 60.3
Culi¢S2{0) 0.m3  0.0x) 0.0 Q.00 Y 891 292 11R) 598
Towd 104 2r (0.6) 0.4 (1.0) <04
YR Algjors Nh 0.173 0.041 0.214 0.132
Sin 0248 0073 0 0.117§ Mo 0.368 0.7 0.49 0246
T2 < Q.ins) NA < 0.0} < U.)) Cx 0.031 0.012 0.04) (0.019)
AlO < 0.0 NA (0.004) < 0.0N6 Ba 4.2 3.2 14 (1.0)
Fe2ul 0.0d1 001 0uss 0.02¥ " (0.10) 0.06 (0.16 < 0.07
NMu¢» < 0.2 NA <0002 < 0.2 Ta* 0.1338 0.00) 013 0.
Mgy < Q2 NA <0020 < 0.020 n < 0.06 NA <006 <006
Cu)* T75.0 0R %7 P2 Phe 2] N kAN 04
Nx20 < 0.014 NA <0014 < 0.0 Bi® 0.760  0.1% 0.0  0.620
K20 < o.up NA <0002 < 0,002 Th Q.11) 0.04 Q.16  {0.07)
108 .00y 0002 (V06 < 0.003 u- Q.71 0.09 0.%0 0.63
Lol Q.68 [IRV-\) 0.7% (VNI ] LCP-MS KEE
XRY Truces La* 28.9 4.5 kAR 243
s 7 3\ 14) N Ce ™ 16.6 98.6 &82.4
«* n 6 RT) QN Pr 12.8 3.0 18.8 9.80
Nu 67.2 17.1 42 0.1
S 4 3 34 R Sm 19.9 5.2 288 14.2
\% <1 NA <? <77 Eu 2. 0.73 AR 210
Cr 6) 3 10y <6 Gd 343 9.7 Ho A6
N) <4 NA <4 < 4 ™ 6.13 1.68 7. 4.4y
Cu* [F] 0 i3 14 Dy $0.9 106 18 0.4
Za <l NA <3 <l He ¥.68 2.2 0.y 6.4
Ga <l NA <4 <4 Er 25.5 5.3 26.X (6.2
RD < 0.7 NA <0.7 < 0.7 Tm 2.03 0.4] 2u 1.61
Sie n 1 82 A Yb* §.97 1.49 1.7 128
Y S A (260 alé Lue 1.08 0.1% .21 0.916
VAL (I.n \N| (I (1.0 Told REE 334 9% 44 pAL]
Nh 23 0y M2 0.3 JCP-MS Radios
L3u <2 NA (2.4} < 23 [ENTEL ) 1. 188 0.02% [P EUR B )
Ce 161 11 208 120 PN 107 3.480  0.007 40 2403
e ) 4 X 6 smiuxfna o 0179 0.006 QIR 017
Th < N4 (A <! RBEY 86 0.002 0.006 0.0u8  -0.003
V] <4 NA <l <4

Natez  all eletents wich RSD < or = 2077 denuted by [ ]

valuos fuss than oot of Jotuction {(LOD) - <LOD values less thon limit of Quanlificstion {(LOQ) - (value)




Middle Fluorite - Genetic Class 3

(a=10)

¥one Acid Dusvlution
K undixsol
% dinsol,

Culculated from XKF
CaF2w)*
BaSOd:y
Sio2(v)
PtS(¢)
2aS(v)
CuFe82(vy
Total

XKF Myjors
Si02
Ti02
Al20}
FelO3
AnO
AzO*
OO
Nx20
K20

208
Lol

AREF Tracey
S
Ci

S‘-.
v
Cr
N
Cu
2n
Ga
Ry
Sr*
Y
Zr
Nb
By
Ce

Noter  ull elements with RSD < ar = 2% denated by | * |

values less than lirnit of detection (LOD) -

0.000
100

101
0.010
0.126
0.078
0.000
Q.001

103

0.24

< 0,00}
0.0M7
0.046
< 0.002
< 0.02
IR
0.05%
0.00%
(0.00$]
0.623

4
< 1.0
tuy
(59)
(6%)
Lyl
<3

<4

0.000
0

-

0.008
0.0v1
0.197
0.000
0.001

017
NA
0.0
0.027
NA
NA
1.3
0.0RI
0.009
0.002
0.202

2RY
216

6
NA
4
NA
2)
NA
NA
NA
6
25%
NA
Q.6
47
6
1707
NA
NA

0.00
L Y]

108
0.021
o
0.%vy
0.6
0.L)3

0.60
(0.008}
0.08%
0,103
.003)
< 0.020
AR
0.2H
0.026
W.009)
141

D1} 3
63X

vl

LY

19
Hl
SRy
<3
<d

Man _8d. Ay, Malava  Malmum

0.000
100

w1l
0.002
0.036
6002
V.00
0.000

0.0%
< 0.3
< 0.006

0.020
< Vw2
< 0.0

ns

< 00N
< 0.0
< 0.0
410

n
12h

19
<3}
<4

<L00

FCPMS Teaces
Li
Be
S\'
v
Cr
Cu
Zu
Rb
Sr
Y
Zr

Bi

Th

v

1CP-NN KREE

la

Ce

Pr

NJ

S

8]

[eN]

™

Dy

Ho

Er

Tm

Yb

lLu

Totny REE

JCP-NS R

1B H 141
A2a )

Aamid NN

MM L Nink

24)

Mowd, 34 e Mevms ginwe

.03y

1.7
19.09)
wm
0.7
(¥
(VR

WA

0.h2

(6.5
16.6
.06
(N
b Wh
1IN
(2.8
2.
216
504
17.4
2.2
13.2
(2]
1y

LIK2
LR R
O
0.007

NA
4.8
NA
NA
NA
17

s

[ ]
w7
(013
oy
[ )
2.3
(XU N}
L s
v
113
.66
1927
[VREIY
u.Un
Q.M

s.4
144
200
[T

1031
URVRY S
0041
(5.4040

[REY)] < 0.
2R 14.6)
(L1} <«
1] <
(s <R
al )2
haud Q)]
048 < v0x
67.% hA R
an 216
12 < O
422 104
1R DIRYF
QOSS <oy
[\ AR}
D2 <007
W2 VO
2N 0o
[ENTN v Ry
VX < O0s
[V} WO
11 (V).
X 798
AT 4 1vs
TS L.-w)
EYR ] 17
12.2 2 Q
| &2 V. kY
2.2 17
4mn DRZY
(Y RY 7
9.21 [l
274 5. %6
(P X} O 7R1
19y 49
I A 1) A%
20 )
1224 113
187 2 )
0 3y? 0 16l
(.4)54 NIND I8

values less then bmit of quanititicstion (LOQ) - (valuel




Middle-Late Fluorite - Genetic Class 4

(am= ¥
— R O T SR NMeeg (4 fry, Mwumom Mialgwy
Yoric Acd Dinnulation 1CP-MS Traces

% vadisyol 46.2 29.6 96.1 0.74 Li 44 83 M < 0.}

€ dosol. 53.8 299 9.3 kR <} Be 110.%) 9.1 31 <04

S <4 NA (14)
Calculaied frun XRF v Q) 2 10

Cat2(0) 71.3 329 \04 kX 1] Ce 97 200 932

BaS3(c) 224 35.3 13 0.002 Cu m 223 94

Siv2(c) 7.9 173 753 004 Zn 1945 60 Y278

PhS() 17 191 105 0.000 Rb 11.0 8.7 169

LaSke) Q.18% 0.72) 3.96 0.000 Sc 720 1148 4381

CuFeSXey  0.008 0018 0.0t Q.00 Y m 196 2051

Tolw 106 Zr 53 13 93
XRE Mugory Nb 125 203 1.8

SN 106 17.6 P ] 0.0 Mo 2.8 3.00 15.38

Ta2 0010 u.013 0.055 < 0.00) Cy 1.7 i 2.7

AR} 0.243 U.35K 1.68 < 0.006 Ba 10788 36042 22097

201 0.220 0.468 2.5) < 0.00 Hf 0.31 Q.68 kR §

Mu0) 0.020 0.047 0.214 < 0.0 Ta 0.7 0.wWi 5.29

Mg < 0.02 NA <0020 <0.020 1)) 0.86 2.0 10

20 S1.6 23R 2%.3 1.87 Pb 4500 17?7 37694

NadL 10.03%) 0070 0300 < 0.014 Bi 3.06 3.8 4.2

K20 nel 0.231 1.22 < 0.0 Th 0.50 (.3 8.2

P08 (0.008) 0008 003 < 0.00) U Q.82 Q.97 4.7

Lol 3.26 2.18 2.72 0.300 1CP-\18 REE
ARE Sruces La 15.¢ 7.4 36.4

S 23196 3o R706.4 AT Ce 3.8 191 88.2

Q 192 20?7 v %) Pr §.22 2% 12.7

Ny 240 13,1 8.6

S 30 0 60 <7 Sm 0.6 5.9 2.7

A <7 NA <7 <? Eu . 1.06 4.2%

Cr 150 1w 3 <6 GJ 23.2 12.0 46.8

N 2 36 189 <3y ™ 2.83 10.3

Cu 152 Q33 2321 <} Dy 20.8 85.0

1262 I8 26560 <3 Ho 5.06 21.1

Ga 23 1216 6669 <d Er 16.5 62.3

Rb §.2 16.8 853 <02 Tm 126 .97

St 1777 2744 K376 )| Yb 15.2 62.14

Y 36 an 1536 2 Lu . 1.98 7.99

2r 17 ER] % <o Total REE 12 453

N 4 7 37 <06 JCP-MS Ruding

Bu 131878 202914 606963 <3 PE2UG Pp20T . 0,196

Ce [RE1} 24 (¥4) < PO2R/IDNYT

(&0} A2Y) D6SeAR BURGST <4 SMI4YNG &

<3 Na 3 <}
u (a0 <

Nules  ull cemeiits stith RSD € oe = 20% denvted by | 3|

valuoa Josy (han kmil of detection (LOD} - <LOD values less than limit of quantification (LOQ) - (vslue)
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L.ate Fluorite - Genetic Class §

a=17)
Meaa  Std drv, Abaum RNlisbeve - . U dbaus N gry, Moymma et
Buric Acid Dissolidion 1CIMY lraces
% undiss<ol 1.1} 1.46 18 0.000 La 10.R) V.S 2t LUV )
% dixiol.* 93.9 1.5 100 6.1 Be (#.0) 6.2 p1 <043
S < NA ) <<
Culculased from XRF \Y ) 2 7 <?
CaF2(c)* 9 17.1 106 45.6 Cr (R 4 Lot <R
BaSO4(c) 0.16% 0.528 1,066 0.002 Cu 116 6M3 Uk <ot
Sio2w) 0.778 1.59 6.41 0.0x2 n @ 34y el <)
PhS(c) 151 2).2 1.9 0.00? Rh [\ FRE S O 7 JW S ude
ZnS{c) 1.88 6.13 239 0.0 S¢ 7. 6 W MY
CuFeS2() 0037 0088 0.3 0.00) Y 742 34 1249 39
Total 1R Zr (L ).} bR < 0.4
XRE Majors Nb 0.223 VA § 0] VoW < U
SiOn? 1 O 07 12.3 0. 14% Mo A} ) 2.2 4 a9 [V B
TiO2 (0.004) 0.008 0,020 < 00U Cx G069 04 0817 < ool
ARO) 0.080 0.146 0.571 < 0.006 Ba N 1182 RLoT (4).%)
Fc103 0.502 1.43 6.46  0.007 11} 0.1 v I 0.4 < 0.07
MO 0.008 0.013 0.04% < Q.02 Te 0.2y (VIR 1.0 0.023
AjO- < 0.02 NA < 0.020 < 0.020 T 2.4 7 Il <ol
Cs0* 61.2 123 76.32 REX) Pb 12909 26LlYE vy N2
Na20 0.132  0.356 1.3% < 0.013 ;i A I 791 N cuus
K20 0.009 0.020 0.07%6 < 0.002 Th 0.13 0.12 D3l <O
P10S {001t) 0.007 0.028% < 0.00} v 1.3 2y 12 woh
Lol (.18 0.37 2.08 0.560 {CIVMS KEE
XRF Tracer La X0 3. 15 2%
S 490 12803 w710 » Ce 112 9.2 223 R 64
) 123 110 3%6 124) Pr 324 1y & 1.46
NJ 16.% 2.1 na 1
S 47 13 k2 120) Sm v.2) [ by EpY
v <7 NA <7 <7 Eu 0.876 4).821 400 U.2%
Cr 3 60 228 <6 Gd N6 [ ] 2t LWL
Ny 16 44 172 <d TU 3.78 1. 71 X.20 T4l
Cu 1056 2553 9s IR Dy 149 14.6 [ 8.4
Zo 12387 41106 1603KI1 <l Ho %33 3.8 115 iH
Ga m 1619 6250 <4 Er 250 [IR] K S 128
Rb 11.0) 1.0 4.1 < 0.7 Tm R} 1.68 50 1 47
Sr b1 s 144 3 Yo 221 12.1 0 149
Y L1834 an 1552 A8 Ly 2.64 1% % 0.K3
Zr <L NA t.n < L.O Total REE 182 o 22 '
Nb 23 2.0 8.2 <06 {CP-AIS Rgion
Be 918 3108 2186 < M i h207 142 ag1se 12 Dl
Ce <32 NA 159) <3 (LY LS 229 %% 2M 002
Pt 6484 IRAS9S  NWARO0 &4 S IRINSIN (I 3] 0.0173 od17 240
Th 9) 18 74 < KON M- u.any 0.0\ 91N O
FRUUUUUN * SN (1} SIS B 1 S

Niter  all deruentx with RAD < «r = 0% denated by | # |

valuas less than limil of detection (LOD) - <LOD vifuag lass then Lrait of quentficstiun (LOQ) - (valuo)




(b=}

% undissul
% dissol ®

Colculated from XKF
CaF2iv)
BaSOA(¢)
Si021¢)
PoS(c)
ZnS{(¢)
CuFeS2(¢)
Total

XKF Mgors
L8]
TR
Al203}
Fe20)
MO
MO
Cut)
Na20)
K10
P20%
Lot

XREF Tracer
L
(&

S\‘
v
Ce
Ny
Cu
Zn
(87']
Rb
Sr
Y
Zr
Nb
Ba
Ce
Pb
Th
v

Meun _ SId dry, \bivimum  Min

0 838
9.2

100
0.086
0.042
0.007
0.001)
0.028

101

0.0%0
< 0.U03
< 0.006

0.24%
(Q.003)

< 0.02
ns
< 0.004
< 0.002
< 0.003
Q.56

1136
3N

30
<7
<6
< 4
™
)
<3

<07

24
760

< 1.0

2.2

306
<1
kY]
<2

<4 _

0.4}
1% ]

0.000
0.000
0.000
©.000
0.000

0.000
NA
NA

0.000

9.000
NA
0.0
NA
NA
NA

0.00

NA

Q
NA
NA

1.67
100

100
0.086
0.042
0.007
0.00)
0.028

0.080
< 0.003
< 0.006

0.24%
10.003)
< 0.020

TS
< 0.0
< 0.002
< 0.003
0.3

1146
3

<

Late Fluorite - Genetic Class 6

Mres

Md. div, Nuciamum

0.000
933

100
0.085
0.042
0.00?
0.001
0.028

0 0%0
< 0.003
< 0.006
0.248
{0.003)
< 0.020

72.3
< 0.014
< 0.002
< 0.003

0.56

1186
3

<7

1CP-MS Traces

<XPPOQ<YPC

1CP-MIS KEE

La
Ce
Pe
Ny
Sm
Eu
Gd
To
Dy
Ho
€r
Tm
Yb
Iy
Tolaj REE

ICP-MS Ratioy

PN/ 207
PO P07
SMNTINGIH
RBYV/3e86

0.3)
(12.4)
<4
2)

< 8
(3.9)
3)
(0.08)
4.8
830
2.3
0.180
4.48
10.0)6)
43.1
(0.16)
0.073
< 0.06
27.7
0.415
0.13
(2

0.620
2.4
0.398
2.30
3.15
0.283
13.1
3.21
u
1.39
19.4
2.08
9.58
1.02
100

1,284
2.507
0.738
0.008

Z»o
> o

0.35

0.150
0.102
0.016
0.005

©.6)
20

m

(L))
<8
6.7
10
(0.13)
61.9
1104
4.5
0.228
9.00
0.029)
70.5
0.30
Q.07
10.0%)
&9
.29
0.18
24

.08
k6
0.16R
SR
8.4%
0.49%0
23.6
7.2
b
11.B
29.7
3.3
1.9
1.4
163

1.498
1.6
0.778
0.012

Mamen

<03
8.9

Nater  afl eleuieiitx with RSD < o =

valuos less than imit of detection (LOD) -

205 denoted by (° ]

<LOD

values legs than limit of quantficauon (LOQ) - {value)




Middle Fluorite - Genetic Class 3 (NMD)

(o=9)
Mean 544, dev, Alushaum Mishaum - Mw Hd &y, Murimum Misimun
Boric Acid Dirsolution 1CP-MN Tracex
% undiysol  0.000 0.000 0.000 0.000 L <0.) NA [{MU < 0.1
B disso). 100 0 190 100 e w5 4K 22 (AW
S < NA {8) <4
Culculated from XRF v <1 NA ISl <}
CaF2(c)* 104 1 108 103 Ce¢ <3 NA () < g
BaSO4(<) 0.008 0.007 0.018 0.002 Cu M 3 14 hY ] 12
Si02(c) 0.100 0.062 0.1y 0.036 Zn L] s N (M
PbSie) 0.003 0.001 0.004  0.002 Rb [N PRV KR DX < OO
ZaS{(c) 0.000 0.000 0.000 0.000 134 §1.8 10.1 @.) 289
CuFeS2(c)  0.001 0.001  0.002 0.000 Y 831 hiH) N MY
Total 104 Zr 20 s 12 <04
XKRF Mgjors Nb 7.08 138 22 U
SioR 0.192 0.119 0.171 0.070 My 1.74 amn PR [UR Y3
TiO2 < 0,003 NA (0.008) < 0.00) Cs W) OV BOSS < B U
ARD) 0.040 0.033 0.08%8 < 0.006 Ba (.Y U.491 a0 (O]
Fe2Q3 0.4%  0.027  0.10) 0.0 HiI L.09) 0Im 0w <007
MnO < 9.002 NA (0.00}) <0.(x)2 Ta [(R'V] 120 82 gon
MyO- < 0.02 NA < 0.020 < 0.020 T < 0.06 NA WOk < Ooe
Cs0* 75.0 0.6 28y Ha £ 29 ¥.7 do9 WKy
N20O 0.062 0.08%4 0.240 <0014 Bi 0.116 0 1R 11X < um
K20 0.009 0.010 0.026 <0.002 Tu .12 0.y LAY {0}
204 (0.005) 0.002 (0.009) < 0.003 u Q.67 Q.26 1.4 (VR]
LOI* Q.56 a.09 0.67 0.4 1CP-MS REE
XRF Troces Lu 15.4 bR 26.0 7.98
S 231 126 427 77 Ce R 14.2 7.4 1.8
Cl 204 2 658 Qan Pr 143 2,10 X 36 1.%0
Nd 2.2 0.7 4.8 R &y
Sce 32 6 “ 31 Sm 6.7 24 12.2 2.
v <7 NA <7 < Eu L4 N\ .62 038
Cr (10) < (1%) <6 Gd 12.4 h 212 167
Ni <4 NA < 4 <3 TV wn 1.24 173 OBl
Cu ki3 1.} SX [§.§] Dy ] vy My Y
Zn <) NA <3 <3} ilo $.43 206 Y2l .77
Ga <4 NA <d < 4 Cr 16.7 6.7 by X1 AN
Rb* < 0.7 NA <07 <07 T 3.0 0.77 [N K O 741
Sr LY 4.2 56 LN Yb 123 4.1 12.2 4.9)
Y 530 141 T6% kX)) [ Y] ICS] 0.7 247 O 644
Zr < 1.0 NA (L4) < Lo Tulal REE 162 66 26y o)
Nb (L) 0.5 2.2 <06 1CP-MS Rativs
Ba 4v) 40 104 <23 PH0MED 07 L% Q.0 1.223 1.1%
Ce (76) n 141 9 PORYADNIT 2452 0.0 2517 2.4
Pb 27 6 n 19 SnNGI 0174 0012 0197 1) 6)
T <3 NA <3 <3 RuT/SKn 0002 017 0O OGN
U <4 NA <4 <4

Note:  4ll demenis with RS < or = 20% detitd by [ *)
NMP - nn minor phases (Le. princiril Nuorite)

valuos less than limit of detection {LOD) - <LDO veluos lass than limit of quuntdiganon (LOQ) - (value)
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