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ABSTRACT

Tourmaline, a boron-bearing ring silicate, is ubiquitous at the Tsa da Glisza (formerly
Regal Ridge) emerald prospect in the Yukon. It occurs as porphyroblasts in greenschist
facies meta-volcanic and ultramafic rocks, as phenocrysts in granite, in aplites and
quartz-tourmaline veins that cut the schists, and as granular black masses in highly
altered gossan or fault zones. Contact metamorphism and metasomatism of the
Devonian-aged greenschist rocks by the Cretaceous-aged granite/aplite/quartz-
tourmaline veins appear to be responsible for local emerald mineralization. The quartz-
tourmaline veins are particularly important because emeralds form along their selvages,
although not all such veins have associated visible emerald mineralization. Tourmaline
compositions include solid solutions among Na-Fe schorl, Na-Mg dravite, and Ca-Mg
uvite. The major-element compositional variations of the tourmalines correspond well
with the bulk-rock chemistry of their respective host rocks. Dravitic tourmalines, with
up to 2.12 apfu Y-site Mg, are most common on the property, occurring in country rocks,
aplites, and quartz-tourmaline veins. Less commonly, uvites also occur in these same
rocks, with up to 0.88 apfu X-site Ca. Schorls, with up to 2.06 apfu Y-site Fe, are limited
to granites and aplites and, rarely, with emeralds in country rock. Tourmalines from
veins and alteration zones associated with emerald mineralization have subtle
differences in major-element compositions, compared with tourmalines from schists and
veins with no emerald mineralization. Tourmalines associated with emeralds are
slightly more iron-rich dravites compared with tourmalines of schists and alteration
zones without emeralds. Analyzed trace elements in tourmalines include Li, Be, Sc, Cr,
V, Mn, Ni, Co, Cu, Zn, As, Rb, Sr, Y, Zr, Nb, Cd, Mo, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm,
Eu, Yb, Lu, Ta, W, Bi, Pb, Th, and U. Binary plots of major- and trace-element
concentrations show that tourmalines associated with emerald occupy restricted ranges
of composition, albeit with considerable overlap with tourmalines not associated with
emerald. Tourmaline trace-element concentrations that correspond to emerald
mineralization include 20 - 40 ppm Co, ~50 ppm Ni, 0.5 ppm La, 0.5 ppm Y, 100 - 200
ppm Li, and 300 - 600 ppm Zn. Trace elements Co, Ni, Zn, Pb, and Sb correlate with
increased Fe, and probably enter the Y-site at the expense of Mg. Multivariate statistical
analysis, particularly discriminant function analysis using the trace-element
concentrations, indicates that tourmaline can act successfully (92-100% correct
classification matrix) as a stand-alone indicator of emerald mineralization at Tsa da
Glisza.
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CHAPTER 1: INTRODUCTION
1.1 Tourmaline: its structure and composition.

Tourmaline is a cyclosilicate with the composition
XY3Z6(BO3)3SisO018(O,0OH,F)s where the X, Y, and Z components represent cations
in solid solution. The X site normally contains Na* and Ca?* with the possibility
of minor K*. The Y site contains Mg?*, Fe?*, Fe3*, Li*, Al**, Mn?*, Ti%*, Cr%*,
and/or V3*. The Z site contains predominantly Al3*, but can also contain
Mg?* Fe3*, Fe?* and Cr3*. Many other species of tourmaline exist, but dravite,
schorl, and uvite are the most important end members for this study and have
the following compositions:

o NaMg3Ale(BO3)3SisO18(0O,0H,F)4 [dravite]
o NaFe3Als(BO;3)35icO18(O,OH,F)4 [schorl]
o CaMgiAls(BOs)3SisOns(O,0H, F)4 [uvite] (Hawthorne and Henry, 1999)

Tourmaline typically forms as brown to black prisms with pseudo-
hexagonal and/ or trigonal cross sections. In thin section, schorl is typically
shades of green, gray, and/ or blue; dravite and uvite are both brown to yellow.
All three of these species, as well as most species of tourmaline, display strong
pleochroism in thin section, and rarely in hand sample. Given that these species
are in solid solution with each other, a typical rule of thumb has been that, the

deeper the colour, the higher the iron content (Nesse, 2000).



1.2 Previous studies using tourmaline compositions

Tourmaline compositions are potentially helpful indicators in exploration.
Dravitic tourmalines are commonly associated with massive sulfide deposits,
whereas plutonic rocks typically contain tourmalines of schorlitic compositions.
Both schorl and dravite are associated with exhalites (Garda et al. 2003 and
references therein).

Several studies have attempted to use tourmaline composition as an
indicator of potential ore bodies. In Nova Scotia, Clarke et al. (1989) correlated
tourmaline compositions with sulfide mineralization in the South Mountain
Batholith and Meguma Group pelites. They identified tourmaline in sulfide
mineralized zones in both pelitic rocks and granite as being Al-poor and Mg-rich
compared to Al-Fe-rich barren granite.

Yu et al. (2002) used tourmaline as an indicator for locating cassiterite
mineralized zones in the Yunlong tin deposit in China. They successfully
identified a difference between barren zones and mineralized zones using the
compositions of tourmalines in quartz-tourmaline veins, tourmaline-bearing
granite, and tourmaline-bearing migmatites.

No studies to date have been carried out using tourmaline as an indicator
for any type of gemstone deposit, despite its success as an indicator in

exploration, and common abundance in various gemstone deposits.



1.3 Tsa da Glisza

1.3.1 History and geology of Tsa da Glisza

The Tsa da Glisza (the name means “green rock” in native Kaska
language) property is located in the Pelly Mountain Range in the southern
Yukon Territory. This area is part of the Yukon-Tanana terrane, primarily
composed of pre-late Devonian quartz-rich meta-clastic rocks and carbonates,
and late Devonian to Mississippian meta-volcanic and meta-plutonic rocks,
believed to have been formed in a continental arc setting (Groat et al. 2002). The
property lies several kilometres northeast of the Tintina Fault. Although the
property was originally explored for base metals, emeralds were discovered
there in 1998. True North Gems purchased the property in 2000, and seasonal
exploration began in the summer of 2001. The property, then known as Regal
Ridge, gained recognition as potentially becoming the first emerald mine in
Canada. The name was changed to Tsa da Glisza in 2004. Exploration between
2002 and 2006 included detailed soil and stream sediment sampling, bedrock
mapping at 1:10000 scale, trench mapping at 1:50 scale with over 50 trenches
excavated, bulk sampling from 2003 to 2005, and diamond drilling from 2002 to
2004. A feasibility study on the viability of a mine at the property is currently
underway.

The principal rock types present in the vicinity of the deposit are low-
grade, Devonian greenschist-facies ultramafic and mafic schists and meta-

plutonic rocks (Fig. 1.1). The ultramafic rocks consist of meta-pyroxenite and



meta-peridotite, whereas the mafic rocks are meta-basalts and meta-andesites
that have altered to chlorite and biotite schists, some displaying well-defined
foliation in a wide range of orientations, although some are massive. A
Cretaceous peraluminous granitic pluton intruded the Devonian rocks, creating a
weak contact aureole. The granite injected an array of quartz-tourmaline veins
and aplite dikes and sills, which extend both continuously and discontinuously
for up to hundreds of meters into the greenschists. Contact metamorphism of the
country rocks has left a gossan-like mass of jarosite, limonite, phlogopite, talc,
and tourmaline. The quartz-tourmaline veins and aplite dikes/sills appear to
have transported beryllium and boron into the country rocks (Groat et al. 2002),
allowing crystallization of beryl along the boundaries of the veins, near the
contacts with the country rock, and tourmaline ubiquitously. The mafic and
ultramafic greenschists are the probable sources of chromium, vanadium, and
iron required for imparting the unique emerald-green colour to the beryl (Groat
et al. 2002).

Emerald mineralization appears to be restricted to the contacts between
quartz-tourmaline veins and mafic greenschists (Fig. 1.2), zones of limonite-
phlogopite-talc-tourmaline alteration, and mafic schist (i.e., not in the
ultramafics). Rarely, emeralds occur in the quartz-tourmaline veins (Fig. 1.3a)
and in the aplites (Fig. 1.3b). No emeralds occur in the alteration zones

surrounding aplites. The lack of tourmaline in an alteration zone indicates a lack












A porphyritic felsic dyke of Tertiary age is also present, but it post-dates
emerald mineralization, and is, therefore, unlikely to be related to any
mineralization on the property. Numerous faults, including thrusts, normal and
strike-slip are probably present, but their precise orientations and displacements
are still the subject of some debate.

1.3.2 Geographic subdivisions of Tsa da Glisza

Although the geology of Tsa da Glisza is classified by general lithologies,
subtle differences in mineralogy and/or physical appearance are present. These
variations are prevalent in the Devonian rocks. Because not all rocks of Tsa da
Glisza exhibit emerald mineralization, the property has been subdivided into
geographic zones. These zones are defined by geology and a geographic
landmark, such as a topographic ridge, or in the case of the Otter Zone, the air
strip.
1.3.2A Regal Ridge

Regal Ridge (Fig. 1.5) is the original area where emeralds were first
discovered in 1998 (Section 1.3.1). The principal rocks on Regal Ridge are DF
schists, exhibiting all ranges of alteration. Quartz-tourmaline veins and aplites
are also common.

The Southwest Zone, located on the southwestern slope of Regal Ridge, is
perhaps the most important area of the property, as there a great deal of
exposure of the Southwest Vein, a quartz-tourmaline vein approximately one

metre thick that is responsible for emerald mineralization. Past, as well as recent,
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rich rocks intruded by B-Be-rich peraluminous granite(s) with associated
aplites/ quartz-tourmaline veins.
1.5 Scope

This study was carried out by collecting tourmaline-bearing rocks at Tsa
da Glisza. The samples were analyzed for major-element and trace-element
compositions, to identify what, if any, differences exist in the tourmalines of the
various host rocks. The precision of the analyses are limited to the reliability of
the electron microprobe (major elements) and LAM-ICPMS (trace elements) data.
The differences are displayed using scatter-plot point graphs, and various
methods of grouping points, including grouping by lithology, by geography, and
on an individual sample-by-sample basis. These binary plots, as well as
multivariate statistical analysis, test tourmaline as an indicator mineral for
emerald mineralization at Tsa da Glisza.
1.6 Claim

I believe that variations exist in tourmalines of different host lithologies at
Tsa da Glisza. These differences include both major-element and trace-element
compositions, and the compositional differences allow tourmaline to act as an
indicator mineral at Tsa da Glisza. Not only do compositional differences exist,
but also there are certain areas on the property that favour emerald
mineralization and the compositions of tourmalines reflect the probability of

emeralds existing in a given area at Tsa da Glisza.
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CHAPTER 2: METHODS
2.1 Sample collection
During July and August of 2006, I collected 69 potential tourmaline-
bearing samples from the Tsa da Glisza property (Fig. 2.1), including all
geographic subdivisions of the property (Table 2.1). These samples belong to
three categories:
e field samples (Section 2.1.1) collected during regional mapping and
prospecting excursions,
o diamond drill hole samples (Section 2.1.2) collected from drill core from
the property, and
e trench samples (Section 2.1.3) collected from selected trenches and bulk
sample sites.

2.1.1 Field samples

I chose 44 samples during regional mapping based on geology,
mineralogy, grain size, and form of the tourmaline present (Table 2.2). For each
sample, I recorded UTM coordinates using a Garmin e-trex Legend GPS using the
NADS83 coordinate system. Samples collected included 19 mafic schist (DF)
samples with varying degrees of contact and regional metamorphism. In
addition to the schist samples, five aplite samples, three granite samples, ten
quartz-tourmaline vein samples, two emerald-bearing DF3; samples, one sample
of tourmaline sand, and one tourmalinite sample of unknown host lithology

were also included. I collected only one tourmaline-bearing ultramafic (DUM)

15
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Table 2.2 Field samples collected from Tsa da Glisza (Section 1.3.1 for abbreviations). Samples
subsequently discovered to not contain tourmaline have been removed.

Sample ID | UTM East | UTM North Comments Lithology
7767-3 414257 6794960 tourmaline porphyroblasts in schist (DF;) DF
776T-4 414231 6794979 | tourmaline porphyroblasts in schist (DF;) near aplite contact DF
FW-2 414503 6794984 fine-grained tourmaline vein or tourmalinization in DF, DF
-4 414490 6794960 DF; w/ tourmaline vein & tourmaline porphyroblasts DF
FW-5 414509 6794974 DF; w/ cavities - emerald bearing DF
FW-6 414510 6794974 DF; w/ cavities - emerald bearing DF
HR-1 415518 6793020 DF, w/ tourmaline porphyroblasts DF
HR-2 415518 6793020 DF; w/ tourmaline porphyroblast DF
HR-4 415518 6793020 quartz-tourmaline vein DF
HRT-4 414554 6793559 stratiform tourmaline above upper contact of HRT-3 vein DF
HRT-6 414582 6793598 DF, w/ tourmaline porphyroblasts DF
MO-1 416370 6794800 tourmaline porphyroblasts in chlorite schist - DF/DF, DF
tourmaline & talc vein / tourmaline porphyroblasts in
MO-3 416965 6794964 chlorite schist - DF,/DF; DF
MO-5 415761 6795330 | tourmaline porphyroblasts in biotite-rich chlorite schist - DF, DF
SUM-3 414957 6794459 tourmalinized chlorite schist at vein contact - Summit Zone DF
322915 413805 6795215 tourmaline sand, probably from shear zone - Otter South DF ()
322943 413755 6795110 | massive porous coarse-grained tourmalinite from Otter South DF (2)
APMT-1 414231 6794979 identical to AP-T1, but w/ emerald Ka
AP-T1 414231 6794979 tourmaline phenocrysts in aplite dike Ka
MO-2 416928 6794855 tourmaline vein within aplite/granite vein Ka
MO-6 415761 6795330 tourmaline phenocrysts in aplite dike Ka
TC-2 ? ? tourmaline bearing aplite near base camp Ka
CO-1 417348 6795499 granite w/ tourmaline phenocrysts Kg
CO-2 417516 6796000 granite w/ tourmaline phenocrysts Kg
HV-3 415051 6793575 granite w/ tourmaline phenocrysts Kg
FW-3 414500 6794984 quartz-tourmaline vein Kqt
HR-3 415518 6793020 DF; w/ heavy tourmalinization and quartz veinlets Kqt
HRT-1 414582 6793598 visibly pleochroic tourmaline in tourmaline vein Kqt
HRT-3 414554 6793559 quartz-tourmaline vein near emerald in vein (same vein) Kgt
MO-7 415804 6795258 quartz-tourmaline vein w/ fuchsite Kgt
quartz-tourmaline vein (aplite?) intersecting ultramafics -
0z-2 413912 6795506 similar to AP-T1 Kgt
OZ-3 413966 6795464 tourmaline vein w/ minor quartz intersecting ultramafic Kqt
SUM-1 414957 6794459 quartz-tourmaline vein from Summit Zone Kqt

2.1.2 Diamond drill-hole samples

Holes were drilled during the 2003 and 2004 field seasons, during True

North Gems’ Tsa da Glisza drill program. Nine diamond drill hole (DDH)
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samples were selected based on essentially the same parameters as field samples

(Section 2.1.1), collectively in excess of 2.5 m of drill core (Table 2.3). Only four of

the nine samples were positively tourmaline-bearing (Section 2.1.4 for rejects).

The four positive samples included one schist sample, one sample of aplite, and

two samples of unknown lithology, probably DF schists that have undergone

extensive metasomatism.

the interval and lithology. The core was split in half using a diamond blade tile

With each sample collected, I recorded the hole identification, as well as

saw. If the core had been sampled previously and was already halved, the

remaining half would be halved again, to ensure True North Gems retains a

sample of the original core.

The DDH samples were useful in that they represent samples of the rocks

that have not been altered by surface processes, including physical and chemical

weathering. Although, weathering is not an issue to the physical or

compositional integrity of tourmaline per se, the host lithology is susceptible to

physical and chemical weathering, particularly DFs. The DDH samples also

provide insight into rocks that are not visible in any surface outcrops, as is the

case with samples H0432 and H0425.

Table 2.3 DDH samples collected from Tsa da Glisza (Section 1.3.1 for abbreviations).

Ut™ UTM
Sample ID East North DDH From To Lithology Comments
DF; w/ moderate tourmalinization, quartz
H03098B 414721 | 6794515 | DDHO03-09 | 82.27 | 82.80 DF veinlet, limonite and sulfides
heavy alteration (DF3?) w/ extensive

HO425 415085 | 6794384 | DDHO4-25 | 54.65 | 54.76 | DF () tourmalinization and moderate quartz veining

) gypsum needles w/ tourmaline veinlets, minor
HO432 | 414836 | 6794438 | DDHO4-32 | 50.32 | 50.70 | DF quartz veinlets, limonite staining
HO0429 415482 | 6794231 | DDHO04-29 | 49.83 | 50.00 Ka Ka w/ tourmaline veinlets

18
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Table 2.4 Trench samples collected from Tsa da Glisza (Section 1.3.1 for abbreviations)

Sample ID UTM East UTM North Lithology Comments
tourmaline porphyrobilasts in rusty phlogopite-rich schist -

322807A 414606 6794699 DF DF; near QT vein contact
HRT-7 414473 6793566 DF DF; w/ tourmaline and biotite
0z-5 413941 6795480 DF DF; - extensive tourmalinization and phlogopotization
T0640 414991 6794317 DF DF; w/ tourmaline layers & porphyroblasts
T0643 415119 6794293 DF tourmaline in bluish alteration (DF;)
TH-1 413967 6794907 DF aplite vein in massive DF
322807 414605 6794700 DF/Kqt DF3/quartz-tourmaline vein — emerald-bearing
322810 414688 6794614 DF/Kqt DFs/quartz-tourmaline vein — emerald-bearing
322814 414633 6794614 DF/Kqgt DFs/quartz-tourmaline vein — emerald-bearing
322807B 414605 6794700 Kgt QT-beryl vein from emerald-bearing bulk sample
T0642 415117 6794318 Kqt quartz-tourmaline vein intersecting DF/DF;
2.1.4 Rejected samples

The following samples did not contain tourmaline and were rejected:

776T-1, 776T-2, FW-1, HO309A, H0309C, H0310, H0415, H0427, HRT-2, HRT-5,

HV-1, HV-2, MO+4, MOG, OZ-1, OZ+4, SUM-2, and SW-2. The loss in transit of

SW-1 and TH-2 reduced the number of samples to 48. Rejected samples (Table

2.5) are not shown in Tables 2.1, 2.2, and 2.3.

2.2 Sample preparation

I submitted 67 samples (all samples including rejects not lost in transit) to

Gordon Brown of Dalhousie University who prepared polished thin sections of

all samples for tourmaline major-element analysis.

In addition to the thin sections, I crushed pieces of samples using a mini-

jaw crusher and a pulverizer. After the rock was crushed, I isolated individual
tourmaline grains, set them in labelled zip-lock bags for each sample and gave
the bagged grains to Gordon Brown to prepare grain mounts for trace-element

analysis.
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Table 2.5 The rejected samples, i.e. those that were lost or do not contain tourmaline.

Sample ID UTME UTM N Lithology Comments
776T-1 414250 6794907 DF/Kg quartz vein in DF
776T7-2 414257 6794960 DF talc-chlorite schist
Fw-1 414510 6794995 DF DF;-DF; rusty phlogopite-chlorite schist
HO309A 414721 6794515 DF DF, w/porphyroblasts from DDH03-09, 76.76 - 76.88m
H0309C 414721 6794515 DF DF; w/ porphyroblasts from DDHO03-09, 80.59 - 80.78m
HO0310 414694 6794589 DF DF w/ quartz vein; from DDHO03-10, 7.38 - 8.10m
HO0415 414714 6794553 DF/Kq DF; w/ quartz vein, limonite staining; from DDHO04-15, interval N/A
H0427 415282 6794290 Td Td with possible phenocrysts; from DDH04-27, 41.55 - 41.65m
HRT-2 414582 6793598 DF DF, - DF; w/ extensive phlogopitization
HRT-5 414588 6793575 DF DF; chlorite schist w/ wheat-sheaf porphyroblast clusters
HV-1 415280 6793604 Kg granite with black phenocrysts
HV-2 415280 6793604 Kg granite with black phenocrysts
MO-4 415761 6795330 DF DF w/ quartz vein
MOG 416364 6794800 DF DF; w/ garnet porphyroblasts
0z-1 414014 6795506 DUM sheared DUM with large, elongate, black porphyroblasts
0z-4 413900 6795524 Ka aplite with grey-black crystalline stringers
SUM-2 414957 6794459 DF DF, - DF, near quartz-tourmaline vein
SW-1 ? ? DF/Kqt quartz-tourmaline-emerald vein; LOST IN TRANSIT
SW-2 ? ? DF silicified DF; w/ large emeralds
TH-2 413961 6794908 DF altered, rusty, massive DF; LOST IN TRANSIT

2.3 Sample Analysis

With the assistance of Patricia Stoffyn of Dalhousie University, I analyzed

the tourmaline samples for major-element composition (Section 2.3.1) and trace-

element composition (Section 2.3.2) to provide a thorough understanding of the

compositions of the tourmalines.

2.3.1 Major element analysis

I used a JEOL 8200 electron microprobe at Dalhousie University with a

spot size of 5 pm to measure major-element compositions of the tourmaline

grains in each slide (Fig. 2.3). I chose a minimum of five to a maximum of eleven

points from various tourmaline crystals on each slide, probing a single grain two

to three times in different areas of the crystal. Dr. Stoffyn supervised the probing
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ease of obtaining tourmaline grains. The chosen samples included three DF, five
DF, 13 DF3 (of which three were emerald-bearing), seven aplites (one of which
was emerald-bearing), one granite, and nine quartz-tourmaline vein samples
(one of which was beryl-bearing). Table 2.6 shows these samples.

On 17 - 18 January 2007, I took the grain mounts to Memorial University
in St. John’s NL to measure the concentrations of trace elements in the
tourmaline grains. Wilfredo [Jiggs] Diegor of Memorial University and I
performed the analyses on 38 samples (APPENDIX 3), by Laser Ablation
Microprobe Inductively Coupled Plasma Mass Spectroscopy (LAM-ICPMS, Fig.
2.4). Elements measured were Li, Be, B, Al, Sc, Cr, V, Mn, Ni, Co, Cu, Zn, As, Rb,
Sr, Y, Zr, Nb, Mo, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Yb, Lu, Ta, W, Bi, Pb, Th,
and U. The first two samples, CO-1 and MO-7, were analyzed for K as well. All
subsequent samples were analyzed for Cd instead of K. We measured a
minimum of five points to a maximum of seven points, with two exceptions: FW-
5 did not have enough space on the only exposed crystal to measure five points,
so we only analyzed three points, and 776T-3 unfortunately was set too deep in
the grain mount to be visible, so no points were measured. A boring diametre of
85 pm was used for a running time of 100 seconds. With a boring rate of
approximately 1 pm per second, a hole approximately 85 pm wide by 100 pm

deep was left after each analysis.
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correlation indicates a correlation and zero means no correlation. If the
concentrations of two elements are plotted on a simple x-y graph, the correlation
is a measure of how well the points defined by those concentrations fit to a line
(Fig. 2.5). The Pearson coefficient uses parametric correlations; i.e. the correlation
of the actual concentrations of the trace elements. A greater magnitude of the
Pearson coefficient (i.e. closer to 1 or -1) corresponds to stronger correlation/anti-

correlation. The Pearson coefficient is determined by:

.- S (x- DG -3)
N DA e}

Equation 2.1 Where r is the Pearson coefficient, x and y are the arrays which correlation is being
measured; in this case, x and y arrays are two elements being tested for correlation.
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Figure 2.5 Hypothetical binary plots of two elements’ concentrations, emphasizing their
correlation. In both cases the slope of the line of fit is equal; however, in case a, nearly all points
lie along the line of fit. Case a displays a strong correlation. Because the points in b are more
scattered and do not lie on the line of fit, the points are not as correlated as in a; therefore, b has a
lower correlation coefficient than a.

The problem with the trace elements is that the concentrations of one
element can vary by several orders of magnitude across all samples analyzed.

Like the Pearson coefficient, the Spearman rank correlation coefficient is also a
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value between -1.0 and +1.0 (Equation 2.2). The Spearman rank correlation

coefficient is defined by:

_,_ b2
p=r- n(n? —1)

Equation 2.2 Spearman rank correlation coefficient; where p is the Spearman rank correlation
coefficient, d is the distance between ranks, and 7 is the number of samples. In the example of the
trace elements, the n is 37, because there are 37 elements.

Spearman rank ignores the values of the variables and assigns only a rank to that
element for that sample, thus it generates non-parametric correlations. Because I
analyzed for 37 elements, each element is assigned a rank between 1 and 37 for
each sample: 1 representing the lowest concentration of an element in a given
sample, and 37 representing the highest concentration of an element in that
sample. The Spearman rank correlation coefficient is a value between -1 and +1,
assigned to pairs of elements, testing the correlation of the Spearman ranks.
Table 2.7 and Figure 2.6 show an example of a comparison between Pearson and

Spearman correlation.

Table 2.7 Hypothetical concentrations of two elements in five samples. The Pearson correlation
coefficient determines the correlation of the actual concentrations (in ppm). The Spearman rank
correlation coefficient determines the correlation of the ranks. In this case, X and Y have a
moderate Pearson correlation, but perfect Spearman correlation.

Sample X (ppm) Y (ppm) X Rank | Y Rank Pearson | Spearman
XY X-Y
A 5 5 1 1
B 15 2 2
C 20 43 3 3 0.749 1.000
D 75 100 4 4
E 400 110 5 5
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Figure 2.6 Hypothetical binary plot of two elements’ concentrations. (a) Their actual
concentrations are plotted (from Table 2.7), highlighting Pearson correlations. (b) The respective
ranks of concentrations are plotted, highlighting Spearman correlations. Because the points in a
do not lie on the line of fit, their correlation is moderate. The Pearson coefficient correlates the
values in a. However, by non-parametric ranks to the concentrations, as in Table 2.7, by plotting
the ranks, the rank points lie along a line, and therefore the ranks are perfectly correlated,
resulting in a Spearman coefficient of 1.

2.4.2 Cluster analysis

The human brain is capable of visualizing data in only two and three
dimensions, as two- and three-dimensional space are the maximum we can
visualize. Mathematics, however, can plot in an infinite number of dimensions,
independent of the human brain’s ability to visualize. Because many of the
concentrations were below the lower limit of detection, we used only 22 trace-
element concentrations, resulting in a mutually perpendicular 22-axial plot: one
axis for each elemental concentration, and one point for each sample. After
plotting all potential functions in hyperspace, cluster analysis determines the
appropriate boundaries of clusters of points. The user defines the number of
clusters to find, and cluster analysis determines where cluster boundaries exist.

We applied cases of 2, 3, and 4 clusters.
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2.4.3 Discriminant function analysis

Unlike cluster analysis, which determines the boundaries of natural
groupings in hyperspace, discriminant function analysis allows the user to define
what the groupings are, and allows the program to identify where the boundary
(or boundaries) between them exists (Fig. 2.8). The discriminant function
calculates a constant that maximizes the distance between points, and then
multiplies each point by that constant. We applied discriminant function analysis
using two possible groupings: tourmalines from emerald-bearing rocks (“E”) and
tourmalines from non-emerald-bearing rocks (“NE”). We performed two
discriminant function analyses. The first used a narrow range of the “E” group,
limited only to those samples that contained emerald; the second used an
expanded range of the “E” group, including tourmalines from emerald-bearing

samples, as well as those from rocks near emerald mineralization (+ 25 m).
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CHAPTER 3: RESULTS

This chapter includes the petrographic descriptions of all tourmaline-
bearing lithologies present at Tsa da Glisza, statistical distribution of all elements
analyzed, both from EMP and from LAM-ICPMS. End member classification is
also included, as determined by EMP.
3.1 Petrographic descriptions of rocks present

Because time was limited over the course of this research, I provide petrographic
descriptions of representative samples of Tsa da Glisza, rather than descriptions of each
individual sample. Representatives include the Fire Lake Group country rocks (DF;, DF,,
and DFj3; Section 3.1.1), granite (Section 3.1.2), aplites (Section 3.1.3), and quartz-
tourmaline veins (Section 3.1.4). Section 3.1.5 provides descriptions of the anomalous
samples that contain tourmaline, but do not belong to the common lithological groups of
Tsa da Glisza.

3.1.1 Fire Lake Group schists

Figure 1.4 indicated the differences visible in hand sample of the varying degrees
of metasomatic alteration of the country rocks. Increasing tourmaline content is apparent
in hand specimen, as noted in Section 1.3.1; however, differences are also evident in thin
section, primarily by changes in the volumetric concentration of phlogopite + biotite,
replacing chlorite.

3.1.14 — DF; samples

Figure 3.1 provides two representatives of DF;: samples MO-5 (a) and HR-2 (b).

These samples show the range of metasomatism associated within a single subclass of the

country rock. The DF; samples contain a matrix of moderately to well-foliated chlorite,
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quartz, tremolite, and plagioclase (Fig. 3.1a). The matrix minerals range between 0.5 and
2 mm in longest dimension. Tourmaline porphyroblasts are present, overprinting the
matrix-defined S; foliation, evident by the inclusion trails within the tourmaline. The
porphyroblasts range in size between 10 and 60 mm in length, and are fractured
perpendicular to the long axis. The fractures may be the result of cooling. In some cases,
as in HR-2 (Fig. 3.1b), accessory opaque minerals are also present, although the exact
composition is unknown; however, based on the abundance of iron-rich minerals in these
rocks, the opaques are most likely Fe-, Ti-, and/or Cr-rich, possibly ilmenite, rutile,
and/or chromite.

Biotite + phlogopite is also present in some samples. These minerals are likely the
result of metasomatism, evident by their relative abundance surrounding the tourmaline
porphyroblasts. The reaction most likely includes the addition of B and K, promoting
tourmaline, biotite, and phlogopite crystallization.
3.1.1B DF; samples

The DF; rocks differ from the DF; rocks by increased concentration of tourmaline
and mica, indicative of more extensive metasomatism by the addition of B and K. Figure
3.2 shows a representative sample of DF, (HR-1). This rock contains a matrix of well-
foliated chlorite, phlogopite (£ biotite + muscovite), quartz, and plagioclase, with
accessory opaque minerals, and tourmaline porphyroblasts. Similar to the DF; samples,
the porphyroblasts are superimposed on the matrix-defined foliation; however, the matrix
foliation undulates and crenulations are present. The folds and crenulations may be
responsible for the increased degree of metasomatism that distinguishes the DF, from the

DF,.
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3.2 Major-element results

Table 3.1 contains a statistical summary of the EMP analyses. This table
shows the minimum, maximum, and average values of each sample, in atoms
per formula unit (apfu). Because of inconsistencies in the measured B20s values,
the values shown in Table are corrected to 9.8 weight % B2Os. APPENDIXES A
includes the measured weight percent of oxide for each analysis. APPENDIX B
features the average structural formula of each sample, including X-, Y-, and Z-
site occupancies.

Only three species of tourmaline occur at Tsa da Glisza: uvite, dravite and
schorl; therefore, only Na, Ca, Mg and Fe contents of a tourmaline grain are
required to identify the species. Tourmalines containing more than 1.5 atoms per
formula unit (apfu) Fe always contain more than 0.5 apfu Na, so are therefore
schorl (above the schorl-dravite boundary). Those with more than 1.5 apfu Mg and
more than 0.5 apfu Ca are uvite (above the uvite-dravite boundary). Dravites
contain more than 1.5 Mg and more than 0.5 apfu Na.

The definition of the dravite boundaries is important in this study, given
the high degree of solid solution between Na and Ca, and Fe and Mg in these
tourmalines. Many of the samples lie near these boundaries and/ or lie above and

below these boundaries based on multiple points measured in each crystal.

40










































CHAPTER 4: DISCUSSION

This chapter contains a discussion of the variations in tourmaline
compositions at Tsa da Glisza and their relationships to emerald mineralization.
The topics include both major-element (Section 4.1) and trace-element
compositions (Section 4.2). The variations in composition occur in all tourmaline
sites, displaying extensive solid solution in the X-, Y-, and Z-sites. Section 4.3
uses multivariate statistics to test tourmaline as an indicator for emerald
mineralization.

4.1 Major-element compositions

The major-element compositions of the tourmalines vary by host
lithology, namely tourmalines from country rocks (DF;, DFz, and DF3) and
tourmalines from intrusive rocks (granite and aplite samples).

Hawthorne and Henry (1999) classify tourmaline by X-site occupancy. By
their definition, the tourmalines of Tsa da Glisza are alkali-group (>50% Na) and
calcic-group tourmalines (>50% Ca) (Fig. 4.1). Most samples from Tsa da Glisza
are alkali-group tourmalines. Tourmalines from granite contain the highest
concentrations of Na and lowest concentrations of Ca; tourmalines from schists
contain the lowest Na concentration and highest Ca concentrations (Fig. 4.2).
Tourmalines from aplites and quartz-tourmaline veins are highly variable in
their X-site cation occupancies; however, the more alkalic tourmalines also

contain more vacancies.
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Most of the samples still exist on the dravite/schorl side (Na-dominant) of
the uvite (Ca-dominant) boundary. Tourmalines from emerald-bearing rocks,
including emerald-bearing DF; and emerald-bearing aplite, are transitional
between tourmalines from granites and tourmalines from schists.

Although Na and Ca are the greatest constituents of the X-site, it is also
occupied by minor K. Figure 4.3 shows the Ca-K relationship among tourmalines
from country rocks, intrusive rocks, and emerald-bearing rocks. The
concentration of K is low, but analytically significant, in all tourmalines from Tsa
da Glisza, with generally less than 0.02 apfu; however, distinct differences in K
concentrations exist in tourmalines from all lithologies, just as with Na and Ca.
The highest K concentrations are present in granite- and aplite-hosted
tourmalines, the least K but a relatively broad range of Ca is present in schist-
hosted tourmalines, aplite-hosted tourmalines contain greater concentrations of
K, and vein-hosted tourmalines have K and Ca concentrations similar to country
rocks. Tourmalines from emerald-bearing samples are K-rich compared with
those from country rocks, but K-poor in contrast to those from granite/aplite;
therefore, the K concentration strongly illustrates the transitional composition of

tourmalines from granite to tourmalines from country rock.
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A distinct separation between tourmalines from country rocks and tourmalines
from intrusive rocks is present at the schorl-dravite boundary, as indicated in
Figures 4.4 and 4.5; all granite tourmalines, some aplite tourmalines, and some
vein tourmalines exist in the schorl range (Fe-dominant). All schists, some
aplites, and most vein samples exist in the dravite/uvite range (Mg-dominant).

Although the physical appearance of the schist, and subsequently the
form and abundance of tourmaline in the schist, changes considerably with
increasing grade of alteration, the major-element composition of the tourmaline
changes very little across the DF -3 spectrum (Figs. 4.1 - 4.5). The major-element
similarities of tourmalines from DF1 -3 are problematic, because the difference
between DF; and DFs is related to the influence of the granite on the schist. If that
were the case, tourmalines from a DFs might be expected to have a major-
element composition nearer the granite-hosted tourmaline range, as in the
emerald-bearing DF3 samples; however, the tourmaline compositions from DF3
rocks is not nearer to the composition of granite-hosted tourmalines than are
those composition of tourmalines from other country rocks. Tourmalines from
schists including DF1, DF,, and DF3, appear to have relatively similar
compositions to each other.

Tourmalines from quartz-tourmaline veins display a broad range of
compositions from one vein to another; however, they do reflect the composition

of their nearest country rock (Fig 4.6). For example, quartz-tourmaline veins that
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In tourmalines from granites, most aplites, and most quartz-tourmaline veins,
the Z-site is exclusively occupied by Al. The lack of Mg in the Z-site is also
characteristic of tourmalines from emerald-bearing rocks. Because of substitution
of OZ for OH-, the Z-site is in some cases able to accommodate more than six
apfu.

As Figures 4.1 - 4.10 indicate, distinct differences exist in major-element
compositions of tourmalines from Tsa da Glisza. The variations in major-element
composition are present in X-site, with Na and Ca in solid solution, in the Y-site,
with Mg and Fe (and to a lesser extent, Mn and Ti) in solid solution, and in the Z-
site, with Mg and Al in solid solution. These binary plots of major-element
compositions indicate that a specific range in composition of tourmalines is
associated with emerald mineralization:

e the X-site ~ Nao.soKo.01Cao.o,

o theY site ~ FeMgp, allowing some Mn, but Ti-poor, and

e the Z-site less than ~ Mgoas.
The emerald-related range of compositions is similar to that of tourmalines from
country rock, but at highest-Fe, highest-Na compositional extent of the country-
rock-tourmalines, approaching the compositional range of tourmalines from the
granite.
4.2 Trace-element compositions

Unlike the relatively narrow range of the major-element compositions

(Section 3.2.1, Section 4.1), the trace-element compositions of tourmalines vary
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substantially. The tourmalines in all rocks cover a wide range of concentrations
of the various trace elements (Table 3.3, APPENDIX C). The use of correlation
coefficients simplified the process of interpreting the trace-element

concentrations (Table 4.1).

Table 4.1 Comparison of Pearson correlation coefficients with Spearman correlation coefficients
(Section 2.4.1). Moderate to strong Pearson correlations (coefficient >0.75) of concentrations above
the lower limits of detection (variable with each element) were chosen for binary plots. The last
column indicates the binary plots of these elemental pairs.

P | Coeffcint | Cootficient | ETe

Co-Ni 0.969 0.745 4.11
La-Nd 0.812 0.860 4.12
Y-Yb 0.951 0.869 4.13
Sb-Pb 0.989 0.736 4.14
Li-Mn 0.789 0.728 4.15
Ce-Zn 0.771 0.541 4.16

Similar to the major-element trends, there are variations in trace-element
compositions of the Tsa da Glisza tourmalines from different lithologies. Tables
4.2 and 4.3 show the ranges of selected trace-element concentrations of the
tourmalines from the granite compared to the tourmalines from the country
rocks. In the cases of Co, Ni, La, Nd, Y, and Yb, tourmalines from the granite
samples contain low concentrations of these elements, and tourmalines from
schist samples contain comparatively high concentrations of these elements

(Table 4.2).

Table 4.2 Co, Ni, La, Nd, Y, and Yb; the trace elements present at relatively higher concentrations
in tourmalines from schists.

Co (ppm) Ni (ppm) La (ppm) Nd (ppm) Y (ppm) Yb (ppm)
MIN | MAX | MIN | MAX | MIN | MAX | MIN | MAX | MIN | MAX | MIN | MAX

granite-host 0 5 0 10 0 1 0 0.5 0 2.5 0 0.4
schist-host 15 70 40 | 250 0 1.5 | 0.1 12 | 01 3 0 0.6
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Conversely, the tourmalines from the granite contain greater concentrations of

Sn, Pb, Sb, Li, and Mn, compared with those from schists (Table 4.3).

Table 4.3 Li, Mn, Sn, Pb, and Sb; the trace elements present at relatively high concentrations in
tourmalines from granites.

Li (ppm) Mn (Wi%) Sn (ppm) Pb (ppm) Sb (ppm)
MIN | MAX | MIN | MAX | MIN | MAX | MIN | MAX | MIN | MAX
granite-host 180 | 250 | 0.08 | 040 70 80 | 20 451 05 2
schist-host 0 120 | 0.02 | 020 0 50 0 25 0] 05

Figure 4.11 is a binary plot of Co and Ni concentrations in tourmaline
samples showing variations in Co-Ni concentrations of variable degrees of
country rock alteration. Tourmalines from DF; contain the most Ni, less in
tourmalines from DF», and the least in tourmalines from DFs; however, the
greater the degree of metasomatism, the greater the variation in Ni content.
Tourmalines from aplites and quartz-tourmaline veins have varied Co and Ni
concentrations, and tourmalines present with emeralds in country rock appear to
contain 20 ppm (* 5 ppm) Co and less than 100 ppm Ni. Tourmalines from
emerald-bearing aplite have Co concentrations similar to other emerald-bearing
rocks, but higher Ni concentration. As Co and Ni are both divalent cations, and
are commonly associated with Fe, it is probable that all Co and Ni exist in the

tourmaline Y-site.
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In both major- and trace-element compositions, the tourmalines from
emerald-bearing rocks have compositions predominantly within the range of
tourmalines from country rocks, although approaching the granite-tourmaline
range. As a result, Fe and Al in the Y-site are at higher concentrations at the
expense of Mg. Related to the major-element, relatively higher, Fe-Al
concentrations, the tourmaline trace elements characteristic of emerald
mineralization also occupy the Y-site. However, because many of the trace
elements measured are trivalent cations, such as La3*, Nd3*, Y3+, Yb3*, Sb3*, and
Ce?*, it is possible that many occupy the Z-site, replacing AI** and/or Mg,
although it is not as likely. Also possible, but even less likely, is that those
elements may replace B3*.

4.3 Multivariate statistical analysis

Although the binary and ternary plots in Figs. 4.1 - 4.16 are simple to
interpret, they are limited. A multi-dimensional approach is not necessary with
the major-element concentrations, because there is less variation and it is easily
interpreted in two-dimensional space; however, the trace-element concentrations
vary significantly and the range of concentrations in tourmalines from emerald-
bearing samples is not as narrow as in the major-element composition. Therefore,
I used multivariate statistics to plot trace-element concentrations in hyperspace.
Because many of the elements analyzed were determined to be at concentrations
below the lower limit of detection, only 22 of the trace-element concentrations

were used for the multivariate approach. The 22 elemental concentrations
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included Lij, Be, Sc, V, Cr, MnO, Co, Ni, Zn, Sr, Nb, Sn, Cs, Ba, La, Ce, Eu, Ta, W,
Pb, Bi, and U. This 22-element plot results in a 22-dimensional plot, with each
axis mutually perpendicular. I applied cluster analysis and discriminant function
analysis to test tourmaline as a stand-alone indicator for emerald mineralization
at Tsa da Glisza.

4.3.1 Cluster analysis

The cluster analysis did not prove to be successful. I examined cases of
two, three, and four clusters (Table 4.4). None of the potential clusters displayed
any correlation of samples within that cluster. The cases of two and three clusters
identified essentially the same clusters, but splitting one cluster into two in the
three-cluster scenario. The four-cluster scenario identified different clusters than
the two- and three-cluster scenarios, but still did not identify emerald-relating
groups.

4.3.2 Discriminant function analysis

For discriminant function analysis (DFA), I classified the trace-element
concentrations into two groupings: tourmalines with emerald (E) and
tourmalines not with emerald (NE). The DFA identified the discriminant
function between these two groupings (Table 4.5). Based on a sample proximity
to the plane, the groupings are placed in a classification matrix. This matrix
classifies each sample as affirmatively belonging to the group defined by the

user.
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In the second possible case, which expands the emerald-bearing cluster
from five to 13, DFA classified 12 of the 13 emerald-bearing samples in the
emerald group, and 22 of the 24 non-emerald-bearing samples in the no-emerald

group (Table 4.7), determining these groupings as 92% effective.

Table 4.5 Canonical discriminant functions of each element for narrow and expanded DFA.

Discriminant Function
Narrow Expanded

Li 0.016 0.008
Be -0.207 0.018
Sc -0.001 0.003
\ 0.005 -0.002
Cr -0.000 -0.000
MnO -0.108 9.506
Co 0.004 0.093
Ni -0.008 -0.007
Zn -0.005 -0.003
Sr 0.005 0.003
Nb 1.064 0.692
Sn -0.016 -0.022
Cs -0.006 0.001
Ba 0.055 0.002
La -0.628 1.687
Ce 0.778 -0.892
Eu -5.625 -1.985
Ta -0.114 0.002
W 0.010 -0.002
Pb 0.007 0.006
Bi 0.488 -0.373
U -1.056 -0.087
Constant 5.170 -2.883

Table 4.6 Classification matrix of narrow discriminant function analysis. The classification is
100% effective, because emerald-bearing samples affirmatively lie within the boundaries of the
emerald-bearing cluster, and all non-emerald-bearing samples lie within the boundaries of the
non-emerald-bearing cluster.

emerald no emerald | % correct

emerald 5 0 100
no emerald 0 32 100
TOTAL 5 32 100
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Table 4.7 Classification matrix of expanded discriminant function analysis. The classification is
92% effective.

emerald no emerald | % correct

emerald 12 1 92
no emerald 2 22 92
TOTAL 14 23 92

I cannot explain the misclassification of samples in the expanded case. The
misclassified case of the “emerald” for a “non-emerald” class refers to sample
FW-3, which is a quartz-tourmaline vein sample responsible for emerald
mineralization. Other quartz-tourmaline vein samples linked to emerald
mineralization, such as HRT-3 and SUM-1 were classified correctly. The two
misclassified “non-emerald” for “emerald” refer to samples 322915 and H0432. It
is simply possible that these samples are near emerald mineralization that has
not been discovered. This is certainly possible with H0432, because it is a DDH
sample that was drilled in the vicinity of emerald mineralization. The
misclassification of these two samples may also indicate that the tourmalines
were once present with emerald mineralization, but are no longer, whether
erosion has occurred, or subsequent transport of the emeralds [or tourmaline] by
later metasomatic fluids.

Figure 4.17 provides a simplified possible reason why discriminant
function serves as an excellent data-processing method for defining tourmaline
as an indicator for emerald mineralization. Because there is such a variety in the

host lithologies of the tourmalines, natural clusters are easily defined (from Table
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CHAPTER 5: CONCLUSIONS

The following are the most important conclusions concerning emerald

mineralization at Tsa da Glisza:

Tourmaline is ubiquitous in the area, but emerald occurs principally at
contacts with quartz-tourmaline veins in highly metasomatized schists,
raising the possibility that tourmaline may act as an indicator mineral.
Tourmaline compositions are primarily alkali (dravite and shorl), with
minor calcic (uvite).

Tourmaline compositions in the country rocks tend to be dravite, whereas
those in granite-related rocks tend to be schorl.

Bivariate plots of Ca-Na, Mg-Fe, and Mg-Al show that tourmaline
associated with emerald tends to occupy approximately the middle of the
compositional range of

(Nao7Cao.3)(FeMg2)(MgosAls 7)(BOs3)3SisO18(O,0OH, F)4, but with
compositional overlap with non-emerald associated tourmalines.

Of these, moderate to strong Pearson and Spearman correlations exist for:
Ni-Co, La-Nd, Y-Yb, Sb-Pb, Li-Mn, and Ce-Zn.

For many of the trace elements, elements such as Ni, Co, Pb, and Zn enter
the Y-site in the T structure, although others such as Y, Yb, La, Ce, and Sb
may also enter the Z-site or boron-site.

Multivariate cluster analysis was not successful in defining the emerald-

related tourmalines from non-emerald-related tourmalines.
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e Discriminant function analysis was highly successful, both with the
narrow (100%) and expanded (92% success) populations, in distinguishing
between those tourmalines that are associated with emerald and those
tourmalines that are not.

e Trace-element concentrations in tourmalines at Tsa da Glisza strongly
suggest that tourmaline is an indicator mineral for emerald mineralization
at this deposit.

Since exploration began at Tsa da Glisza, the identification of emerald-
hosted zones has been done by physical appearance. The identification of quartz-
tourmaline veins has always been the driving factor in identification of emeralds
on the property. The presence of DF1, DF2, and DF3 alteration assemblages in
the contact zones has always been a supporting observation to indicate probable
emerald presence. Nevertheless, emeralds are not always present in these areas;
therefore, the need for a more precise method of identifying emerald
mineralization exists. This research has proved that there are major- and trace-
element compositional differences in tourmalines, not only by lithology, but
within lithology as well. Not only do the differences exist but the use of
discriminant function with the trace-element concentration provides a high
degree of accuracy of identifying nearby emerald mineralization, even when not

directly visible.
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Future Research

In many respects, the current work is preliminary, and needs further

research in the following areas:

increased rigour of the multivariate statistics, including transforming
those variables with non-normal distributions, using a combination of
major and trace elements, and using stepwise DFA to eliminate the non-
significant elements to increase the ratio of samples to variables;
addition of boron isotopic compositions (11B/10B ratios) to the mix of
variables to test for their contribution to the discriminating power of
tourmalines, and to better understand the chemical evolution of the

system that produced the emeralds at Tsa da Glisza.
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