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Abstract

Predicting thegeomechanicdlehaviour ofockmasseis key to the economic success and safety of rock
engineering projectsuch as surface and underground excavatfemsthese projects, unconfined
compressivetresyUCS) laboratory testingrovidesfundamentageomechanical properties of intagtks

It is currently standard practifer UCS testingo consideronly homogeneous samples and discard
heterogeneous samples such as those that are affected by hydrothermal alteration and veining.
Understanding the complexities of heterogeneoaks awl rockmasses is critical f@xcavatiorprojects
such agleep block cave mines where extensive tunnel networks are regularly excavated through
heterogeneous rockmassesrring this researcproject UCS test were conducted &9 homogeneous
(matrix-type)and 21 heterogeneous (vjmpe) core samplegsom the Legacy Skarn Depokitcatedin
northern New Brunswick, Canadghese samples are sorted into five lithological units: beige, red, and
black varieties of quartplagioclase granodiorite, calcareous stode, and garngtyroxene skarn.
Mineralogical compositions of these units were determined using hand sample field identification
technigues and microscopic laboratory methods including petrographic thin section andResjs, X
Diffraction, and micreX-ray Fluorescence. Significaeffectsof hydrothermal veining othe UCS test
resultswere observed in the tested samplésn mineralogy dominated by calcite weakens the
granodiorites bustrengthens the calcareous mudstone. Vein mineralogy dominatedrt®iguhe skarn
has a mixed influence on geomechanical propelieis thicknesgrimarily influences geomechanical
properties of samples with single veins, whereas densityis moreuseful to characterizeampleghat
containvein networks or stockwork. The effects of veientationonly partially agree witlan established
model forshear failure through critically oriented foliatiofifie disseminated alteration in the granodiorites
(plagioclasgphenocrystsand skarn (gaetcrystald typically increasestiffness and strengtlince the large
grains arrest cracks under loadstly, he effects of sample selection on reported UCS test results were also
investigated usingur sample selection methods to the tested corelsamihe resultdemonstrate the

importance of including heterogeneous veined samples in a UCS testing program.
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Chapter 1

l ntroducti on

1.1 Purpose of Study

As the demand for metals and improved transportation networks griovag, tunneling, and
other infrastructur@rojects are rapidly becoming excavateid iheeperandmore complex
rockmasses. Complex rockmasaesdefined as rockmass#sat contain healed intrablock
structuresuch asydrothermal veinand stockworkhat occur within blocks of otherwise intact
rock, which arebounded by joints and other fracturesdiiock structurespndhave been
observed to control additional or delayed development of ground fajiDegset al. 2019; Day
2019) These healed intrablock structures influence rockmass deformability and s(Enzgtric
andVillaescusa2007)but arenot sufficiently considered in rockmass characterization and
geotechnical design practif@@osset al. 2018)Inadequate consideration of intrablock structures
and disseminated hydrothermal alterafiothese settings carause atnaccuratainderstandig
and prediction of rockmass behaviour during excavation construction, which can lead to
significanteconomic losssof billions of dollarsdue todelayed production antiighersafety

risks for workers. Therefore, more detailed research is warranted liwagghe characteristics
and behaviour of intrablock structurasch as hydrothermal veiremd todevelop methods to
incorporate them into modern geotechnical design practice.

The primary objective dhisresearch is tapply field and laboratory investigations to
rigorously examinghe effects ofntrablock structureand disseminatelydrothermal alteration
on intact rockoehaviour using statef-art analysis techniqués rock engineering and geology.
This includeqi) conducting a thorough geological investigation on diamond drill core rock
samples and thin sections using microscopic laboratory analysis techniques)diicing

geotechnical laboratomynconfined compressivaresqUCS)tests of intact rocks that otain
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hydrothermal veirtype healed intrablock structw€iii) developng new recommendations for
high-quality testing protocols and data analysesl (iv)creaing UCSlaboratorytest sample
selectionrecommendationfor heterogeneouscks

This resarch focussonfive lithological unitsfrom the Legacy skarn ore deposit in the
Bathurst Mining Camp, which is located in northern New Bruns\iidesrosie012;
Goodfellow2007 Figurel-1). These units consist of beige quaptagioclase granodiorite, red
guartzplagioclase granodiorite, black quapiagioclase granodiorite, calcareous mudstone, and
garnetpyroxene skarrigh precision measurement devices (axial and circumferential
extensometersas well asacoustic emissions sensors) were used in each UCS test to measure
stiffness, crack initiation anctackdamagebrittle thresholdsandpeak strengtkDiederichset al.
2004;Diederichs2007 Eberhardtl998 Ghazviniaret al. 2012 These measurements provide
early indications of rock failure as well as energy storage and explosive failure potential of the
rock at the excavation scale. Accepted data analysis techniques for these parameters that were
developed for homogeneous rockes iavestigated in this study evaluateheir applicéility to
heterogeneous rockl is hypothesized that the interactionnaditrix and vein behaviour in each

sample can result in complex strain and acoustic emissions data
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Figure 1-1: Map of eastern Canada with an inset of New Brunswick showing the location of

the Legacy skarn deposit

A geological investigation was conducted to determine the mineralogical composition of
the fivelithological unitsselected for this study. This informatigerovided important insighb
help explainthe differences between the geomechanical behaviour and UCS test parameters of
the heterogeneous (hydrothermally altered and veined) and homogeneoustgpeajroore
samplesThis researchlso investigatethe effects of sample selection on geomechanical

parameters by selecting core samples based the following four methods: (i) selecting
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homogeneous core samples only (typical practice); (ii) selecting heterogeneous cdes saiyip
(experimental); (iii) selecting homogeneous and heterogeneous samples (experimental); and (iv)
objective sampling within each lithology a 2m interval. Selecting samples eédfectively
capture the variability in a lithological uniquires caful consideration that can lead to an
unsafe excavation design if a rockmass is not properly characterized.

In the following sections of this chapter, brittle damage theory, the mechanisms that
influence cracking at the microscopic scale, and how crackitiys scale relates to two
commonly used failure envelepare discussed’he mechanisms at tineicroscopicscaleare
applied to the excavation scale to explain brittle overbreak and rockbursting in homogeneous and

heterogeneous rockmasses.

1.2 Brittle Damage Theory

Predictingthe mechanicatrengthof rock has been thgoalof numerougesearcherthroughout

the 20" century Their work has relied on lareggeale empirical observations and theoretical work,

often at themicroscopicscale to develop failuresriteria. Griffith (1921) proposed that the

mechanical strength of rock was directly related to randomly oriented-fréatores in brittle

materia. Gri f i t hds work predicts (i) the tensile str
and surface energy per unit area of material, (ii) limiting stresses for fracture for a general two
dimensional stress state, and (iii) the orientation of develapwancks for any limiting stress state.
Though Griffithodéds theory predicts fracture ini
rateoff r acture propagation. Orowan (1949) expande
fractures initiate whn tensile stresses at or the near the tip of a crack exceed the molecular

cohesive strength of the materigiqure1-2). Since the molecular cohesive strength of aennalt

is difficult to determine, fracture formation and propagation are expressed in terms of the peak

strength.
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Figure 1-2: An elliptical crack with extensional cracks forming parallel to the major
principa | s t iy (Ebsrkard(etial. 1998)

The HoekBrownrock strengttcriterion is a widely used empiricatiterionfor
guantifyingthe confinemenstrength relationship of a jointed rockmass (Hoek and Brown 1980;
Hoek and Brown 1997 his nonlinear crierion was designed for rockmasses that fail by shear
fracturing (Mode 1) and is therefore unreliable foassiverockmasses with @eological
Strength IndeXGSI; Hoek 1994; Hoek and Marin@900 greater than 75 (Diederichs 2007).
Massive rockmassesith a GSI> 75 are classified as brittteckmassethat fail by tensile

fracturing (Mode IFigurel-3).
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Figure 1-3: Schematic diagram of the three fundamental modes of fracturing: (a) Mode |,
tensile fracture, (b) Mode II, in-plane shear or sliding fracture, (c) Mode lll, tearing
fracture (Atkinson 1987)

In order to estimate the confinemesttength of a brittleockmassDiederichs (2003)
developedhe Damage Initiation and Spalling Limit (DISIgs shown irFigure1-4, where the
lower bound id a mage tepresents theockadkdnjtiation, the upper bound represents
crack damagefifong-term strengtio f | a b ) and theptrlansigon between the lower and
upper bounds represents the spalling limit. At stressesvtiblower threshold, the rockmass
will remain elastic and no damage will occur. At high confinements (right of the spalling limit)
between the upper and lower bounds, grain scale damage will result in microseismicity. At low
confinements (left of the sfiiag limit), cracks result in spalling at the excavation boundary, and

shear failure will occur above the upper limit.
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1.2.1Crack Initiation

Crack initiation (Cl) is the onset of extensional crack damage that corresponds to the in situ
strength of tk neatfield rockmass surrounding an excavat{&merhardt et al. 1998Cl is a

function of natural flaws and heterogenaettattypically occurs in moderately jointed hard
rockmasses when tangential stresses exce®@%3of rockmasp e a k s traghegt h (0
excavation boundary. Loading rate and confining stress are factors that influence CI. Studies such
as Brace et al. (BB) show that triaxial tests conducted at slow loading rates have higher Cl and
peak strengths in comparison to samples testediatr fl@ading rated~(gure1-5). Martin (1994)

empirically described the sensitivity of ClI to confinement by relating Cl to a constant deviatoric



stress (Equation-1) based on acoustic emissions testing of exposed granite in a tunnel

excavation (Martin 1997).
6, O, (1-1)

Wh e ri@:is the major principal stress, A is equal to the crack initiation rangeé ()3
{c is the peak strength of the rockmaBds the deviatoric stress and B = 1 when there is a
constant deviatoric stress,n d is the minor principal stress. Finally, thugh examination of
possible failure mechanisms of typical minerals such asgn&ia and integrain slip,
Diederichs (2000) suggested that CI has a slightly higher dependency on confinement and

established a range for B equal to-2.5.
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Figure 1-5: Triaxial test data highlighting the effects of loading rate on peak strength and

crack initiation (Brace et al. 1966)



1.2.2Crack Damage

Crack damage (CD) is the stress at which cracks begin todhserd coalesce. This brittle
damage threshold represents the i@ strength (yield strength) of a hard, moderately jointed
rockmass at high confinement. The CD threshold and the degree of failure is related to stress

rotation about an excavation, roakterogeneity and piexisting crack¢Eberhardt et al. 1998

1.2.2.1Crack Propagation Related to Stress Rotation

Significant stress rotations about an excavation can deteriorate rockmass sketiygth

deviatoric stress rotat@head oinexcavation facesrack propagation of existing cracks will

rotate to become sytarallel to the new directonofh e maj or pn)ilithei pal stres
intermediate stresgif)a p p r o a c jhoeask farntaton and propagation orientation will

becomd ncr easi nglays pcaormaplalreelappto@ohedvitie eminor grincipal stress

(G3). The increased density of aligned cracks creates an ideal situation for spalling and ultimately

results in a lower peak strendiederichs et al. 2004igure1-6).
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Figure 1-6: Effects of stress rotation at the crack scale (left) and excavation scastic
numerical models(right). The top two elastic models show how the magnitude of the
deviatoric streses(MPa) develop with the rotation of stress and théottom elastic model
shows the rotational extent of the minor principal stress 3 (Diederichs et al 2004)
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1.2.2.2Crack Propagation Related to Rock Heterogeneity

Heterogeneityn polycrystalline rock can affecock strengthThis wasdemonstrated by

Diederichs et al. (2004) using Particle Flow Code (Psaffvare to numerically model a
heterogeneous rock undmnfined stress conditionBifure1-7). Results fromthe PFCmodel
demonstratethat heterogeneity such as differential grain size and hardness within polycrystalline
rocks can result in a heterogeneous internal stress distribution with zones of tension. Since
propagating cracks are sensitive to low confinement and tensile stresses, cracks readily propagate

within these zones, which leads to weakened samples.

Figure 1-7: Particle flow code modelkhowingthe areas of tensiorand compressionn a

homogeneousock under all-round compression(Diederichs et al. 2004)

1.2.2.3Crack Propagation Related to Heristing Damage

Preexisting rock damagean affectrock strength, as demonstrated Diederichs(2007). Using
PFC, samples with prexisting isotropic damage were modellédg(re 1-8). The PFC results
show that preexisting crack damage has little effect on CI but significantly reduces the CD

threshold.
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Figure 1-8: The effects of preexisting damage on the systematic (new) damage limit and
yield threshold (modified after Diederichs 2007)

1.3 Brittle Failure in Homogeneous Rocks

Spalling and rockbursts are brittle failure mechanisms imdgeneous rocks and massive to
blocky rockmasses that occur as a result of cracks forming and interacting in hard, moderately
jointed rockmasses. Spalling is predictable and can be managed by ground support, whereas
rockbursts occur as a sudden releasenefgy, which may unpredictably eject large rock

fragments into an excavation.

1.3.1Spalling

Spalling is the development of visible extension fractures under compressive loading. This
process is the most prevalent form of rock damage in crystalline rocksxocasaton boundaries
under high stress. Spalling can be violent or nonviolent and in some cases be time dependent
(Diederichs 2007). Martin (1997) described the mechanism for spall failure using the following
four stagesKigurel-9). In the first stage, damage occurs ahead of the excavation face in the area

where the deviatoric stress exceeds a critical value. In stage two, a process zone dehelops
11



excavation boundary. Visible failure initiates at the location of maximum tangential stress,
exploiting critically oriented flaws. Dilation in this stage is at the gedae scale and is the result
of crushing and shearing. In stage three, the processcomtinues to develop. Dilation at this
stage becomes more persistent until the slabs reach a thicknessbafr. tm this stage, slabs
are formedy shearing, splitting and buckling. In theurth andfinal stage, a notcformsthat
provides sufficiehconfinement to stabilizéhe rockmasand prevent further spallindlotch
depthfrom spallingcan be determindolased on the empirical correlation of the ratio of

maximum tunnel stress f@ and tunnel radiusHigure1-10).

Longitudinal Section

Initiation
04-0g = 70 MPa

initiates ahead of the tunnel face in the region defined by the

dw;lu:t?c stross exceeding a critical value.

m".o:;modﬂom exploited in the f maximum ta tial
are n zone o ngon

crushing occurs in a very narrow process zone about 5 - 10 cm wide.
Extensive dilation, at the grain-size scale, occurs in this process zone.

onm:'*

Stage IV - Stabilization

The development of the notch stops when the notch try provides
sufficient confinement to stabilize the process zone at the notch tip. This
usually means there is a slight “tear-drop® like curvature to the notch shape.

Figure 1-9: Four stages of spallingdevelopment in a circular tunnel (modified afterMartin
1997)
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At the Atomic Energy of Canada Limited Underground Research Laboratory (AECL
URL), a wellkformed notchwas formed in a tunnel excavation §yalling(Figure1-11).
Correlating the t un nldftherockmass tothe empiricaltharhford e pt h,
spalling (Martin et al. 199%igure1-10), the magnitude ohie major principal stress can be
calculated. The orientation of the major principal stress is determined by noting the location of
spalling, as spalling occurs perpendicularly to the major principal stress due to high tangential
stresses at the excavatiooundary Spall damage can lead to significastbacksand extra
constructiorcosts due ta need fosupplemental ground support and slower rates of advance.
Notch formation is especially unfavourable in the sidewalls of tunnel excavations tiatrune
Boring Machines (TBMbecause thgripper plates of the TBM would not make full contact with
the tunnel wallind would impede the forward push of the TBRfigUre1-12), reducing the rate

of advancdgDiederichs 2007).
13



Figure 1-11: Photo of the AECL-URL tunnel with outlines of the original tunnel profile
(dashed line) and theconstructedtunnel with spall damage (solid line) superimposed on the
image. Theorientation and ratio of the in situ stresses is specified as well as the original

tunnel radius and resulting notch depth Diederichs 200§

Figure 1-12: A tunnel boring machine (TBM) gripper plate extending towards a notched
excavation boundary. Since the tunnel is no longer circular, wood planks are wedged into
open spaces to provide the TBM a surface to thrust forwar@courtesy M. Diederichs)
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1.3.2Rockbursts

Rockbursts are sudden and violemtk failures that most frequently occur as mines excavate into
deep rockmasses where in situ stresses are high relative to rock strength. Rockbursts are
associated with hard rock, geological structures including faults and dykes, and mining methods
related to high exaction ratios (Kaiser and Cai 2012). The majority of rockbursts in excavations
occur within three tunnel diameters of the excavation faumediately after blasting when

situ stresses are 4&djusting to equilibriumand during excavation through gegiltal contacts
betweerrelatively brittle and soft rockdue to contrasts imaterialstiffness (Diederichs 2007).
Although rockbursts are difficult to predisgismic monitoring of crack initiation and

propagation along with numerical modeling can redigieby identifying hazardous areas. The

three most common types of rockbursts are as follows (Kaiser and Cai 2012):

9 Strainbursts occur as a result of stress changes from nearby mining activities or by
dynamic stress changes from remote seigwénts. For strainbursts to develop,
tangential stress needs to accumulate at the excavation boundary and the surrounding
rockmass must be comparatively soft to the cracking and dilating rockmass. When the
rockmass fails, the stored elastic strain enesgglieased in a violent manner.

Strainbursts are the most common type of rockburst in underground excavations.

9 Faultslip bursts result from stress changes induced by nearby mining activities or by
dynamic stress changes from remote seismic evéotgaut-slip bursts tamccur, the in
situ shear stress must be greater than the shear strepgéeafsting faults or newly

generated shear planes.

9 Pillar bursts are a type of rockburst that results in partial or complete failure of a mine
pillar and commonyl occur in deep mines where extraction ratios are high. Compared to
strainbursts, pillar bursts often affect larger volumes of the rockmass and therefore haves

a much greater release of seismic energy.
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Rockburst damage type and severity is influenced lays@gt and Cai 2012):

1 The seismic event (magnitude, rate of seismic energy release, and distance to seismic

center);
1 The geology (geological structures, bedding, in situ stress, and rock type);

9 The geotechnical properties of the rockmass (rock strength fadiric, and rock

brittleness); and

1 Mining factors (excavation geometry, extraction ratio, mining induced stresses, and the

rock support system).

1.4 Brittle Failure in Heterogeneous Rockmasses

In massive rockmasses under high in situ and deviatoric strepsdiing has been observed to

occur in heterogeneous rockmasses at the excavation scale. This type of failure was observed by
Day (2019) at the El Teniente copgmarphyry mine in Chile where heterogeneous rockmasses
were found to both promote and obstrhrittle overbreakRigure1-13) with respect to

homogeneous rockmass overbreak predictions. Finally, although spalling has been observed in
heterogeneous rockmasstshe excavation scale, few studies have examined this at the

laboratory scaléTurichshev and Hadjigeorgiou 2017; Bewick et al. 2019
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Figure 1-13: Brittle overbreak in a heterogeneoudydrothermal veined rockmass at the El

Teniente copperporphyry mine in Chile (Day 2019)

1.5 Thesis Scope

In order to complete the research objectives, the scope of this thesis includes the following:

1. Conduct a thorougliterature review of brittle damage theory, U@Stsample
preparation, UCS testing, and method(s) for
modulus, crack initiation, crack damage, and peak strength for drill core samples using
extensometers and acousticigsions.

2. Source NQ core (47.3 mm) from a hydrothermally altered and veined rockmass, conduct
core logging to systematically record the lithology, mineralogy, structure and alteration,
and select homogeneous (maitoixly) and heterogeneous (veined) corel@s testing.

3. Conduct a geological laboratory investigation of the lithologies being tested using
microscopic scale analysis techniques to determine bulk and spatially mapped
mineralogical compositions.
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4. Prepare core samples for testing and conduct UG@Sttedetermine their intact
geomechanical properties and failure modes.

5, I nterpret UCS test results to measure Young
crack damage, and peak strength of the homogeneous and heterogeneous core samples.

6. Assess the changes in reported geomechanical properties resulting from multiple sample
selection methods using the geotechnical parameters measured from UCS testing and the

known locations of tested samples in the boreholes.

1.6 Thesis Outline and Contributions

This thesis has been prepared in accordance with the requirements outlined by the School of
Graduate Studies at Queenbts University, Ki ngst
chapters anthreeappendices, which are outlined below. Thalfigection of each chapter will
include the references cited in that chapter.

ChapterOneintroduces the purpose of this research and describes brittle damage theory
by providing background on Griffithoés Crack Th
failure modes associated with brittle rock. Also discusses excavation scale brittle behaviour in
homogeneous and heterogeneous rockmasses. The chapter concludes with the thesis scope and
thesis outline and contributions.

Chapter Two describes the methampf for selecting samples from the Legacy skarn
deposit in northern New Brunswick, core sample preparation and conformity tests, laboratory
testing procedures, and the microscopic scale analysis techniques used to determine sample
mineralogy.

Chapter Thredescribes the geology and composition of the core samples studied in this
research. A literature review was conducted to describe the regional scale tectonic activity that
led to the formation of the geology of New Brunswick. The formations and majts that
constitute the Legacy skarn deposit are described at the local scale. At the hand sample scale,
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matrix mineralogy, alteration, and grain swerecharacterized along with vein mineralogy,
thickness, orientation, and density. Microscopic scaleyaaalwere performed on all lithologies
including X-Ray diffraction (XRD), micro XRay f | u o rXRE),amrdiransmitteccand
reflected light microscopy.

Chapter Four presents the results from UCS testing of all 50 core samples in this study.
The testsvere conducted using extensometers (to measure strain) and acoustic emissiofs sensor
(to measure AE). The data was used to calcul at
peak strength. Due to the difficulty of measuring Cl and CD, several mail®dsed and
described, each with an assigned confidence val3g {@ calculating the weighted average for
each core sample. Interpretations of the failure mechanism of homogeneous and heterogeneous
core samples are then used to make correlations &etive geotechnical parameters and
geological factors, including lithological alteration, and vein thickness, vein orientation, and vein
density.

Chapter Five presents an analysis of four methods to select core samples for UCS testing
to evaluate reportegroperties of each lithology based on known locations of core samples
collected from the two boreholes in this study. These four sample selection methods consider
homogeneous versus heterogeneous samples as well as a statistical sample spacing technique t
highlight the significance of using a robust sample selection method for characterizing a
rockmass.

Chapter Six presents a summary of the discussion and conclusions of the key findings of
this thesis, recommendations for future research, and a sumn@ytobutions made through
this research.

In AppendixA, the sample conformity results for UCS samples are presented.

In AppendixB, core scans and prand postJCS test photographs are presented.

In AppendixC, the MATLAB code for measuring vein densigypresented.
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Chapter 2

Laboratory TeAnalnygs iasnn dMdtah ad s

2.1 Introduction

The objective of this chapter is to provide background information on the equipment and
technology and outline the methodologies used in this study, from core logging data collection
techniques to data analysis methdeigre2-1). The core selected for this study was sourced

from the Madran core storage facility in northern New Brunswick. At this facility, NQ sized (47.6
mm diameter) drilcore from two boreholes (MBIL3-04 and MG92-18) from the Legacy skarn

deposit were logged, photographed, and core pieces were selected for laboratory testing. The
selected core was first transported to the University of New Brunswick (UNB) in Fredericton,

NB, for sample preparation. Sample preparation included sawing core samples to the approximate
length, followed by grinding both ends to the correct length required for Unconfined Compressive
StresqUCS) tests. The test samples were then transportée thdvanced Geomechanics
Testing Laboratory at Queends University in Ki
were then measured and input into a MATLAB script (script by W. Dossett, USRA) to verify
sample conformity in accordance to ASTM standdAB5TM 2019). Samples were then digitally
preserved by taking at least four photos around the sample circumference&aitbraEOS 70D

DSLR camerand at least one image with a core scanner, which produces an unrolled image of
the entire sample circumfamnce. The micr@analysis techniques used in this study to measure
mineralogical and elemental compositions of the rock samples consist of transmitted and reflected
light microscopy, micreX-Ray fluorescence (XRF) and-Ray diffraction (XRD). Understanding

the geology at the micsoopicscale provides critical insight to explain the geomechanical

behaviours and properties measured in UCS testing, whitibcussed in detail in Chapter 4.
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UCS testing was conducted using the MTS 815 rock mechanics testtegian the
Advanced Geomechanics Testing Laboratory at Qu
lithology) were designated as sacrificial and the remaining 45 samples were designated as non
sacrificial. Sacrificial samples are samples that were testedler tomeasurghe peak strengths
of each lithology. Since peak strength and failure mode were initially unknbesgcrificial
samples were not fitted with extensometers as a precagainst potential explosive failure of
the samples that can dage extensometerglastic parameters and strdiased brittle damage
thresholds parameters were therefore unable to be calculated. In comparissexnifaral
samples were fitted with all the sensors which included the three axial extensometers, one
circumferential extensometer, and two acoustic emission (AE) sensors.

The axial and circumferential extensometers measure axial and circumferential strain
respectively. The acoustic sensors counted and meaSklredveforms from crack formation
and developma, and the extensometers measured axial and circumferential strain. Once the
UCS tests were completed, the streain data recorded by the MTS machine and
extensometers were then used to measure Poisso
initiation (Cl), crack damage (CD), and peak strength The recorded acoustic data was used

to measure lower, middle, and upper bound Cl and CD values.
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Figure 2-1: Summary diagram outlining the workflow of field assessment, micrecopic
analysis, sample preparation, laboratory testing, and methods faneasuring mineralogical

and geomechanical propertiesn this thesis

2.2 Sample Collection and Transportation

The Madran core storage facilitylocated near Pe&itRocher, New BrunswicK he facilityis
operated and funded by the provingavernmenaindstores approximately 50,000 km of drill

core from mineral exploration companies working in northern New Brunswick. Drill core is
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cataloged andtored at this fatity in order to facilitate future researemdmineral exploration

within the provincePrior to field work, heMa d r a n fcaecsiorage tlayabase was accessed
to identify prospective hydrothermally veined ctitat would besuitable drill core fothis

research. At thécility, core boxes were removed and placed onto core tables from shallowest to

deepestlepthfor core loggingand sample selectiqirigure2-2).

Figure 2-2: Setup for core logging and sample selection até¢ Madran core storage facility

New Brunswick. Core boxes from borehole ME2-18 are shown

Core logging was conducted 3nmintervals following the predefined intervals marked
by previous core loggers using wooden blocks with annotated depths. Interblock structures
(macroscale fractures) such as bedding, joints, and other discontinuitiesegerdedoy
measuringhe Rock Quality Designation (RQD; Deere 1963), Geological Strength Index (GSI;

Hoek et al. 2018 Joint RoughnessJJnd Joint Alteration ff r om Bart onds Q cl
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(Barton et al. 1974)Joint Roughness Coefficient (JR@mBi eni aws ki 6s Rock Mas:
(RMR) classification (Bieniawski 1976he number of opened/healed fractures, and whether the
fractures were weathered. Intrablock structures (rseate healed structures) such as
hydrothermal veins and stockwork weeeordedby evaluatingvein mineralogy, thickness, Mohs
hardness, orientation, location of fail(iepresent) and alteration halos.
Once core logging was completed, each core table was photographed fronweébave
Canon 7D DSLR camera and 50 mm primesleisingthe assistance af mobile staircase at the
facility. Only drill core that wasircular (not saw cut in half along the core axis for assay) and
long enough to be eligible for UCS testing was sele(@ebbast 125 mm longThecore was
selectedo obtain a representative number of samples in each of the following categories:
1 Homogeneousore(matrix-type samples}o provide baseline geotechnical
results for which to compare heterogeneous samples, for UCS tests
1 Heterogeneous core (veined samplasgapturethe variability of theock, for
UCS tests
The selectedore was wrapped with packing foam or pipe insulating foam, taped and
labeled with the sample ID on either the sample itself or on the féagure2-3). The
lithological units and the number of samples collected for each unit are summafTadde-1.
The samples were placed and secured into core boxes and transported to UNB Fredericton by car
to begin sample preparation. The sampl es were

for remaining sample preparation and UCS testing.
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Table 2-1: Summary table of the number of homogeneous and heterogeneous core samples

selected for each lithology

Number of Number of Total Number of
Lithological Unit Homogeneous Heterogeneous Samples Collected
Samples Collected | Samples Collected

Calcareous Mudstone 13 9 22

Beige Granodiorite 6 3 9

Red Granodiorite 3 3 6

Black Granodiorite 3 3 6
Garnet-Pyroxene Skarn 6 26 32

Samples for thin sections were selected sawcut at UNB Fredericton, and the thin
sections were prepared in the UNB Earth Sciences Thin Section Shop-XWEranalyses were

also conducted in the Department of Earth Sciences at UNB.

R

Figure 2-3: Packaged ore samples wrapped withfoam and secured in core boxefor

transportation to the UNB Fredericton andthereaftertoQueends Uni ver sity

2.3 Microscopic Geological Laboratory Analysis Techniques

To explain the geomechanical behavior of the rock during UCS tests, an understanding of the
geology on a micrecopicscale is requiredicroscopicanalyss ofthe mineralogy and
elemental compositions ttie Legacy deposit comereconducted using transmetl and

reflected light microscopy, micfRF andXRD techniques.

28



2.3.1Transmitted and Reflected Light Microscopy

Transmitted and reflected light microscopy are-destructive techniquassed to determine the
mineralogy of rocks from thin sections exposeglamepolarized light (PPL)crosspolarized

light (XPL) and eflected light Minerals were identifiedisingtransmitted light microscope
where relief and pleochroismeneobserved using PPL, birefringence using XPL and twinning,
crystal form and cleavagesing both PPL and XPL. Reflected light was useideatify opaque

minerals such as magnetite, chalcopyat®d pyrite.

Eight polished thin sections were used to determine the mineraldgg wfatrix and
veins from the Legacy deposit cqiieable2-2). Due to the limited number of veins in the quartz
plagioclase granodioriteore samplesveins from only onéred)of the three types of altered
guartzplagioclase granodiorites were madeipblished thin section¥he veined samples from
the other two (beige and black) quaplagioclase granodiorite units were reserved for UCS
testing. Vein mineralogy of the beige granodiorite was determined using XRD wkiiscussed
in Chapter 3, Seain 3.4.1.3. Vein mineralogy of the black granodiorite was determined from
field hand sample scale identification techniques and supplementbd iwprk conducted by
Desrosierg2012) andviassaweand Lentz (2019) on the Legacy deposit since adequate veins

were not available for microscopic scale analysis techniques.

Table 2-2: Polished thin sections for identifying mineralogies in the Legacy deposit core

Thin Section ID Lithology Type
MBL-13-04-2 Quartz-Plagioclase Granodiorite (Beige) Matrix
MBL-13-04-6 Quartz-Plagioclase Granodiorite (Red) Matrix/Vein
MBL-13-04-8 Quartz-Plagioclase Granodiorite (Red) Matrix
MBL-13-04-24 Calcareous Mudstone Matrix/Vein
MBL-13-04-42 Calcareous Mudstone Matrix
MBL-13-04-51 Quartz-Plagioclase Granodiorite (Black) Matrix
MC-92-18-31 Garnet-Pyroxene Skarn Matrix/Vein
MC-92-18-35 Garnet-Pyroxene Skarn Matrix
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2.3.2X-Ray Diffraction

X-Ray Diffraction (XRD) is a nondestructive technigue that usesianochromatic beam to

analyze powdered crystalline rocksaatatomic and molecular levéd determine their

crystallographic mineralogical compositiodéRD performs this analysis by bombarding

powdered specimens wi¥rRays,which interact with the powded crystalline material before

reflecting back to a detectdratmeasuesthe intensity and reflection angle. The main factors

affecting the diffraction and intensity of incideXtRays are the mineral crystal structure and the
orientation of reflectinglanes. The diffractionof-Rays i s descr i beRltaghy Br agg

and Bragg 19153nd is showerein Equation (21):
— i Q¢ — (2-1)

Where the angle of thereflect¥dRays ( d) i s a function of the
between reflectedX-Rays (d),X-Raywa v el engt h ( &)whamgthearderafnt eger (
reflection Additionally, constructive interference occurs wheiRays are in the same phase,

leading to different degrees of intensity.

XRD analysis in this studwasconducted atthQu e e n 6 s U4Ray\Diffractont vy X
and Clay Mineral Lalin Kingston Ontariqusi ng a Phi |l |l i ps P-aurpdeyt i c al
Diffractometer with an XO6cel er al®d 2AdEktwesitmmg .CES
radiation (& = 1.789j) for 90 s/ step. Because
analyzed using XRPthe mineralogical composition of each lithology was determined by
comparing the results to the ICDD 2015 PDF 2 databsisgy thePanalytical Highscore Pro 4.0

software.

30



2.3.3Micro-X-Ray Fluorescence

X-RayFluorescencéXRF) is a nondestructive technique for determining the composition and
spatialdistribution of elements in rock samples. It can typically measure elemigntatomic
numberdrom sodium to uranium from concentrations of parts per million (ppm) to high percent
values XRF functions by generating, emitting and directing primé&fiays toward a sample.

When primaryX-Rays strike the sample, atoms react by creating secobd&sys, which are

then collected by the detect®When primaryX-Rays hit an atom, thegject electrons from low
energy shells, creating a vacancy and making the atom unstable. An electron at a higher energy
level then fills the vacancy, making the atom stable while emitting energy in the form of a
characteristic secondaKrRay. The secondar¥(-Rays are then processed to create a graph of
intensities, indicatigan el ement 6 s a\thaniduaed © aentfthecklereente r g

(Haschke2014).

XRF analysis was conducted at the Earth Science DeparatneB Fredericton using
a Burker M4 Drnado micreXRF (Figure2-4). The M4 Tornado contains a RhRaytube with
polycapillary focusingo 20um, dual SDD detectors (1340 eVresolution) and a vacuum
mode to enhance light element performaites u-XRF analysis in this researgfas conducted
using thin section offcuts; to achieve the best results, putty was positioned on the base of all
samples to ensure samples lay flat angtage. Once the analysis was completed, the results were
imported into Geostar v7 software where elements were identified and mapped in absolute
mapping intensities. In this study, maps were created for individual elerhemsver it is
possible to mamultiple elements on a single maxbsolute mappinintensitiesare normalized
to the highest intensity of each individual element, showing the distributions of each element in a

map.
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Figure 2-4. Burker M4 Tornado micro-XRF instrument in the Department of Earth

Sciences at UNBor determining composition and element distribution in rock samples

2.4 Geotechnical Sample Preparation

The sample preparation process for geotechnical UCS laboratorintedies saw cutting and
grinding the ends of the cylindrical samples until smooth, conformity testing, photography, and
core scanning. Firstore sampleare saw cutvith a diamond blade saw to appropriatéength
as determined usirigquation 22:

0 " ¢® QQwaQot a (2-2)

Where the formula in brackets is the length to diameter ratio (LDR) lab standard that falls

within the 2.0 to 2.5 LDR required by ASTM D4543 (ASTM12Dpand 2.0 to 3.0 LDRis
suggested bthe International Society for Rock Mechanics (ISRbHUCS testgFairhurst and
Hudson 1999 Theadditional4 mm accounts fgootential error@and minorfracturessuch as
those that develoglong bedding planes (common in the calcareous tondsamples) and
chipping (common in the quartdagioclase granodiorite samples) along the cutting and grinding

surfacesDuring the cutting process it was determined thas#weing techniquevas a factoof
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chippingobserved in thguartzplagioclase ganodiorite sample<hipping occurred less
frequently when minimal force was applied to the sample during cuttingppihg the ends of
samples with electrical tapEigure2-5) led toreduced failure along bedding planes in the
calcareous mudstone sampl€ke offcuts from core that were unusable for geotechnical

laboratory testing due to their dimensions were collected and then used for microsclypis.ana

Figure 2-5: Calcareous mudstone drill core wrappedtightly with electrical tape to reduce

failure along bedding planesduring cutting and grinding

Once sawing was complete, samples were ground to the correct length using GCTS
grinders atheQ u e eGednwechanics Laboratoflfigure2-6) and at an indstrial laboratory
Both GCTS grindeywerethe same model (GCTS RSIBO grinder with a diamond grinding
wheel) but were set up to use different lubricantse imdustrial laboratorgrinder used oil as a
lubricantbetween the grinder and core sample Wed recycled through the systemhereaghe
Queends Gelabomtorigandear eusedresh tapvater The oil tended to collectiay to
silt sized particles on the grinding surfacgbereaghe watercontinuouslywashed everything
from the grinding srface.When comparing end flatness between core samplemdustrial
laboratorygrinder produced a curvilineaurface wher eas t he Queends Geome
Laboratorygrinder produced a smooth surfaégégure2-7). Although the curvilinear feature did
not cause sampde¢o fail the sample conformity tests, the sampleswergmreound at t he Qu
Geomechanickaboratory to ensure consistent sample genasethroughout the testing

program
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Figure2-6:(a)GCTS grinder at AdvaneedGsmethanicy Testisgi t vy

Laboratory, and (b) detail of grinder in operation with sample constrained inv-block
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2.4.1UCS Sample Conformity

Sample conformity tests were conducted on alU&E samples using ASTM D4543 standard
practiceswhich provide direction for preparing rock core as cylindrical test specinmehs a
verifying conformance to dimensional shape and tolerances (ASTM).2lhe objective of
ASTM D4543is to standardizgroceduresn order toaccurately determexgeomechanicahtact

rock propertieshrough laboratory testing
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2.4.1.1Verification of Dimensios

After samples were cut and ground to the approximate length, sample conformity tests were
performed on samples in accordance with ASTM D4543 (AZ0LA) using asmoothsupport
surface, wblock, electronic displacementuge, calipers and a feelgaugeset to verify sample
dimensions. The support surfasasa flatand smoottsurface where all dimension§ UCS
samplesvere measured; Wasa machinist grade, certified granite block that departs from a plane
by no more than 0.0013 mm. Thékock wasmachinist quality with all surfaces ground flat and
smooth to wit hisa90i(\Bshaped cuadmhodld sampdek. Thak electronic
displacemengaugeand calipersveremeasuring devices thhtad asensitivityof 0.02 mm.

Finally, the feelegaugeset contairdblades ranging in thickness from 0.04 mm to 1 mm. The
methodologyused to measure UGAmple dimensions and toleranceas folows:

1 The first conformity test conducted on each sample was end flatness. For this test, a
protractor was used to identify the center point on both ends of a sample. Using a straight
edge, a diameter line was drattvatwas then extended down the lengthh® specimen
to the other end where another diameter line was drawn. With a single diameter line
drawn on each end, a protractor was used to draw perpendicular lines to the diameter
lines. At the center point of both ends, marks were drawn every 3 nmgp laddh
diameters until reaching the edge of the specimen. Specimens were then placed onto the
granite block; the diajaugewas lowered into place with the contact tip at the center
pointon the end surface of the samaled zeroed. End flatness measuretsievere then
recorded along both diameters and eaid3 mm intervalgFigure2-8a). For the sample
to pass the conformity tesheremustbe a less #n 0.025 mm deviation along the two
diameters on both ends.

1 Side straightness was measured along three lengths opéiradke! to the core axis and

separated by 12Gfround the circumference ech sample. To draw these lines, a
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sample was placed on &bk piece of paper so that a circle could be drawn around the
base of the sample. A protractor was then used to mark the positions of the 120° intervals
on the drawn circleA sample washen placed onto the circle with one mark aligning
with the linetha wasdrawnon the sampléuringtheend flatnessest The two

remaining lines were then drawn onto the sample using the marks on the circle and a
straight edgeThe sample wathen placed on the-block which saton the granite blogk
and the electronidial gaugewas lowered into place. Side straightness was then recorded
for each line beginning at 5 mm from the edge of the sample by setting tigautigto
max/min measurement, zeroing the instrument and then slidingttoelk across the
granite blok so that the diajaugecontact point slidealongthe side straightness line

until 5 mm from the opposite erflligure2-8b). For the sample to pass the febere

must be less than 0.5 mm deviation along three lengths.

Perpendicularity was measured by standing théogk and sample on the granite block
while pushing the base of the sample into th#ock. The samplavasthen rotated until

the greatest deviatiomas visuallydetermined (by light shining through the cactt

between the rock andhlock), andthen measured using a feefprugeset Figure2-8c).

For the sample to pass the tébere must be less thar2B? deviation from
perpendicularity for both ends.

Parallelism isthe angular difference between two opposing-bestraight lines on the

end of a sampld-or the sample to pass the tebere must be a less than 0.13° difference
betweeropposing diamkers along two diameters.

Sample éngths were measured along two lengttefined by the perpendicular diameter
lines at both ends of the samplelaying samples in theblock and then using calipers

to measure the lengthor the sample to pass the (esamples are required to have a

37



averagdength toan averagéiameter ratio equal to 2.5 + 1%he twolength
measurements were recorded to the nearest 0.01 mm.
1 Sample diameteras measured using calipers at three heights (top, middle and bottom)
alongboth diameters. The six measurements were recorded to the nearest 0.01 mm.
1 The mass of each sample was weidhsing avVWR scaleto the nearest 0.04.
The measurements from each conformity test were recordetexcel measurement fise
and then impo#gd into MATLAB where a script perfored calculations to determine if sample
passed conformity standardsr example of the resulting graphs that were generated by the
MATLAB script for a sample that passed the conformity requiremnisistsown inFigure2-9.
Sample conformity tests only failed due to end flatness which became more frequent for hard
samples closer to the end of the sample preparation phase of this study. This occurred because the
grinding wheel and its support became less stiff and therefore flexed as samples were ground.
This often resulted in a domed surface, rather than a flat surface. Samples failing conformity
standards were reground and remeasuried.sample conformity redalare presented in

Appendix A.

~ V-block

Granite

Block \Z
B B
G i

Feeler Gauge

Figure 2-8: Sample conformity tests: (a) end flatness, (b) side straightness, and (c)

perpendicularity
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2.4.1.2Photography and Core Scanning

After the dimensionsvere verified core samples werlienplaced irto acore €anner Figure
2-10) to capture a 360900 DPI resolutiophotoof the circumferential sample surfaé®r each
sample, at least fowdditionalphotos were required (including one with a colour chasifg a
Canon EOS 70D DSLR camendth a compacimacro EF 50 mm prime letefore conducting
the UCS testPhotos were taken along each side straightness line (equaling three), one at each
end of the sample (equaling two) and one of the sample fitted with exterseiued acoustic
emission(AE) instruments inside the MTS 815 rock mechanics testing systguré¢2-11).

Once a UCS test was completed, a photthefsample in the machine was taken if it did
not fail explosively. If the sample did fail explosively, the large pieces were collected, placed in a
tray and photographed. Finally, samples that did not fail explosiverlg stabilized (using elastic
bandgto hold the pieces together), if possible, amte photographed along three sides and on
both endgFigure2-12). Photographs of the core scanned imagesvell as the before and after

UCS imagesesults are presented in Appenix

Figure 2-10: Cylindrical core scanner used to photograph the circumferential surface of a
speci men at the Queenbés Advancdcdresgameme c hani cs

designed by Wesley Dossett)
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Figure 2-11: Photographs of sample MBL-13-04-3b before UCS testing using a Canon EOS
70D DSLR camera fitted with a compactmacro EF 50 mm prime lens
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Figure 2-12: Photographsof sample MBL-13-04-3b after UCS testing using a Canon EOS
70D DSLR camera fitted with a compactmacro EF 50 mm prime lens
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2.5 Unconfined CompressiveStressTesting Laboratory Procedure

UCStests were conducted usitiie MTS 815 rock mechanics testing systenthe
Geomechanicédvancel TestingLaboratoryat Qu e e n 0 .5As déonmechanicad tests yn
the lithologiedn this study had not previously been conduegtiis lab,onesacrificial matrix
type (homogeneousjore sample of each lithology was selecteshémsure thapproximate the
peak strength and failure modacrificialsamplesvere instrumented with two AE sensors,
allowing acoustic emissions data gehk strengtio berecordedThe measurefdeak strength
values from the sacrificial samples were used to catlealswitch stress level for each lithology
to program the extensometewghich is further describddterin Section 2.5.

Once the peak strength and failure mode of each lithology hachiessuredvith the
sacrificial samples, the remaining samplesddition to the AE sensonsgere fitted with three
axial extensometemndone circumferential extensomefer the UCS testingPositioning of the
extensometers wasitical for acquiring quality datethereforea series of lines and marks were
drawn onbd samples to fit the instrumeritsthecorrect positionsA line was drawn around the
circumference of each core sample at bathe samplés length to indicate the position of the
circumferential extensometérhe attachment locations for the thraeal extensometersvhich
each have 25mm gauge lengttwere drawrl2.5mm above and below the circumferential line
on each of the side straightness lipgsyiding 120° of separatiorbetween gaugesmound the
sample circumferenc®©ncetheseinstrument psitionsweredrawn,the samples were fitted with
thecircumferential extensometdbllowed bythe three axial extensometers whigére held in
position using a 3D printed device and connected together with two springs between each axial
extensometerHjgure2-13). Acoustic emissiosensors wreattachedo core sample atopposite
ends and sides of the sample using brass fittings custofizBd) (47.3 mm) coregel couplant
for the sensay, brass fittingsand an aluminum back plate to hold the sensors in pkagare

2-14).
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Acoustic &ercumferentlal
Emissiq 0 :

Figure 2-13: (a) device for fitting axial and circumferential extensometers ontd&JCS
samples at the Queends Uni vergdaboratoryGdesigmelic hani ¢ s

by Wesley Dossett), andb) example of aUCS sampleinstrumented with extensometers

a Hand-held 2-channel unit
1 GB CF memory card 1

with transfer cable
R1S Alpha sensors

Parametric
cable

DC power supply

Sil-Glyde couplant

Figure 2-14: Acoustic emissions system for monitoring cracks during the UCS testing of
core sampes (a) Pocket AE system, (b) brass fittings, and (c) aluminum back plates

(Jaczkowski 2017
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Samplesvere therplaced oko thelower platenof the loading frame, at which poiall

instrumentsvereconnected to the otroller andPocket AE device asappropriateSample

dimensions, axial/radial displacement rates of 0.01 mm/min and 0.025 mm/min, respectively, and

a switch stress equal to 70% of the peak strength (approximated using the sacrificial samples for

each lithology) were entered into the prammed control routine. The switch stress represents

the applied load at which the control program switches from axial to lateral strain control,

improving feedback to the MTS controller so that the failure of a sample is controlled.

The programmed controbutine managed each UCS test through thegst platen

seating, loading, and petast procedures in accordance with ASTM D7012 standards (ASTM

2014) and ISRM suggested methods (Fairhurst and Hudson 1999). A summary of each step is

listed as follows:

1.

2.

During the pretest, axial and circumferential extensometers and load are zeroed
During platen seating, the sample is raised at a rate of 0.1 mm/min under manual
control until the sample is in contact with the upper platen:

a. Stop raising the sample if tlagplied force exceeds 5.0 kN;

b. Reduce the applied force to 1 kN with an unloading rate of 10 kN/min
Turn on the AE device to start recording data
Begin the UCS test
The UCS test operates in axial strain control until the switch stress threshold
(70% of edgtmated peak strength) and then switches to lateral strain control for
the remainder of the test
The program stops the test once the sample has failed and the applied stress

reaches 70% of the maximum value achieved in the test.
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2.5.1MTS 815.02 LoadingFrame

UCS tests were performed using an MTS 815 rock mechanics testing system which isfa state
the-art closedoop, computerccontrolled, servecontrolled hydraulic compression machine. The

system consistéVlistras Group Inc. 2002)f:

1 A highly stiff MTS 315.02 load frame with a spring rate of 9.0 x 109 N/m, promoting

controlled failure of core specimeriSdure2-15a)

1 Aloading frame that has an axfatce capacity compression rating of 2700 kN and a

tension rating of 1350 kN-{gure2-15a)

1 A differential pressure transducer that monitors the pressuboth sides of the actuator
piston and is calibrated to represent the force output of the actuator. At loads exceeding

1000kN, the differential pressure transducer has an accuracy of +1%

1 Aninternal linear variable differential transforn{eVDT) thatprovides control and

measurement of actuator displacement

1 A computer with the MTS controlling software and an MTS FlexTest 60 controller

(Figure2-15b)

T  An MTS 505.07 Silent Flo hydraulic power suppiigure2-15c)
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e

Figure 2-15: MTS 815 rock mechanics testing systerim the GeomechanicAdvanced

Testing Laboratoryat Qu e e n 6 sused foi conductmg UC$ testindgn this study; (a)
MTS 315.02 loading frame, (b) MTS FlexTest 60 controller, and (c) MTS 505.07 hydraulic

power suypply

2.6 UCS Test Data Analysis Methods

In general terms, stress, strain, and acoustic emissions are the geomechanical parameters that are
measured during a UCS test. In this study, load was measured by the differential pressure
transducer within the loadifgame and converted to stress based on the sample geometry. Axial
strain and lateral strain wengeasuredising a set of three axiaktensometerand one chain
extensometer, respectivetiyring the compression of core samples in the MTS testing chamber.
These parameters were recorded by the MTS computer and organized by the MTS software into

MS Excel spreadsheets for data analy$ise acoustic emissions data was collected and recorded
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separately by the Pocket AE device; however, the device was contettiedMTS controller
and synchronized to the measured load during a test.

In total, 29 matrixtype and 21 veitype core samplesere testedTable2-3). The
methods usd to measure and calculate geomechanical properties of the UCS tests in this research
are discussed in detail. The geomechanical par
modul us and Poissonés ratio), b r rnadk Ddmage)d a mage t

and peak strength.

Table 2-3: The number of matrix-type and veintype UCS samples tested per lithology

# of UCS Samples
Unit
Matrix Vein
Beige Granodiorite 6 4
Red Granodiorite 6 4
Black Granodiorite 6 3
Calcareous Mudstone 6 4
Garnet-Pyroxene Skarn 5 6
Total 50

2.6.1Elastic Properties

The deformation parametedso ungo6s modul us ( E)weracaldulakdforslls on 6 s
samplesnstrumented wittaxial and circumferential extensometers during UCS testing.

According tothe ASTM D701214 standardASTM 20149 , Yo un g 0 salcoladed usingts i s
the slope of a straight line oraaial stressstrain curve at 50% of peak strength. Based &n th

ASTM& andar d, Y oiscalgulatkdnithe dtwdjbydividing the change in axial

stress over the change in axial strain using values that corresponded to 50 £ 10% of peak strength

(Equation23) . Using the same ASi§ddlcuaeda this studyht50%° 0i s s on
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of peak strength by dividing the change in lateral strain over the change in axial strain using

values that corresponded to 50 + 10% of peak strength (Equadipn 2

(@) over interval (2-3)

' over i nterval (2-4)

After calculating Youngds moduofpeakstength Poi ss
range,t was observethat many crack initiatiostresanagnitudes occurredithin this range.
This observation agrees with Jaczkowski (20WHo hypothesized thatalculations from dower
range(35 £ 10%of peak strengthyould be high enough to avoid crack closure, but low enough
to avoid thenelasticdeformationthat begins witlcrack initiation.As such, additional
calculations of both elastic parameters weagied out in this studysing a range of 35 + 1086

peak strengtliFigure2-16 andFigure2-17).
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Figure 2-16: Example axial stressi strain curve showing the ranges with whichY o un g 6 s

modulus were calculated
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Figure 2-17. Example lateral strain i axial strain curve showing the ranges with which

Poi ssonbdts ratio was <calcul at ed

2.6.2Crack Initiation and Crack Damage

Crack initiation ClI) andcrack damageQD) are brittledamagédhresholds that repsent the point

at which cracks begin to form inrack sampleand when those cracks begin to interact. To

determinghese parameters, a varietiystrainbased and acoustnissionsnethodsareusedin

this researcland described in thellowing sectiors. The methods used for measuring Cl in the

foll owing sections are | ateral strain nonlinea
inverse tangent lateral stiffness (ITLS), crack volumetric strain (CVS) and AE. The methods used

for measuring CD in the following sections are volumetric strain reversal (VSR), axial strain

nonlinearity (ASN), instaandAEneous Youngods modu

2.6.2.1Direct Strain Methods

Circumferential, volumetricand axial strain are direct strain methods thatypically plotted
together ora strainaxial stresgraphfor a given rock sampl@-igure2-18). Thelateralstrain
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method is used tmeasureCl by identifying the point of notinearity after crack closure
(Bieniawski 1967. The volumetric strain method is used to estimate CD by identifying the
reversal point on the curyand the axial strain method is usedrteasureCD by identifying the

point d non-linearity Bieniawski 1967 Martin 1993.
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Figure 2-18: Circumferential, volumetric and axial strain curves used tomeasureeither Cl
or CD values by identifying point of nonlinearity or reversal points. Red lines represent the
average slope or reversal points with the black arrow indicating the Cl or CBneasurement

locations
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2622l nstantaneous Youngb6s Modul us

Instantaneo s Y oung6s mo)skh graphical(metkdd that uses a moving point

regression taletermining COn core sampleEberhardt et al. 1998For this method, IYM is
calculated by dividing the change oofa),adxi al str
shown in Equation-5:

B2 25)

Wherethe change iaxial stres§ o lising the moving point regression methedivenby

Equation 26:

v, . (i = 1, 2, (2-6)

Where the change in axial strgingdd) using the moving point regression method is given by

Equation 27:

v

y- - - (i = 1, (2-7)

Plotting IYM versus axial stress results itypical IYM curve (Figure2-199w h e rEe @
initially increases until prexisting cracks closéit this point,the specimen behaves as a linear
elastic material until crack density is high enotigdtcracks interactvith eat otherand result in

a steady Hecrease of
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Figure 2-19: I nstant ane ou s(lYMomethad dosmeasarihgCD in & UCS
test. Red lines represent the average slopes with the intersection point (black arrow)

highlighting the identified CD value at the intersection of the two red lines

26.23 nstantaneous Poissonb6és Ratio

I nstantaneous Poass graphicalsnethoddhuses a (ndviRgRpoint regression
method fordetermining Cin core samplediederichs 1999 For this method, IPR is calculated

by dividing the chengevedrn tlha eahd ngasrstowvma X igedl
in Equation 28:

. Y- (2-8)

Where the change ixial strain( cgdd) is given by Equation-Z and the change Iateral strain

( gakla) using the moving point regression method is shown in Equatibn 2
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v

y- - - (i = 1, (2-9)

An example of a typical IPR versagial stresgurve is shown ifrigure2-20, where a
noticeable slope change often occurs as the test begins, representing the closteristinge
cracks. After the prexisting cracks have closed, the next noticeable change in slope represents

crack initiation indicated by the black arrow
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Axial Stress (MPa)

Figure 2-20: I nst ant an Raia(PR)Pethod ®roneasgingCl in a UCS test
Red lines represent the average slopes with the intersection point (black arrowighlighting

the Cl value

2.6.2.4Inverse Tangent Lateral Stiffness

Inverse tangent lateral stiffness (ITLS )gsa graphical methom determine Cthat uses a
moving point regessionto measureCl in a UCS tes{Ghazvinian 2010 For this method, ITLS
is calculated by di vi diafgbytherchange maxiabseeds)ms | at er a

shown in Equation-40:
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Y- (2-10)

Where | at egdi$giventirtEquaton-F,apyd t he change in ax
in Equation 26. An example of a typicdlLS versus axial stresairve is shown ifrigure2-21,
where a noticeable slope change often occurs as the test begins, reflecting the closure of pre
existing cracks. After the prexisting cracks have closed, the next noticeable charsjepe

represents crack initiatipmvhich is indicated by the black arrowkigure2-21.
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Figure 2-21: I nverse tangentlateral stiffness(ITLS) graph usedto measureCl in a UCS
test Red lines represent the average slopes with the intersection point (black arrow)

highlighting the CI value

MeasuringCl and CD thresholds for many of the methods was often difficult dineto t
excessivanoisethat obscuredlope changes associatgith crackformation and interaction. For
the moving point regression methods, a range of + 10 is typically applied to reduge noise

howeverin many circumstances, it was still difficult neeasureCl and CD For thethree
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regression method$PR, IYM, and ITLS) the range was expanded to +20 and £30 to reduce
noise furtheto emphasize th€l and CD threshold@-igure2-22). The + 10 range contains the
highestbackground noise, whereas the + 20 and + 3@ bignificantly lower background nais

All ranges for the three moving point regressmethods were plotted separately and used to

measure Cl and CD thresholds, whiskliscussed further in Chapter 4.
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Figure 2-22: Example moving point regression for an inverse tangent lateral stiffness
(ITLS) curve using 10, +20 and +30 ranges to show reduced noise associated with higher

ranges

2.6.2.5Crack Volumetric Strain

Crack volumetric strainQVS; () is a graphical method feneasuring Cin UCS test§Martin
1993. For this methodCVSi s cal cul ated by subtr&@f@dm ng el ast
vol umet r ydy,a shoveniinrEquation 21:

- - (2-12)
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Where volumetric strain is a function of ax@lt r ai) and [@t8ral straif ), as shown in
Equation 212

S (2-12)

Where elastic volumetri catio36ttBWNh Yoeumgd@ohmaodwlnu
+ 10%), andmajor and minoprincipal stresse¢s: andss, respectively)as shown in Equation-2
13:

p i (2-13)

An example of a typical CVS curve is showrFigure2-23 where the initial increase in
volumetric strain is the result of crack closure until the cplateaus. The point at which the
crack volumetric strain begins to deceafier the plateatepresents the crack initiati@amd

subsequent development of cracks in the rock sample
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Figure 2-23. Crack volumetric strain (CVS) method for measuringCl in a UCS test The
red line represents the average slope (slope =&)d the black arrow highlights the CI value

at the point where the slopdbecomemegative
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2.6.2.6Acoustic Emissions

The AE method fomeasuringCl and CDis described by Diederichs et al. (20@4jng an AE
curve with log cumulative AE events on thexis and log axial stress on thexis. A good
example of this method is shownRkigure2-24, where the lower bound CI (first crack) occurs at
the first point of rapidly increasing AE events, the upper boundy3tématic damage) occurs at
the second poirtdf rapidly increasingAE events andthe CD is at the third and final rapid
increase of AE evenfast priorto the sample failingPeak strength was determined from AE data
by determining the maximum axial streBsglure2-24).

AE data was collected and recorded49 samplesluring UCS testingn this research
by thePocketAE device and then exported intS Excel. The data wagrocessedo remove
excess noisand highlightrapid increasem AE events. Filtering was accomplished by removing

risetimes of zero and counts of zero and one.
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Figure 2-24: Acoustic emissiongAE) data plotted on log scales tmeasurethe lower bound
Cl, upper bound ClI, and CD. The red lines identify slope changes and the black arr@w~

indicate the Cl and CD values
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2.6.3Peak Strength

Peak strength was determined for el testy first dividing the loads recordeay the
MTS 815 rock mechanics testing systbgnthe crossectional area of the core sample being

tested ASTM 2014; Equation -24).

(2-14)

Wh e r.is thaipeak strength (MPa), P is the failure load (N) and A is the-seatisnalarea

(mn?) of aUCSsample.

MS E x ¢ eMAX fanction was used talentify the peak strengtltor maximum value of
axial stresswhich was then verified by plotting an axial stresgal strain curve to ensure that
the maximum strengtiecordedvas not the result gfostpeakstrain hardeningr atherwise
erroneous datdostpeak data was frequently able to be collected for samples that did not fail
explosively.Figure2-25 showsan example of &CS testhat experiencedtrain hardeningost
peak,wherethe termpeak strength (first peak) is substituted for yield strength as a more

appropriate term.
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Figure 2-25: Axial stressi strain curve showing the strain hardening of dJCS testfrom the

yield strength to an ultimate strength

2.7 Discussion and Concluding Remarks

Chapter 2 outlines and describes the methodologies used for ttegyenttithis thesis. The

methodologies include:

1. The selection of representative core samples (homogeneous and heterogeneous)
and their transportation from the Madran core storage facility to the University of
New Brunswick and Queenbés University.
2. The samfe preparation process that ensured that samples met ASTM standards
(ASTM 2019) of sample conformity.
3. The microscopic scale analysis techni que

XRD) that were used during the geological investigation of the five litfedo
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4. The operation of the MTS 815 rock mechanics testing system and the unconfined
compressive strength (UCS) testing of the five lithologies (50 samples).
5, The met hods for measuring Youngdés Modul t
(CI), crack damage (@), and peak strength.
The implications and results of these methodologieglescribed in greater detail in Chapters 3

4, and5.
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Chapter 3

Geol ogy of the Legacy Skarn Deposit

3.1 Introduction

One of the primary objectives of this reseascto conduct a thorough geological investigation of
the Legacy skarn deposit in order to determine the mineralogical composition and distribution of
the five lithologies selected from two Legacy deposit borehdlggological investigation at
four scalesvas conducted during this stutly beginning with the largest scale and ending with
the smallest scale. More specifically, the four scales studied in this research include: (i) the
regional scalgfocusing orthe tectonostratigraphic terranes of New Brunky(if) the local scale
focusing onthe geological formations and lithologies that host the Legacy skarn d€jiip$ite
hand sample scalavolving core logging two boreholeand (iv) the microscopic scalssingthin
section petrography, mictd-Ray 1 u o r e s <XRHF), anal XRay diffraction (XRD).

At the hand sample scale, core logging was conducted on boreholed BABLand MC
92-18 along a total length of 264 meters. Measurements were reéor8ed intervalof core
and includedchand sample fid mineralogy identificationlogginggeotechnical data dnterblock
structures (eg. fracture frequency, joint alterati@)) {dint roughness ()] etc.) and intrablock
structures (vein frequency, vein thickness, vein mineralogy, etc.). At the micioscafe,
mi neral ogy was determined using tXRFprovidedcti on p
spatial distributions of the matrix and vein sections by their elemental compositions. The results
from these analyses are presented in this chapter andeatén Chaptet to interpret the effect

of hydrothermal alteration and veiniog UCS geomechanicgiroperties

3.2Regional Geology: New Brunswick

New Brunswick is composed of 12 tectonostratigraphic zones that are bounded by faults and have
unique geologial histories from adjacent terranes and cover sequeRicesg3-1). The
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tectonostratigraphic zones of New Brunswick were first established by Rutjestie. (1977),

who originally identified the Matapedia Cover Sequence, Elmtree Terrane, Miramichi Terrane,
Fredericton Cover Sequence, St. Croix Terrane, Mascarene Terrane, and Avalonian Terrrane.
Fyffe and Fricker (1987) and Fyffe et al. (2011) latemitified the Popelogan, Annidale, and

New River Terranes, and divided the Avalonian Terrane into the Caledonia, Brookville, and
Kingston Terranes. These zones were accreted onto the Laurentian continent through the

following four chronologically orderedrogenic processes:

1 The Penobscot orogeny was the first major deformation even to accrete terranes onto
Laurentia during the closure of the lapetus Ocean. Thig eeearred during the mid
Late Ordivician and resulted in the obduction of the PenobsceBAckarc (Annidale
Terrane) on the Laurentian continent. Evidence of this asgmeservedn southern

New Brunswick (Fyffe et al. 2011).

1 The Taconic orogeny wdke second major deformational event to accrete terranes onto
Laurentia during the closure of the lapetus Ocean. This event occurred during the Late
Ordovician and resulted from the collision between the nwgsterly extending volcanic
arc called the Pagogan Terrane over a southeasterly dipping subduction zone. During
this orogeny, slab rollback resulted in the formation of the Tetagoucheabablasin and
the Meductic arc in the Miramichi Terrane. In northern New Brunswick, the Popelogan
terrane uncdiormably overlies Upper Ordovician volcanic rocks and black shales,
representing a hiatus in time created by the accretion and thrusting of the Popelogan

terrane onto the Matapedia basic from the closure of the lapetus ocean (Fyffe et al. 2011).

1 The Salinc orogeny was the third major deformational event to accrete terranes onto
Laurentia during the closure of the lapetus Ocean. This event occurred during the Silurian
and explains the tectonic interactions between Laurentia, Ganderia, and the Tetagouche

Exploits backarc basin (Wilson and Kamo 2012).
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1 The Acadian orogeny was the fourth and final major deformational event to occur to
Laurentia from approximately 416 to 359 Ma in the middle to late Devonian. Unlike the
previous three deformational events thetuwred due the accretion of volcanic arcs, this
deformational event was more widespread and occurred due the collision between the
microcontinent of Avalonia and the margins of Laurentia. The scale of this event is
attributed to the magnitude of Avalordad flatslab subduction beneath the Laurentian
margin. In the earliest stages of this event, however, deformation was relatively local and
is considered to have occurred from the closure of the Acadian Seaway (a basin between
Avalonia and Ganderia knows ¢ghe Caledonia terrane). Following the closure of the
Acadian Seaway, Avalonia obliquely collided with Ganderia, resulting in the accretion of
the Brookville and New River Terranes onto Avalonia. In southern New Brunswick,
high-pressure, lowiemperature mtamorphism is associated with the northwesterly
subduction of the Mascarene Terrane beneath the Kingston basin and the mylonitization

of the KennebecasiBocologan fault (Fyffe et al. 2011).

The Legacy deposit in northern New Brunswick is hosted in thiajpédia Basin cover sequence
as shown irFigure3-1. The Matapedia Basin is composed of degper carbonates that were
likely sourced from the Laurentia platform (Malo 2001). In the northern parts of the cover
sequence where the Legacy depissibcated, the carbonate rocks are overlain conformably by
medium to thick bedded calcareous sandstone, siltstone, and shale that are Lower to Upper

Silurian in age (Fyffe et al. 2011).
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Figure 3-1 Tectoncstratigraphic zones of New Brunswick representing a suite of terrane and
cover sequences that are fault bounded and contain unique geology to adjacent zones

(modified after Fyffe et al. 201); the Legacy skarn deposit is identified by the red star

3.3Local Geology: The Legacy Deposit

The Legacy deposit is one of the most prominent skarn deposits in the McKenzie Gulch area and
is located along the Upsalquitch River. The deposit is hosted in the limestone of the Late
Ordovician to Early Silurian Matapedia Groapd is spatially related to the northeast trending

faults and to the Devonian felsic dykes. Regionally, the McKenzie Gulch area is bound by the

McKenzie Gulch fault to the west, marking the contact with the Boland Brook Formation of the
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Grogs Brook Groupnd to the east by the Rocky Gulch fault, marking the contact with the

Upsalquitch Formation of the Chaleur Grodjgure3-2).

/
‘,/"/} McKenzie Gulch Porphyry
-F2236
m Upsalquitch Formation

©®r-F2222

47°45'00" N

Whlte Head Formation

so }V\
- Boland Brook Formation

Figure 3-2: The local geology of the Legacy skarn deposit (red box) located in northern New
Brunswick, situated in the White Head formation (brown) and McKenzie Gulch Porphyries
(pink; modified after Carroll 2003)

According to Dsrosiers (2012), the Matapedia group is characterized by a dark grey
calcareous siltstone, argillite, and | i mestone
rocko style of i 4 ctrethidkeerd ef imedtomeyaad argiiithe o f 1
metamorphosed or metasomatic equivalent to these units is agametne skarn. Finally, the
McKenzie Gulch porphyry dykes are thought to have originated from two separate magma
sources, thus explaining the differences observed geochemicallg&adrpphically between
the dykes identified aguartzplagioclase granodiorites and plagiockeenblende granodiorites
(Massawe and Lentz 201Borehole MBL-13-04 is presented ifrigure3-3, which shows that at
shallow depths, the borehole is dominated by the qyattzioclase granodiorite and calcareous
mudstone unitsAt greater depths, the borehole contains silicified axgglas limestone,
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silicified limestone and skarn units the following sections, the Legacy skarn deposit system is
described with respect to the typical minerals, hydrothermal alteration and veining that are found

in copper skarns.

ESE e MBL-13-04 WNW

Devonian
McKenzie Gulch Porphyries

- Quartz-Plagioclase Granodiorite

Silurian
Matapedia Group White Head Formation

Skarn
Silicified Limestone

T&J Silicified Argillaceous Limestone

- Calcareous Mudstone

Scale 1:1000

Figure 3-3: A crosssection of borehole MBL-13-04 in the Legacy deposit, containing
McKenzie Gulch Porphyries and Matapedia Group White Head Formation rock units
(Desrosiers2012)

3.3.1The Legacy Deposit Skarn System

Skarn deposits are an economically important source of {nesaing minerals that are most
often hosted in limestone but can be found in a variety of other rocks such as shale, sandstone,
granite, and basalt. They can develop through both metamorphien@egr contact) and various

metasomatic processes driven by fluids originating from magmatic, metamorphic, meteoric, or
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marine sourcesskarn deposits are defined by their mineralogy (generally dominated by garnet
and pyroxene) but not by their geolodisatting or protolith composition. Skarn deposits are
therefore defined as any geological setting where the temperature, pressure, fluid, and host rock
composition are within a stable range to produce the characteristic skarn minerals. The four main
typesof skarn formations are: (i) isochemical metamorphism, (ii) reaction skarns
(bimetasomatism), (iii) skarnoids, and (iv) fluid controlled metasomatic skiaigsr€3-4;

Meinert 1992Arndt et al. 201Y.

More specifically, the Legacy deposit is a fluid controlled metasomatic copper skarn
which is the most abundant type of skarn in the world and is common in orogenic zones that
result from subduction. Theothinant minerals in copper skarns include garnet (andradite) and
pyroxene (diopside) with lesser amounts of vesuvianite, wollastonite, actinolite, epidote,
hematite, and magnetite. These minerals are almost always zoned such that garnet occurs closer
to the pluton with increasing pyroxene away from the pluton, and vesuvianite and wollastonite
most abundantly occurring towards the outer limits of the skarn. Copper skarn deposits are most

frequently associatedith porphyry copper plutons (John 20Gtley and Beane 1981
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Figure 3-4: Schematic showcasing the fluictontrolled metasomatic skarn formation of the
Legacy skarn deposit in northern New Brunswick (modified after Meinert 1992)

3.3.2Hydrothermal Veining

Hydrothermal veins are an economically important sources of minerals that supply most of the
worl dés demand for metals. These veins occur
skarn deposits. Hydrothermal veins form as a response to fradtuamgpckmass, which allows
hydrothermal fluids to flow throughout fractures within the intact rock and precipitate into
crystalline material. These veins vary compositionally depending on the fluid source and can
range from millimeters to meters in thiggs. Craclsealing is a mechanism that occurs when the
previously sealed fractures-open, allowing hydrothermal fluids to flow through and eventually
re-seal the fractured veins. This can result in similar or compositionally different veins depending
onthe fluid sources. When new fractures are formed, aroggrelationships with

compositional patterns of vein sets are often referred to as A, B, C, D and M vein pairs
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(Gustafson and Hunt 1975). Finally, temperature is an important control for néoerpbsition
of hydrothermal veindn hydrothermal porphyry systentsydrothermal fluidghatcool slowly
will form large crystals; in contrast, if the fluids cool quickly, small crystals will form. When
fluids are extremely hot, coppbearing sulfide flids will contain minerals like bornite as

opposed to pyrite and chalcopyrite at low temperature flhitdsnert 1992.

3.3.3Hydrothermal Alteration

Hydrothermal alteration is a metasomatic process that is commonly associated with fluid flow
through fracturesArndt et al. 201). This can result in changes in mineralogy to the affected host
rocks in porphyryskarn systems at the kilometer sc@lesseminated lgeration is a focus of this
study because sericitic and sausseritic alteration were found in the-pjagitclase granodiorite
units from borehole MB113-04 and therefore their effects on geomechanical properties be
directly compared

Sericitic alteration is a common hydrothermal alteration associated with copper, tin, and
other hydrothermal ore deposith@re plagioclase feldspar within the host rock is converted to
fine-grained white phyllosilicates. Specular hematite, sphalerite, tetrahedrite, galena, rutile, and
manganese carbonates occur in variable amounts whereas tourmaline and anhydrite are common
(Massawe and Lentz 2019)his alteration process typically forms selvages from millimeters to
centimeters thick along structurally controll e
and quartzGustafson and Hunt 1975ince this process is helinfluenced by temperature
and fluid composition, zonation of pyritic sulfides is common. Chalcopyidteveins will
initially precipitate, followed by chalcopyrigyrite veins and finally pyritelominated veins.
Outside of the sericitic selvage zonegfic minerals are generally converted to chlorite whide
mica(Morad et al. 2010).

Sausseritic alteration is a hydrothermal alteration process whkmiamrich plagioclase
feldspar is converted to an assemblage of minerals including zoisite, eshlmphibole, and
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carbonatesMlassawe and Lentz 2009 his type of alteration occurs in the later stages of magmatic
crystallization where the remaining fluids react with the plagioclase felspars. Due to their high
calcium content, mafic rocks like gabband basalt are especially susceptible to this alteration

(Morad et al. 2010).

3.4 Lithological Unit Descriptions

The lithologies selected for laboratory testing in this research from boreholesLB84 and

MC-92-18 were studied at the hand sample and miopscscales to determine their physical

and mineralogicatharacteristicddand sample scale observations were used to determine the
mineralogy of large phenocrysts in crystalline lithologies, vein orientations, and thicknesses. At

themi croscopi c scal e, -XRkFam XRDevere usedriocpnérinr ogr aphy,
observations made at the hand sample scale, and to also identiygined minerals, including

ore and accessory minerals. In the following sections, the mineralogical sitiomsmof the

lithologiesare presented in terms thiin section petrography and XRD, whereas the spatial

di stribution of el emeXRFS ni-X¥RFanhlysisidmabletomi ned us
determine the crystal structures of minerals, mineratsthave r e i d e +XRFséctioeasd i n t h
were done so using the spatial distribution of elements andaggibtance frorthin section

petrography and XRD.

3.4.1Beige Granodiorite

The beige granodiorite core samples were all collected from boreholell@dBd. Ofthe three

types of altered granodiorites examined in this thesis, the beige granodiorite core samples occur at
the shallowest depth in the borehole. At the hand sample scale, there is a differential grain size
defined by plagioclase feldspar phenocrygtdau3 mm in diameter in a fingrained crystalline

matrix of primarily quartz and biotite. The differential grain size in this unit is relatively low

compared to the red and black granodiorites. Hydrothermal veining in these samples consist of
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calcite andankerite veins between 1 and 3 mm thick that occur in all orientations, which is

relatively minor compared to the skarn samples and calcareous mudstone.

3.4.1.1Thin Section Petrography

An example of a XPL photo taken of the beige granodiorite matrix at 2.§wification is shown

in Figure3-5. This photo shows the larger minerals in this lithology, namely plagioclase feldspar
and biotite, occur in a fingrained matrix that consists primarily of quartinder reflected light
microscopy, opaque minerals are rare in the beige granodiorite thin section(s), indicating very
low amounts of mineralizatiodlodal mineralogy of the beige granodiorite was measurée to

50% quartz, 40% plagioclasgnd 10%biotite.

Figure 3-5: Microscopy image of a beige granodiorite thin section from the Legacy skarn

deposit (PIT Plagioclase Feldspar, Bi Biotite)

3.4.1.2X-RayFluorescence

e XRF i s a -soale@amalysss techpique that was used to determine the distribution of

elements within the matrix of the beige granodiorite core samples. For this analysis, a beige
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granodiorite offcutFigure3-6) was analyzed to create 12 absolute element maps. From the
absolute mapd{gure3-7), several similarities between elements were discovered. It was found
that high concentrations of iron, potassium and titanium and low concentrations of silicon and
strontium are associated with tabular minerals identified as biotite. Higlemoatons of
aluminum, silicon and calcium and low concentrations of titanium were associated with
phenocrysts identified asplagioclase feldspaflthough veins were not apparent in the beige
granodiorite offcut, calcium and manganese appear to bewrwated in veinlets throughout the

sample with almost no mineralization.

| 2.5cm |

Figure 3-6: Photograph of beige granodiorite thin
mapping
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3.4.1.3X-Ray Diffraction

The beige granodiorite mineral data from this analysis is presenkéglire3-8, where the

matrix mineralogy is represented by the intensity output in orange and the vein mineralogy
represented by the intensity output in black. Using the XRD mineral signature datadase, th
matrix composition was determined to consist of quartz, biotite, and a plagioclase feldspar that

most closely matchedkate. In comparison, the vein mineralogy consists of calcite and ankerite.
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Figure 3-8: XRD test results of the matrix (orange) and veins (black) of the beige
granodiorite samples. Examples of matrix and veinetdCS samples are shown in the top

right inset

3.4.2Red Granodiorite

The red granodiorite samples were all collected from hole M8D4. Of the three types of

altered granodiorite, the red granodiorite core samples primarily occur at a depth between the
beige and black granodiorite core in the borehole. At the hand sample scale, the differential grain
size is large in comparison to beigganodiorites as defined by phenocrysts up to 6 mm in

diameter that occur in a firgrained crystalline matrix. The phenocrysts are plagioclase feldspar
crystals whereas the matrix contains a mixture of@reened quartz. Hydrothermal veining is
comprisel of calcite veins between veins 1 to 2 mm thick that occur in all orientations, which is

relatively minor compared to the skarn samples.
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3.4.2.1Thin Section Petrography

Examples of XPL photcs at 2.5x magnificatiomreshown inFigure3-9. The photo irFigure

3-9b, contains a largdight brownmineralidentified agplagioclase feldspavhich contains

carlsbad twinning. Chloritzation of biotite is commonly observed in these samples and-the fine
grainedmatrix primarily consists of quart®¥odal mineralogy of the red granodiorite was

measured to be 55% quartz, 40% plagioclase, and 5% clinochlore.

Figure 3-9: Microscopy images of a redgranodiorite (a) matrix wall-vein contact, and (b)
matrix thin section from the Legacy skarn deposit (Pl Plagioclase Feldspar, Cail Calcite,

Clc - Clinochlore)

3.4.2.2X-Ray Fluorescence

¢ XRF i s-scale amdlysig technique that was usedktermine the distribution of elements
within the matrix and vein of the red granodiorite core samples. For this analysis, a red
granodiorite offcut Figure3-10) was analyzed to create 11 absolute element maps. From the
absolute mapdgure3-11), similar distributions of aluminum, silicon and calciumith no
titanium was associated with phenocrysts identified psgioclase feldspalFinally, veins in the
red granodiorite consist of calcium, manganese, iron, salfigk strontiumwhich likely

represents calcite and ankerite veining with some mnlinatian.
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Figure 3-10: Photograph of red granodiorite thi
mapping

| 2.5cm |

Figure 3-11 e XRF fluorescence mapping of Fidue

3-10 showing the absolute distribution of elements

3.4.2.3X-Ray Diffraction

The redgranodiorite mineral data resulting from this analysis is presentédume3-12, where
the matrix mineralogy is represented by the intensity outpnetdrand the vein mineralogy

represented by the intensity output in black. Using the XRD mineral signature database, the
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matrix was determined to consist of quadmochloreand a plagioclase feldspar that most

closely matchedlbite In comparison, theein mineralogyconsiss of calciteand ankerite
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Figure 3-12: XRD test results of the matrix (red) and veins (black) of the red granodiorite

samples. Examples of matrix and veinetd CS samples are shown irthe top right inset

3.4.3Black Granodiorite

The black granodiorite samples were all collected from borehole-1/#B04. Of the three types

of altered granodiorite, the black granodiorite core samples occur at a greater depth than the beige
and red granodioriteore. At the hand sample scale, differential grain size is larger in comparison

to the beige granodiorite with phenocrysts up to 6 mm in diameter-grénmeed crystalline

matrix. The large phenocrysts are plagioclase feldspars whereas the matrixscomt@tture of
fine-grained quartz,lmochlore andmuscovite Hydrothermal veining is comprised of calcite

veins 1mm thick at all orientations, which is relatively minor compared to the skarn samples.
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3.4.3.1Thin Section Petrography

The black granodiorite samples are comprised of large phenocrysts in a fine grained matrix. The
largest phenocrysts are plagioclase feldsgiaoften contain oscillatory zonindrigure3-13a)
between calcic and sodic zones. Chloritzation of biotite commonly occurs in these samples along
with minor amounts of muscovit&igure3-13b). Modal mineralogy of the black granodiorite

was measured to be 50% quartz, 40% plagioclase, 8% clinochlore, and 2% muscovite.

Figure 3-13: Microscopy images of a blaclgranodiorite sample containing (a) oscillatory
zoning of plagioclase, and (b) chlorite and muscovite in a fingrained matrix (Pl i
Plagioclase Feldspar, M§ Muscovite, Ac 1 Clinochlore)

3.4.3.2X-Ray Fluorescence

e-XRF is a micrescale analysis technique thveads used to determine the distribution of elements
within the matrix of the black granodiorite core samples. For this analysis, a black granodiorite
offcut (Figure 3-14) was analyzed to create 10 absoklment maps. From the absolute maps
(Figure3-15), several similarities between elements were dised. It was found that

aluminum, silicon, and calcium were associated with phenocrysts identifeeglagioclase

feldspar Iron, manganese, magnesitand minor amounts of silicon were associated with

smaller phenocrysts identified as clinochlore.
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| 2.5cm |

Figure 3-14: Photograph of black granodXR&eléenerg t hin s
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Figure 3-15. -XRF fluorescence mapping of the black granodiorite sample shown rigure

mapping

3-14 showing the absolute distribution of elements
3.4.3.3X-Ray Diffraction
The blackgranodiorite mineral data resulting from this analysis is represenkggdure3-16,

where the matrix mineralogy is represented by the intensity omtjplack. Using the XRD
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mineral signature database, the matrix was determined to cohgisdrtz dinochlore and a

plagioclase feldspar which most closely matchliite Vein mineralogy was not testeding

XRD becausehe limited amount ofeined samles wereall required for UCS testing.
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Figure 3-16: XRD test results of the matrix of the black granodiorite samples. An example of

a matrix UCS sample is shown in the top right inset

3.4.4Garnet-Pyroxene Skarn

The garnepyroxene skarn samples are altered limestone rocks that were all collected from
boreholeMC-92-18. At the hand sample scale, the gamabxene skarn is grey to dark green,
fine-grained, and sometimes contains coansened (2 to 4 mm) garnet crystals. The veined
samples contain a high density of quartz stockwork veingdahgefrom 1 to13 mm thick and

are oriented in all directions.

3.4.4.1Thin Section Petrography

Examplesof reflect light, XPL and PPL photdaken at 2.5x magnificatioareshown inFigure

3-17. These photos show that the gampgtoxene skarn matrix is very firgrained and the vein
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mineralogyconsists ofjuartz. Mineralization is located primarily in the stockwork veins, which
is identified as the opaque minerals in PPH grey minerals under reflected ligModal
mineralogyof the matrixwas notmeasured for the skarn because the mineral grains were too

small to identify by thin section petrography.

Figure 3-17: Microscopy images of a garnepyroxene showing (a) mineralization in reflected
light, (b) a quartz vein in plane polarized light, (c) a quartz vein in cross polarized light, and

(d) the fine-grain skarn matrix (Qtz i Quartz)

3.4.4.2X-Ray Fluorescence

€-XRF is a micrescale analysis technique that was used to determine the distribution of elements
within the matrix and veins of the garfmtroxene skarn core samples. For this analysis, a garnet
pyroxene skarn was analyzdelure3-18) to create 11 absoludement maps. From the

absolute mapdgure3-19), similarities between elements were more difficult to identify due to
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the fine grain size of the matrix. It was found that high intensities of iron, copper, and sulfur were
similarly distributed and therefore likely negsentegyrite, pyrrhotite and/or chalcopyrite
mineralization in the matrix. Titanium is seen in high intensities throughout the matrix and does
not appear to be associated with the other elements. Finally, high intensities of silicon and zinc
are presenn the veinsThe vein mineralogy in the garrpyroxene skarn samples is likely

quartz based on the presence of siliobeervedn the absolute maps.

| 2.5cm |

Figure 3-18. Photograph of garnetpyroxene skarnthn s ecti on ofXREut wused f

element mapping
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Figure 3-19. -X&kF mapping of the absolute distribution of elementf the garnetpyroxene

skarn sample shown inFigure 3-18

3.4.4.3X-Ray Diffraction

For the garnet pyroxene skarn, an XRD analysis was conducted on a powdered sample of the
matrix acquired from a samplerdaining stockwork, a matrix acquired from a sample containing
no stockworkand stockwork veins. Multiple matrix samples were tested because the mineralogy
in the skarn core samples appeared to be slightly diffépased on colouiepending on if

stockwork was present or not. The mineral data resulting from this analysis is presedfitpdén

3-20, where the matrix mineralogy with and without stockkveeining is represented by the

intensity output in light and dark green, respectively, and the vein mineralogy represented by the

intensity output in black. Using the XRD mineral signature database, the matrix with stockwork
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was determined to consist abgside and albite; the matrix without stockwork consisted of

diopside, albite and almandirend the stockworkeinsconsisted of quartz.
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Figure 3-20: XRD test results of two matrix samples (green) and veins (black) of the garnet
pyroxene skarn samples. Examples of matrix and veinedCS samples are shown in the top
right inset

3.4.5Calcareous Mudstone

The calcareous mudstone samples were the most abwidhetfour lithologies collected from
borehole MBL-13-04. At the hand sample scale, the matrix is @pdy to black, fingyrained,
and contains bedding up to 15 mm thick. The veined samples contain single to multiple veins

composed of calcite that ranfyfem 2 to 35 mm thickness in all orientations.

3.4.5.1Thin Section Petrography

An example of a XPL photo taken of the calcareous mudstone at 2.5x magnification is shown in
Figure3-21. These photos show that the calcareous mudstone matrix is vegrdined andhe
vein mineralogy is calcitdased on the presence of lamellar twinning and high birefringence

87



Minor amount®f muscovite, calcite anguartz weradentified in the matrixbut because the
matrix was very finegrained, the majority of minerals could not be identified by thin section

petrography and therefore modal mineralogy was not measured.

e\

XPL #:X2:5

Figure 3-21. Microscopy image of a calcareous mudstone thin section from the Legacy

skarn deposit with antitaxial vein growth (Cali Calcite)

3.4.5.2X-Ray Fluorescence

e XRF i s-scale amalysig technique that was usedktermine the distribution of elements
within the matrix and veins of the calcareous mudstone core samples. For this analysis, a
calcareous mudstone offcliigure3-22) was analyzed to create 12 absokiementmaps. From

the absolute map§&igure3-23), similarities between elements were more difticalidentify due

to the fine grain size of the matrix. It was found that high intensities of iron and sulfur were
similarly distributed and therefore likely represenpgdte or pyrrhotite mineralization
disseminated in the matrix. High intensities dtaan, nickel, strontium, manganese, and sulfur
are present in the veinghe vein mineralogy of the calcareous mudstone samples was identified

to be calcite.
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| 2.5cm |

Figure 3-22: Photograph of calcareousmud st one t hi n s e c-XKRFelementf f c ut

mapping

K

25cm

Figure 3-23: -X&RF mapping of the absolute distribution of elementsin the calcareous

mudstone sample shown ifrigure 3-22
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3.4.5.3X-Ray Diffraction

The calcareous mudstone mineral data resulting from this analysis is presdtiteaeB-24,
where the matrix mineralogy is represented by the intensity output in blue and the vein
mineralogy represented by the intensity output in black. Using the XRD mineral signature

database, the matrix wdstermined to consist of quartz, calcite, illaad dolomite. In

comparison, the vein mineralogy was determined to consist of calcite.
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Figure 3-24: XRD test results of the matrix (blue) and veins (black)of the calcareous
mudstone samples. Examples of matrix and veinedCS samples are shown in the top right

inset

3.5Discussion and Concluding Remarks

For this research, desktop and field investigations were conducted on the Legacy skarn deposit to
determine tk geological setting and lithological compositidrsn the regional scale to the
microscopicscale. At the regional scale, an overview of the tectonostratigraphic terranes and their

relationship to the major faults in New Brunswick was presented inhhjgter. At the local
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scale, formations within the Legacy deposit were based on literature which contributed to
understanding the occurrence of different alterations and mineralization. At the hand sample
scale, the samples from boreholes MB&04 and MCG92-18 that were selected for geotechnical
laboratorytesting were also analyzed to determine their mineralogies. Finally, at the microscopic
scale, detailed information with respect to mineralogy was achieved using thin section
petrography, Jadicrosaapid methddRlBne pr&vided benefits to the
investigation but also contained shortfalls that sometimes gave ambiguous results. It was
therefore beneficial to recognize these limitations and combine the information from all three
laboratory analyis techniques in order to matell-informed determinations about the

mineralogy of all lithologies in this studf. summary of the mineralogies of all five lithologies

in this thesis is listed ifable3-1.

Table 3-1: Mineralogy of tested lithologies

Lithology Mineralogy (% shown where possible)

Matrix: Calcite, lllite, Dolomite, and Quartz
Calcareous Mudstone ) )
Vein: Calcite

Matrix: Quartz (50%), Albite (40%), and Biotite (10%)
Vein: Calcite and Ankerite

Matrix: Quartz (55%), Albite (40%), and Clinochlore (5%)
Vein: Calcite and Ankerite

Matrix: Quartz (50%), Albite (40%), Clinochlore (8%), and
Black Granodiorite | Muscovite (2%)

Beige Granodiorite

Red Granodiorite

Vein: Calcite
Garnet-Pyroxene Matrix: Diopside, Albite, Almandine
Skarn Vein: Quartz

In the proceeding chapters, the effects of mineralogy, alteration, and hydrothermal
veiningareused to interpret the geomechanical properties measured in UCS testing of samples

from the Legacy deposit.
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Chapter 4

Geotechnical Testing Results

4.1 Introduction

Unconfined compressivaresqUCS) testing is geotechnicalaboratory technique tha used

to determinghestiffness, crack initiation and crack damage brittle thresholdsyaxamum

axial stress of a cylindrical core sample under unconfined cond{tienpeak strength)lJCS

tests were conductetlring this studyn a suite of hongeneous and heterogeneous drill core

samples from the Legacy skarn deposit located in northern New Brunswick. During testing, each

sample was fitted with three axial extensometers and one circumferential extensometer, which

recorded axial and lateral stnaiespectively and two acoustic emissiGAE) sensors that

recorded acoustic events. From this data, five geomechanical parameters were measured,

including Youngés modul us, Poi sadpedkstrength.t i o,
Chapter 4 presesitietailed test results and disciess abouthe influence of

hydrothermal veining and alteration on tieomechanical propertie$ heterogeneous core

samples at the laboratory scale. The influences of hydrothermal veining on UCS tested core

samples arexamined by comparing the results from homogenémadrix-type)and

heterogeneou@eined)samples for each lithology. The influence of disseminated alteration on

UCS tested core samples is examined by comparingetiechanical properties thie three

varieties of homogeneous quafitagioclase granodiorite samplibsitcontain sausseritic and

sericitic alterations. Finally, the failure madsf testedsamplesareinterpreted using the

information acquired from the microscopic scale geological investigapresented in Chapt&r

An outline of Chapter 4 is presentedrigure4-1, which shows the framework of this chapter

and how it relates to Chapter 5
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Figure 4-1: Summary diagram outlining the evaluation and correlation of geotechnical

parameters to vein geometries, alteration, and failure mechanisms discussed in Chapter 4

4.2 Evaluation of Elastic Paramegrs

Youngb6s modulus (E) and Poissonb6s rareio (383) ar
calculated using stresdrain data acquired from UCS tests of instrumented core samples.

Yo ungo6s repestntthewstfness of a material and is equal to the ratio of axial stress to

95




























































































































































