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Abstract 

Predicting the geomechanical behaviour of rockmasses is key to the economic success and safety of rock 

engineering projects such as surface and underground excavations. For these projects, unconfined 

compressive stress (UCS) laboratory testing provides fundamental geomechanical properties of intact rocks. 

It is currently standard practice for UCS testing to consider only homogeneous samples and discard 

heterogeneous samples such as those that are affected by hydrothermal alteration and veining. 

Understanding the complexities of heterogeneous rocks and rockmasses is critical for excavation projects 

such as deep block cave mines where extensive tunnel networks are regularly excavated through 

heterogeneous rockmasses. During this research project, UCS tests were conducted on 29 homogeneous 

(matrix-type) and 21 heterogeneous (vein-type) core samples from the Legacy Skarn Deposit located in 

northern New Brunswick, Canada. These samples are sorted into five lithological units: beige, red, and 

black varieties of quartz-plagioclase granodiorite, calcareous mudstone, and garnet-pyroxene skarn. 

Mineralogical compositions of these units were determined using hand sample field identification 

techniques and microscopic laboratory methods including petrographic thin section analysis, X-Ray 

Diffraction, and micro-X-ray Fluorescence. Significant effects of hydrothermal veining on the UCS test 

results were observed in the tested samples. Vein mineralogy dominated by calcite weakens the 

granodiorites but strengthens the calcareous mudstone. Vein mineralogy dominated by quartz in the skarn 

has a mixed influence on geomechanical properties. Vein thickness primarily influences geomechanical 

properties of samples with single veins, whereas vein density is more useful to characterize samples that 

contain vein networks or stockwork. The effects of vein orientation only partially agree with an established 

model for shear failure through critically oriented foliations. The disseminated alteration in the granodiorites 

(plagioclase phenocrysts) and skarn (garnet crystals) typically increase stiffness and strength, since the large 

grains arrest cracks under load. Lastly, the effects of sample selection on reported UCS test results were also 

investigated using four sample selection methods to the tested core samples. The results demonstrate the 

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

Introduction 

1.1 Purpose of Study 

As the demand for metals and improved transportation networks grow, mining, tunneling, and 

other infrastructure projects are rapidly becoming excavated into deeper and more complex 

rockmasses. Complex rockmasses are defined as rockmasses that contain healed intrablock 

structures such as hydrothermal veins and stockwork that occur within blocks of otherwise intact 

rock, which are bounded by joints and other fractures (interblock structures), and have been 

observed to control additional or delayed development of ground failures (Day et al. 2019; Day 

2019). These healed intrablock structures influence rockmass deformability and strength (Brzovic 

and Villaescusa 2007) but are not sufficiently considered in rockmass characterization and 

geotechnical design practice (Moss et al. 2018). Inadequate consideration of intrablock structures 

and disseminated hydrothermal alteration in these settings can cause an inaccurate understanding 

and prediction of rockmass behaviour during excavation construction, which can lead to 

significant economic losses of billions of dollars due to delayed production and higher safety 

risks for workers. Therefore, more detailed research is warranted to evaluate the characteristics 

and behaviour of intrablock structures such as hydrothermal veins, and to develop methods to 

incorporate them into modern geotechnical design practice. 

The primary objective of this research is to apply field and laboratory investigations to 

rigorously examine the effects of intrablock structures and disseminated hydrothermal alteration 

on intact rock behaviour using state-of-art analysis techniques in rock engineering and geology. 

This includes (i) conducting a thorough geological investigation on diamond drill core rock 

samples and thin sections using microscopic laboratory analysis techniques; (ii) conducting 

geotechnical laboratory unconfined compressive stress (UCS) tests of intact rocks that contain 
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hydrothermal vein-type healed intrablock structures; (iii)  developing new recommendations for 

high-quality testing protocols and data analyses; and (iv) creating UCS laboratory test sample 

selection recommendations for heterogeneous rocks.  

This research focuses on five lithological units from the Legacy skarn ore deposit in the 

Bathurst Mining Camp, which is located in northern New Brunswick (Desrosier 2012; 

Goodfellow 2007; Figure 1-1). These units consist of beige quartz-plagioclase granodiorite, red 

quartz-plagioclase granodiorite, black quartz-plagioclase granodiorite, calcareous mudstone, and 

garnet-pyroxene skarn. High precision measurement devices (axial and circumferential 

extensometers as well as acoustic emissions sensors) were used in each UCS test to measure 

stiffness, crack initiation and crack damage brittle thresholds, and peak strength (Diederichs et al. 

2004; Diederichs 2007; Eberhardt 1998; Ghazvinian et 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 rocks are investigated in this study to evaluate their applicability  to 

heterogeneous rocks. It is hypothesized that the interaction of matrix 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 five lithological units selected for this study. This information provided important insight to 

help explain the differences between the geomechanical behaviour and UCS test parameters of 

the heterogeneous (hydrothermally altered and veined) and homogeneous (matrix-type) core 

samples. This research also investigated the 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 core samples only 

(experimental); (iii) selecting homogeneous and heterogeneous samples (experimental); and (iv) 

objective sampling within each lithology at a 2 m interval. Selecting samples to effectively 

capture the variability in a lithological unit requires careful 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 cracking at this scale relates to two 

commonly used failure envelopes are discussed. The mechanisms at the microscopic scale are 

applied to the excavation scale to explain brittle overbreak and rockbursting in homogeneous and 

heterogeneous rockmasses. 

1.2 Brittle Damage Theory 

Predicting the mechanical strength of rock has been the goal of numerous researchers throughout 

the 20th century. Their work has relied on large-scale empirical observations and theoretical work, 

often at the microscopic scale, to develop failure criteria. Griffith (1921) proposed that the 

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

material. Griffithôs work predicts (i) the tensile strength in terms of crack length, elastic constants 

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 developing cracks for any limiting stress state. 

Though Griffithôs theory predicts fracture initiation, it is limited because it does not predict the 

rate of fracture propagation. Orowan (1949) expanded upon Griffithôs theory by suggesting that 

fractures initiate when tensile stresses at or the near the tip of a crack exceed the molecular 

cohesive strength of the material (Figure 1-2). Since the molecular cohesive strength of a material 

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 

principal stress (ů1) (Eberhardt et al. 1998)  

 

The Hoek-Brown rock strength criterion is a widely used empirical criterion for 

quantifying the confinement-strength relationship of a jointed rockmass (Hoek and Brown 1980; 

Hoek and Brown 1997). This nonlinear criterion was designed for rockmasses that fail by shear 

fracturing (Mode II) and is therefore unreliable for massive rockmasses with a Geological 

Strength Index (GSI; Hoek 1994; Hoek and Marinos 2000) greater than 75 (Diederichs 2007). 

Massive rockmasses with a GSI > 75 are classified as brittle rockmasses that fail by tensile 

fracturing (Mode I; Figure 1-3).  
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Figure 1-3: Schematic diagram of the three fundamental modes of fracturing: (a) Mode I, 

tensile fracture, (b) Mode II, in-plane shear or sliding fracture, (c) Mode III, tearing 

fracture (Atkinson 1987) 

 

In order to estimate the confinement-strength of a brittle rockmass, Diederichs (2003) 

developed the Damage Initiation and Spalling Limit (DISL), as shown in Figure 1-4, where the 

lower bound (ñdamage thresholdò) represents the crack initiation, the upper bound represents 

crack damage (ñlong-term strength of lab samplesò) and the transition between the lower and 

upper bounds represents the spalling limit. At stresses below the lower 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 spalling limit), cracks result in spalling at the excavation boundary, and 

shear failure will occur above the upper limit.  
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Figure 1-4: The Damage Initiation Spalling L imit  composite strength envelope governed by 

crack initiation (lower bound), damage initiation (upper bound) and a transitional spalling 

limit  (Diederichs 2003) 

 

1.2.1 Crack Initiation  

Crack initiation (CI) is the onset of extensional crack damage that corresponds to the in situ 

strength of the near-field rockmass surrounding an excavation (Eberhardt et al. 1998). CI is a 

function of natural flaws and heterogeneity that typically occurs in moderately jointed hard 

rockmasses when tangential stresses exceed 33-50% of rockmass peak strength (ůc) at the 

excavation boundary. Loading rate and confining stress are factors that influence CI. Studies such 

as Brace et al. (1966) show that triaxial tests conducted at slow loading rates have higher CI and 

peak strengths in comparison to samples tested at faster loading rates (Figure 1-5). Martin (1994) 

empirically described the sensitivity of CI to confinement by relating CI to a constant deviatoric 
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stress (Equation 1-1) based on acoustic emissions testing of exposed granite in a tunnel 

excavation (Martin 1997).  

 „  ὃ„ ὄ„                  (1-1) 

 Where ů1Crit is the major principal stress, A is equal to the crack initiation range (0.3-0.5), 

ůc is the peak strength of the rockmass, B is the deviatoric stress and B = 1 when there is a 

constant deviatoric stress, and ů3 is the minor principal stress. Finally, through examination of 

possible failure mechanisms of typical minerals such as intra-grain and inter-grain slip, 

Diederichs (2000) suggested that CI has a slightly higher dependency on confinement and 

established a range for B equal to 1.5-2.5. 

 

Figure 1-5: Triaxial test data highlighting the effects of loading rate on peak strength and 

crack initiation (Brace et al. 1966) 
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1.2.2 Crack Damage 

Crack damage (CD) is the stress at which cracks begin to interact and coalesce. This brittle 

damage threshold represents the long-term 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, rock heterogeneity and pre-existing cracks (Eberhardt et al. 1998). 

1.2.2.1 Crack Propagation Related to Stress Rotation  

Significant stress rotations about an excavation can deteriorate rockmass strength. As the 

deviatoric stress rotates ahead of an excavation face, crack propagation of existing cracks will 

rotate to become sub-parallel to the new direction of the major principal stress (ů1). If the 

intermediate stress (ů2) approaches the ů1, crack formation and propagation orientation will 

become increasingly parallel to ů1 as compared to when ů2 approaches the minor principal stress 

(ů3). The increased density of aligned cracks creates an ideal situation for spalling and ultimately 

results in a lower peak strength (Diederichs et al. 2004; Figure 1-6).   

 

Figure 1-6: Effects of stress rotation at the crack scale (left) and excavation scale elastic 

numerical models (right). The top two elastic models show how the magnitude of the 

deviatoric stresses (MPa) develop with the rotation of stress and the bottom elastic model 

shows the rotational extent of the minor principal stress, ů3  (Diederichs et al. 2004) 
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1.2.2.2 Crack Propagation Related to Rock Heterogeneity 

Heterogeneity in polycrystalline rock can affect rock strength. This was demonstrated by 

Diederichs et al. (2004) using Particle Flow Code (PFC) software to numerically model a 

heterogeneous rock under confined stress conditions (Figure 1-7). Results from the PFC model 

demonstrates that 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 model showing the areas of tension and compression in a 

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

 

1.2.2.3 Crack Propagation Related to Pre-Existing Damage 

Pre-existing rock damage can affect rock strength, as demonstrated by Diederichs (2007). Using 

PFC, samples with pre-existing isotropic damage were modelled (Figure 1-8). The PFC results 

show that pre-existing crack damage has little effect on CI but significantly reduces the CD 

threshold. 
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Figure 1-8: The effects of pre-existing 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 in homogeneous 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 release of energy, which may unpredictably eject large rock 

fragments into an excavation. 

1.3.1 Spalling 

Spalling is the development of visible extension fractures under compressive loading. This 

process is the most prevalent form of rock damage in crystalline rocks near excavation 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 stages (Figure 1-9). 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 develops at the 
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excavation boundary. Visible failure initiates at the location of maximum tangential stress, 

exploiting critically oriented flaws. Dilation in this stage is at the grain-size scale and is the result 

of crushing and shearing. In stage three, the process zone continues to develop. Dilation at this 

stage becomes more persistent until the slabs reach a thickness of 1 to 5 cm. In this stage, slabs 

are formed by shearing, splitting and buckling. In the fourth and final stage, a notch forms that 

provides sufficient confinement to stabilize the rockmass and prevent further spalling. Notch 

depth from spalling can be determined based on the empirical correlation of the ratio of 

maximum tunnel stress to ůc and tunnel radius (Figure 1-10). 

 

Figure 1-9: Four stages of spalling development in a circular tunnel (modified after Martin  

1997) 
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Figure 1-10: Empirical observations of brittle overbreak around tunnels correlating 

spalling notch depth to maximum tangential stress (ůmax), normalized to unconfined 

compressive strength (ůc) (Martin et al. 1999) 

 

At the Atomic Energy of Canada Limited Underground Research Laboratory (AECL-

URL), a well-formed notch was formed in a tunnel excavation by spalling (Figure 1-11). 

Correlating the tunnelôs radius, notch depth, and ůc of the rockmass to the empirical chart for 

spalling (Martin et al. 1999; Figure 1-10), the magnitude of the 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 excavation boundary. Spall damage can lead to significant setbacks and extra 

construction costs due to a need for supplemental ground support and slower rates of advance. 

Notch formation is especially unfavourable in the sidewalls of tunnel excavations that use Tunnel 

Boring Machines (TBM) because the gripper plates of the TBM would not make full contact with 

the tunnel wall and would impede the forward push of the TBM (Figure 1-12), reducing the rate 

of advance (Diederichs 2007). 
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Figure 1-11: Photo of the AECL-URL tunnel with outlines of the original tunnel profile 

(dashed line) and the constructed tunnel with spall damage (solid line) superimposed on the 

image. The orientation and ratio of the in situ stresses is specified as well as the original 

tunnel radius and resulting notch depth (Diederichs 2007) 

 

 

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 forward (courtesy M. Diederichs) 
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1.3.2 Rockbursts 

Rockbursts are sudden and violent rock 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 extraction ratios (Kaiser and Cai 2012). The majority of rockbursts in excavations 

occur within three tunnel diameters of the excavation face, immediately after blasting when in 

situ stresses are re-adjusting to equilibrium, and during excavation through geological contacts 

between relatively brittle and soft rocks due to contrasts in material stiffness (Diederichs 2007). 

Although rockbursts are difficult to predict, seismic monitoring of crack initiation and 

propagation along with numerical modeling can reduce risk by identifying hazardous areas. The 

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

¶ Strainbursts occur as a result of stress changes from nearby mining activities or by 

dynamic stress changes from remote seismic events. 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 energy is released in a violent manner. 

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

¶ Fault-slip bursts result from stress changes induced by nearby mining activities or by 

dynamic stress changes from remote seismic events. For fault-slip bursts to occur, the in 

situ shear stress must be greater than the shear strength of pre-existing faults or newly 

generated shear planes. 

¶ Pillar bursts are a type of rockburst that results in partial or complete failure of a mine 

pillar and commonly 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 by (Kaiser and Cai 2012): 

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

center); 

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

¶ The geotechnical properties of the rockmass (rock strength, joint fabric, and rock 

brittleness); and 

¶ 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 stresses, spalling 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 copper-porphyry mine in Chile where heterogeneous rockmasses 

were found to both promote and obstruct brittle overbreak (Figure 1-13) with respect to 

homogeneous rockmass overbreak predictions. Finally, although spalling has been observed in 

heterogeneous rockmasses at the excavation scale, few studies have examined this at the 

laboratory scale (Turichshev and Hadjigeorgiou 2017; Bewick et al. 2019). 
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Figure 1-13: Brittle overbreak in a heterogeneous hydrothermal veined rockmass at the El 

Teniente copper-porphyry 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 thorough literature review of brittle damage theory, UCS test sample 

preparation, UCS testing, and method(s) for measuring Poissonôs ratio, Youngôs 

modulus, crack initiation, crack damage, and peak strength for drill core samples using 

extensometers and acoustic emissions. 

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 (matrix-only) and heterogeneous (veined) core for UCS 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 UCS tests to determine their intact 

geomechanical properties and failure modes. 

5. Interpret UCS test results to measure Youngôs modulus, Poissonôs ratio, crack initiation, 

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 Queenôs University, Kingston in Ontario, Canada. This thesis consists of six 

chapters and three appendices, which are outlined below. The final section of each chapter will 

include the references cited in that chapter. 

Chapter One introduces the purpose of this research and describes brittle damage theory 

by providing background on Griffithôs Crack Theory, factors that affect CI and CD, and the 

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 methodology 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 Three describes 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 major faults 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 size were characterized along with vein mineralogy, 

thickness, orientation, and density. Microscopic scale analyses were performed on all lithologies 

including X-Ray diffraction (XRD), micro X-Ray fluorescence (ɛ-XRF), and transmitted and 

reflected light microscopy.  

Chapter Four presents the results from UCS testing of all 50 core samples in this study. 

The tests were conducted using extensometers (to measure strain) and acoustic emissions sensors 

(to measure AE). The data was used to calculate Poissonôs ratio, Youngôs modulus, CI, CD, and 

peak strength. Due to the difficulty of measuring CI and CD, several methods are used and 

described, each with an assigned confidence value (0-3) for 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 between the 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 reported properties 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 to 

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 summary of contributions made through 

this research. 

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

In Appendix B, core scans and pre- and post-UCS test photographs are presented. 

In Appendix C, the MATLAB code for measuring vein density is presented. 
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Chapter 2 

Laboratory Testing and Data Analysis Methods 

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 methods (Figure 2-1). 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) drill core from two boreholes (MBL-13-04 and MC-92-18) 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 

Stress (UCS) tests. The test samples were then transported to the Advanced Geomechanics 

Testing Laboratory at Queenôs University in Kingston, Ontario. Dimensions of the core samples 

were then measured and input into a MATLAB script (script by W. Dossett, USRA) to verify 

sample conformity in accordance to ASTM standards (ASTM 2019). Samples were then digitally 

preserved by taking at least four photos around the sample circumference with a Canon EOS 70D 

DSLR camera and at least one image with a core scanner, which produces an unrolled image of 

the entire sample circumference. The micro-analysis techniques used in this study to measure 

mineralogical and elemental compositions of the rock samples consist of transmitted and reflected 

light microscopy, micro-X-Ray fluorescence (XRF) and X-Ray diffraction (XRD). Understanding 

the geology at the microscopic scale provides critical insight to explain the geomechanical 

behaviours and properties measured in UCS testing, which is discussed in detail in Chapter 4.  
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UCS testing was conducted using the MTS 815 rock mechanics testing system in the 

Advanced Geomechanics Testing Laboratory at Queenôs University, where 5 samples (1 per 

lithology) were designated as sacrificial and the remaining 45 samples were designated as non-

sacrificial. Sacrificial samples are samples that were tested in order to measure the peak strengths 

of each lithology. Since peak strength and failure mode were initially unknown, the sacrificial 

samples were not fitted with extensometers as a precaution against potential explosive failure of 

the samples that can damage extensometers. Elastic parameters and strain-based brittle damage 

thresholds parameters were therefore unable to be calculated. In comparison, non-sacrificial 

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 measured AE waveforms from crack formation 

and development, and the extensometers measured axial and circumferential strain. Once the 

UCS tests were completed, the stress-strain data recorded by the MTS machine and 

extensometers were then used to measure Poissonôs ratio (ɜ), Youngôs modulus (E), crack 

initiation (CI), crack damage (CD), and peak strength (ůc). The recorded acoustic data was used 

to measure lower, middle, and upper bound CI and CD values. 
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Figure 2-1: Summary diagram outlining the workflow of field assessment, microscopic 

analysis, sample preparation, laboratory testing, and methods for measuring mineralogical 

and geomechanical properties in this thesis 

 

2.2 Sample Collection and Transportation 

The Madran core storage facility is located near Petite Rocher, New Brunswick. The facility is 

operated and funded by the provincial government and stores approximately 50,000 km of drill 

core from mineral exploration companies working in northern New Brunswick. Drill core is 
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cataloged and stored at this facility in order to facilitate future research and mineral exploration 

within the province. Prior to field work, the Madran facilityôs core storage database was accessed 

to identify prospective hydrothermally veined core that would be suitable drill core for this 

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

deepest depth for core logging and sample selection (Figure 2-2).  

 

Figure 2-2: Setup for core logging and sample selection at the Madran core storage facility, 

New Brunswick. Core boxes from borehole MC-92-18 are shown 

 

Core logging was conducted in 3 m intervals following the predefined intervals marked 

by previous core loggers using wooden blocks with annotated depths. Interblock structures 

(macro-scale fractures) such as bedding, joints, and other discontinuities were recorded by 

measuring the Rock Quality Designation (RQD; Deere 1963), Geological Strength Index (GSI; 

Hoek et al. 2013), Joint Roughness (Jr) and Joint Alteration (Ja) from Bartonôs Q classification 
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(Barton et al. 1974), Joint Roughness Coefficient (JRC) from Bieniawskiôs Rock Mass Rating 

(RMR) classification (Bieniawski 1976), the number of opened/healed fractures, and whether the 

fractures were weathered. Intrablock structures (meso-scale healed structures) such as 

hydrothermal veins and stockwork were recorded by evaluating vein mineralogy, thickness, Mohs 

hardness, orientation, location of failure (if present), and alteration halos. 

Once core logging was completed, each core table was photographed from above with a 

Canon 7D DSLR camera and 50 mm prime lens, using the assistance of a mobile staircase at the 

facility. Only drill core that was circular (not saw cut in half along the core axis for assay) and 

long enough to be eligible for UCS testing was selected (at least 125 mm long). The core was 

selected to obtain a representative number of samples in each of the following categories: 

¶ Homogeneous core (matrix-type samples) to provide baseline geotechnical 

results for which to compare heterogeneous samples, for UCS tests 

¶ Heterogeneous core (veined samples), to capture the variability of the rock, for 

UCS tests 

The selected core was wrapped with packing foam or pipe insulating foam, taped and 

labelled with the sample ID on either the sample itself or on the foam (Figure 2-3). The 

lithological units and the number of samples collected for each unit are summarized in Table 2-1. 

The samples were placed and secured into core boxes and transported to UNB Fredericton by car 

to begin sample preparation.  The samples were subsequently transported to Queenôs University 

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 

Lithological Unit 
Number of 

Homogeneous 
Samples Collected 

Number of 
Heterogeneous 

Samples Collected 

Total Number of 
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 and saw cut at UNB Fredericton, and the thin 

sections were prepared in the UNB Earth Sciences Thin Section Shop. Micro-XRF analyses were 

also conducted in the Department of Earth Sciences at UNB. 

 

Figure 2-3: Packaged core samples wrapped with foam and secured in core boxes for  

transportation to the UNB Fredericton and thereafter to Queenôs University 

 

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 microscopic scale is required. Microscopic analyses of the mineralogy and 

elemental compositions of the Legacy deposit core were conducted using transmitted and 

reflected light microscopy, micro-XRF and XRD techniques.  
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2.3.1 Transmitted and Reflected Light Microscopy 

Transmitted and reflected light microscopy are non-destructive techniques used to determine the 

mineralogy of rocks from thin sections exposed to plane-polarized light (PPL), cross-polarized 

light (XPL) and reflected light. Minerals were identified using transmitted light microscope 

where relief and pleochroism were observed using PPL, birefringence using XPL and twinning, 

crystal form, and cleavage using both PPL and XPL. Reflected light was used to identify opaque 

minerals such as magnetite, chalcopyrite, and pyrite.  

Eight polished thin sections were used to determine the mineralogy of the matrix and 

veins from the Legacy deposit core (Table 2-2). Due to the limited number of veins in the quartz-

plagioclase granodiorite core samples, veins from only one (red) of the three types of altered 

quartz-plagioclase granodiorites were made into polished thin sections. The veined samples from 

the other two (beige and black) quartz-plagioclase granodiorite units were reserved for UCS 

testing. Vein mineralogy of the beige granodiorite was determined using XRD which is discussed 

in Chapter 3, Section 3.4.1.3. Vein mineralogy of the black granodiorite was determined from 

field hand sample scale identification techniques and supplemented by the work conducted by 

Desrosiers (2012) and Massawe and 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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2.3.2 X-Ray Diffraction  

X-Ray Diffraction (XRD) is a non-destructive technique that uses a monochromatic beam to 

analyze powdered crystalline rocks at an atomic and molecular level to determine their 

crystallographic mineralogical compositions. XRD performs this analysis by bombarding 

powdered specimens with X-Rays, which interact with the powdered crystalline material before 

reflecting back to a detector that measures the intensity and reflection angle. The main factors 

affecting the diffraction and intensity of incident X-Rays are the mineral crystal structure and the 

orientation of reflecting planes. The diffraction of X-Rays is described by Braggôs Law (Bragg 

and Bragg 1915) and is shown here in Equation (2-1): 

 — ίὭὲ                  (2-1) 

Where the angle of the reflected X-Rays (ɗ) is a function of the interplanar distance 

between reflected X-Rays (d), X-Ray wavelength (ɚ) and an integer (n) which is the order of 

reflection. Additionally, constructive interference occurs when X-Rays are in the same phase, 

leading to different degrees of intensity.  

XRD analysis in this study was conducted at the Queenôs University X-Ray Diffraction 

and Clay Mineral Lab in Kingston, Ontario, using a Phillips Panalytical Xôpert Pro Multi-purpose 

Diffractometer with an Xôcelerator detector. Samples were analyzed from 3-100 2ɗ using Co 

radiation (ɚ = 1.789¡) for 90 s/step. Because each mineral has a characteristic response when 

analyzed using XRD, the mineralogical composition of each lithology was determined by 

comparing the results to the ICDD 2015 PDF 2 database using the Panalytical Highscore Pro 4.0 

software. 
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2.3.3 Micro -X-Ray Fluorescence 

X-Ray Fluorescence (XRF) is a non-destructive technique for determining the composition and 

spatial distribution of elements in rock samples. It can typically measure elements with atomic 

numbers from sodium to uranium from concentrations of parts per million (ppm) to high percent 

values. XRF functions by generating, emitting and directing primary X-Rays toward a sample. 

When primary X-Rays strike the sample, atoms react by creating secondary X-Rays, which are 

then collected by the detector. When primary X-Rays hit an atom, they eject 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 secondary X-Ray. The secondary X-Rays are then processed to create a graph of 

intensities, indicating an elementôs abundance and energy that is used to identify the element 

(Haschke 2014). 

 XRF analysis was conducted at the Earth Science Department at UNB Fredericton using 

a Burker M4 Tornado micro-XRF (Figure 2-4). The M4 Tornado contains a Rh X-Ray tube with 

polycapillary focusing to 20 µm, dual SDD detectors (130-140 eV resolution), and a vacuum 

mode to enhance light element performance. The µ-XRF analysis in this research was conducted 

using thin section offcuts; to achieve the best results, putty was positioned on the base of all 

samples to ensure samples lay flat on the stage. 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 elements; however, it is 

possible to map multiple elements on a single map. Absolute mapping intensities are 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 UNB for determining composition and element distribution in rock samples 

 

2.4 Geotechnical Sample Preparation 

The sample preparation process for geotechnical UCS laboratory tests involves saw cutting and 

grinding the ends of the cylindrical samples until smooth, conformity testing, photography, and 

core scanning. First, core samples are saw cut with a diamond blade saw to an appropriate length 

as determined using Equation 2-2: 

 ὒὩὲὫὸὬ ςȢυ  ὨὭὥάὩὸὩὶτ άά                (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 (ASTM 2019) and 2.0 to 3.0 LDR as 

suggested by the International Society for Rock Mechanics (ISRM) for UCS tests (Fairhurst and 

Hudson 1999). The additional 4 mm accounts for potential errors and minor fractures such as 

those that develop along bedding planes (common in the calcareous mudstone samples) and 

chipping (common in the quartz-plagioclase granodiorite samples) along the cutting and grinding 

surfaces. During the cutting process it was determined that the sawing technique was a factor of 
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chipping observed in the quartz-plagioclase granodiorite samples. Chipping occurred less 

frequently when minimal force was applied to the sample during cutting. Wrapping the ends of 

samples with electrical tape (Figure 2-5) led to reduced failure along bedding planes in the 

calcareous mudstone samples. The offcuts from core that were unusable for geotechnical 

laboratory testing due to their dimensions were collected and then used for microscopic analysis.   

 

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

failure along bedding planes during cutting and grinding  

 

Once sawing was complete, samples were ground to the correct length using GCTS 

grinders at the Queenôs Geomechanics Laboratory (Figure 2-6) and at an industrial laboratory. 

Both GCTS grinders were the same model (GCTS RSG-200 grinder with a diamond grinding 

wheel) but were set up to use different lubricants. The industrial laboratory grinder used oil as a 

lubricant between the grinder and core sample that was recycled through the system, whereas the 

Queenôs Geomechanics Laboratory grinder used fresh tap water. The oil tended to collect clay to 

silt sized particles on the grinding surfaces, whereas the water continuously washed everything 

from the grinding surface. When comparing end flatness between core samples, the industrial 

laboratory grinder produced a curvilinear surface, whereas the Queenôs Geomechanics 

Laboratory grinder produced a smooth surface (Figure 2-7). Although the curvilinear feature did 

not cause samples to fail the sample conformity tests, the samples were re-ground at the Queenôs 

Geomechanics Laboratory to ensure consistent sample geometries throughout the testing 

program. 
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Figure 2-6: (a) GCTS grinder at Queenôs University Advanced Geomechanics Testing 

Laboratory , and (b) detail of grinder in operation with sample constrained in v-block 
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Figure 2-7: End flatness across a coreôs diameter showing examples of core samples ground 

at (Top) an industrial laboratory  with curvilinear features, and (Bottom) at the Queenôs 

University Advanced Geomechanics Testing Laboratory with a smooth surface 

 

2.4.1 UCS Sample Conformity 

Sample conformity tests were conducted on all 50 UCS samples using ASTM D4543 standard 

practices, which provide direction for preparing rock core as cylindrical test specimens and 

verifying conformance to dimensional shape and tolerances (ASTM 2019). The objective of 

ASTM D4543 is to standardize procedures in order to accurately determine geomechanical intact 

rock properties through laboratory testing.  
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2.4.1.1 Verification of Dimensions 

After samples were cut and ground to the approximate length, sample conformity tests were 

performed on samples in accordance with ASTM D4543 (ASTM 2019) using a smooth support 

surface, v-block, electronic displacement gauge, calipers and a feeler gauge set to verify sample 

dimensions. The support surface was a flat and smooth surface where all dimensions of UCS 

samples were measured; it was a machinist grade, certified granite block that departs from a plane 

by no more than 0.0013 mm. The v-block was machinist quality with all surfaces ground flat and 

smooth to within 13 ɛm and includes a 90° (v-shaped cut) to hold samples. The electronic 

displacement gauge and calipers were measuring devices that had a sensitivity of 0.02 mm. 

Finally, the feeler gauge set contained blades ranging in thickness from 0.04 mm to 1 mm. The 

methodology used to measure UCS sample dimensions and tolerances is as follows: 

¶ 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 drawn that was then extended down the length of the 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 mm along both 

diameters until reaching the edge of the specimen. Specimens were then placed onto the 

granite block; the dial gauge was lowered into place with the contact tip at the center 

point on the end surface of the sample and zeroed. End flatness measurements were then 

recorded along both diameters and ends at 3 mm intervals (Figure 2-8a). For the sample 

to pass the conformity test, there must be a less than 0.025 mm deviation along the two 

diameters on both ends. 

¶ Side straightness was measured along three lengths on lines parallel to the core axis and 

separated by 120° around the circumference of each sample. To draw these lines, a 
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sample was placed on a blank 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 circle. A sample was then placed onto the circle with one mark aligning 

with the line that was drawn on the sample during the end flatness test. The two 

remaining lines were then drawn onto the sample using the marks on the circle and a 

straight edge. The sample was then placed on the v-block which sat on the granite block, 

and the electronic dial gauge was lowered into place. Side straightness was then recorded 

for each line beginning at 5 mm from the edge of the sample by setting the dial gauge to 

max/min measurement, zeroing the instrument and then sliding the v-block across the 

granite block so that the dial gauge contact point slides along the side straightness line 

until 5 mm from the opposite end (Figure 2-8b). For the sample to pass the test, there 

must be less than 0.5 mm deviation along three lengths. 

¶ Perpendicularity was measured by standing the v-block and sample on the granite block 

while pushing the base of the sample into the v-block. The sample was then rotated until 

the greatest deviation was visually determined (by light shining through the contact 

between the rock and v-block), and then measured using a feeler gauge set (Figure 2-8c). 

For the sample to pass the test, there must be less than 0.25° deviation from 

perpendicularity for both ends. 

¶ Parallelism is the angular difference between two opposing best-fit straight lines on the 

end of a sample. For the sample to pass the test, there must be a less than 0.13° difference 

between opposing diameters along two diameters. 

¶ Sample lengths were measured along two lengths, defined by the perpendicular diameter 

lines at both ends of the sample by laying samples in the v-block and then using calipers 

to measure the length. For the sample to pass the test, samples are required to have an 
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average length to an average diameter ratio equal to 2.5 + 1%. The two length 

measurements were recorded to the nearest 0.01 mm.  

¶ Sample diameter was measured using calipers at three heights (top, middle and bottom) 

along both diameters. The six measurements were recorded to the nearest 0.01 mm. 

¶ The mass of each sample was weighed using a VWR scale to the nearest 0.01 g. 

The measurements from each conformity test were recorded into MS Excel measurement files 

and then imported into MATLAB where a script performed calculations to determine if samples 

passed conformity standards. An example of the resulting graphs that were generated by the 

MATLAB script for a sample that passed the conformity requirements is shown in Figure 2-9. 

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 remeasured. The sample conformity results are presented in 

Appendix A. 

 

 

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

perpendicularity  
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Figure 2-9: An example of conformity test results that passed the requirements to verify 

parallelism and end flatness for a calcareous mudstone sample (MBL -13-04-42a) 
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2.4.1.2 Photography and Core Scanning 

After the dimensions were verified, core samples were then placed into a core scanner (Figure 

2-10) to capture a 360°, 900 DPI resolution photo of the circumferential sample surface. For each 

sample, at least four additional photos were required (including one with a colour chart) using a 

Canon EOS 70D DSLR camera with a compact-macro EF 50 mm prime lens before conducting 

the UCS test. Photos 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 extensometers and acoustic 

emission (AE) instruments inside the MTS 815 rock mechanics testing system (Figure 2-11).  

 Once a UCS test was completed, a photo of the sample 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 explosively were stabilized (using elastic 

bands to hold the pieces together), if possible, and were photographed along three sides and on 

both ends (Figure 2-12). Photographs of the core scanned images, as well as the before and after 

UCS images results are presented in Appendix B. 

 

Figure 2-10: Cylindrical core scanner used to photograph the circumferential surface of a 

specimen at the Queenôs Advanced Geomechanics Testing Laboratory (core scanner 

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 compact-macro EF 50 mm prime lens 



 

42 

 

 

Figure 2-12: Photographs of sample MBL-13-04-3b after UCS testing using a Canon EOS 

70D DSLR camera, fitted with a compact-macro EF 50 mm prime lens 
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2.5 Unconfined Compressive Stress Testing Laboratory Procedure 

UCS tests were conducted using the MTS 815 rock mechanics testing system in the  

Geomechanics Advanced Testing Laboratory at Queenôs University. As geomechanical tests on 

the lithologies in this study had not previously been conducted at this lab, one sacrificial matrix-

type (homogeneous) core sample of each lithology was selected to measure the approximate the 

peak strength and failure mode. Sacrificial samples were instrumented with two AE sensors, 

allowing acoustic emissions data and peak strength to be recorded. The measured peak strength 

values from the sacrificial samples were used to calculate a switch stress level for each lithology 

to program the extensometers, which is further described later in Section 2.5. 

Once the peak strength and failure mode of each lithology had been measured with the 

sacrificial samples, the remaining samples, in addition to the AE sensors, were fitted with three 

axial extensometers and one circumferential extensometer for the UCS testing. Positioning of the 

extensometers was critical for acquiring quality data; therefore, a series of lines and marks were 

drawn onto samples to fit the instruments to the correct positions. A l ine was drawn around the 

circumference of each core sample at half of the sampleôs length to indicate the position of the 

circumferential extensometer. The attachment locations for the three axial extensometers, which 

each have a 25 mm gauge length, were drawn 12.5 mm above and below the circumferential line 

on each of the side straightness lines, providing 120° of separation between gauges around the 

sample circumference. Once these instrument positions were drawn, the samples were fitted with 

the circumferential extensometer, followed by the three axial extensometers which were held in 

position using a 3D printed device and connected together with two springs between each axial 

extensometer (Figure 2-13). Acoustic emission sensors were attached to core samples at opposite 

ends and sides of the sample using brass fittings customized for NQ (47.3 mm) core, gel couplant 

for the sensors, brass fittings, and an aluminum back plate to hold the sensors in place (Figure 

2-14).  
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Figure 2-13: (a) device for fitting axial and circumferential extensometers onto UCS 

samples at the Queenôs University Geomechanics Advanced Testing Laboratory (designed 

by Wesley Dossett), and (b) example of a UCS sample instrumented with extensometers  

 

 

Figure 2-14: Acoustic emissions system for monitoring cracks during the UCS testing of 

core samples: (a) Pocket AE system, (b) brass fittings, and (c) aluminum back plates 

(Jaczkowski 2017) 
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Samples were then placed onto the lower platen of the loading frame, at which point all 

instruments were connected to the controller and Pocket AE device, as appropriate. Sample 

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 programmed 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 control routine managed each UCS test through the pre-test, platen 

seating, loading, and post-test 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. During the pre-test, axial and circumferential extensometers and load are zeroed 

2. 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 the applied force exceeds 5.0 kN; 

b. Reduce the applied force to 1 kN with an unloading rate of 10 kN/min 

3. Turn on the AE device to start recording data  

4. Begin the UCS test 

5. The UCS test operates in axial strain control until the switch stress threshold 

(70% of estimated peak strength) and then switches to lateral strain control for 

the remainder of the test 

6. 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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2.5.1 MTS 815.02 Loading Frame 

UCS tests were performed using an MTS 815 rock mechanics testing system which is a state-of-

the-art closed-loop, computer-controlled, servo-controlled hydraulic compression machine. The 

system consists (Mistras Group Inc. 2002) of: 

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

controlled failure of core specimens (Figure 2-15a) 

¶ A loading frame that has an axial force capacity compression rating of 2700 kN and a 

tension rating of 1350 kN (Figure 2-15a) 

¶ A differential pressure transducer that monitors the pressure on both sides of the actuator 

piston and is calibrated to represent the force output of the actuator. At loads exceeding 

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

¶ An internal linear variable differential transformer (LVDT) that provides control and 

measurement of actuator displacement 

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

(Figure 2-15b) 

¶ An MTS 505.07 Silent Flo hydraulic power supply (Figure 2-15c) 
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Figure 2-15: MTS 815 rock mechanics testing system in the Geomechanics Advanced 

Testing Laboratory at Queenôs University used for conducting UCS testing in this study; (a) 

MTS 315.02 loading frame, (b) MTS FlexTest 60 controller, and (c) MTS 505.07 hydraulic 

power supply 

 

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 loading frame and converted to stress based on the sample geometry. Axial 

strain and lateral strain were measured using a set of three axial extensometers and one chain 

extensometer, respectively, during 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 analysis. The acoustic emissions data was collected and recorded 
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separately by the Pocket AE device; however, the device was connected to the MTS controller 

and synchronized to the measured load during a test. 

In total, 29 matrix-type and 21 vein-type core samples were tested (Table 2-3). The 

methods used to measure and calculate geomechanical properties of the UCS tests in this research 

are discussed in detail. The geomechanical parameters include elastic properties (Youngôs 

modulus and Poissonôs ratio), brittle damage thresholds (Crack Initiation and Crack Damage), 

and peak strength.  

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

Unit 
# of UCS Samples 

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 

 

 

2.6.1 Elastic Properties 

The deformation parameters, Youngôs modulus (E) and Poissonôs ratio (ɜ), were calculated for all 

samples instrumented with axial and circumferential extensometers during UCS testing.  

According to the ASTM D7012-14 standard (ASTM 2014), Youngôs modulus is calculated using 

the slope of a straight line on a axial stress-strain curve at 50% of peak strength. Based on this 

ASTM standard, Youngôs modulus is calculated in this study by dividing the change in axial 

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

(Equation 2-3). Using the same ASTM standard, Poissonôs ratio is calculated in this study at 50% 
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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 (Equation 2-4). 

 Ὁ  
   

   
       over interval 40% to 60% ů1 

                (2-3) 

 

 ’  
   

   
     over interval 40% to 60% ů1 

                (2-4) 

After calculating Youngôs modulus and Poissonôs ratio using a 50 Ñ 10% of peak strength 

range, it was observed that many crack initiation stress magnitudes occurred within this range. 

This observation agrees with Jaczkowski (2017), who hypothesized that calculations from a lower 

range (35 ± 10% of peak strength) would be high enough to avoid crack closure, but low enough 

to avoid the inelastic deformation that begins with crack initiation. As such, additional 

calculations of both elastic parameters were carried out in this study using a range of 35 ± 10% of 

peak strength (Figure 2-16 and Figure 2-17).  

 

Figure 2-16: Example axial stress ï strain curve showing the ranges with which Youngôs 

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

Poissonôs ratio was calculated 

 

2.6.2 Crack Initiation and Crack Damage 

Crack initiation (CI) and crack damage (CD) are brittle damage thresholds that represent the point 

at which cracks begin to form in a rock sample and when those cracks begin to interact. To 

determine these parameters, a variety of strain-based and acoustic emissions methods are used in 

this research and described in the following sections. The methods used for measuring CI in the 

following sections are lateral strain nonlinearity (LSN), instantaneous Poissonôs ratio (IPR), 

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), instantaneous Youngôs modulus (IYM), and AE. 

2.6.2.1 Direct Strain Methods 

Circumferential, volumetric, and axial strain are direct strain methods that are typically plotted 

together on a strain-axial stress graph for a given rock sample (Figure 2-18). The lateral strain 
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method is used to measure CI by identifying the point of non-linearity after crack closure 

(Bieniawski 1967). The volumetric strain method is used to estimate CD by identifying the 

reversal point on the curve, and the axial strain method is used to measure CD by identifying the 

point of non-linearity (Bieniawski 1967; Martin 1993). 

 

Figure 2-18: Circumferential, volumetric and axial strain curves used to measure either CI 

or CD values by identifying point of non-linearity or reversal points. Red lines represent the 

average slope or reversal points with the black arrow indicating the CI or CD measurement 

locations 
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2.6.2.2 Instantaneous Youngôs Modulus 

Instantaneous Youngôs modulus (IYM; ȹE) is a graphical method that uses a moving point 

regression to determining CD in core samples (Eberhardt et al. 1998). For this method, IYM is 

calculated by dividing the change of axial stress (ȹů) by the change in axial stress (ȹŮaxial), as 

shown in Equation 2-5: 

 
ῳὉ  

Ў„

Ў‐
 

               (2-5) 

Where the change in axial stress (ȹů) using the moving point regression method is given by 

Equation 2-6: 

 

 Ў„  „  „    (i = 1, 2, 3, é) (2-6) 

Where the change in axial strain (ȹŮaxial) using the moving point regression method is given by 

Equation 2-7: 

 

 Ў‐  ‐   ‐     (i = 1, 2, 3, é)                 (2-7) 

Plotting IYM versus axial stress results in a typical IYM curve (Figure 2-19) where ȹE 

initially increases until pre-existing cracks close. At this point, the specimen behaves as a linear 

elastic material until crack density is high enough that cracks interact with each other and result in 

a steady decrease of ȹE. 
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Figure 2-19: Instantaneous Youngôs modulus (IYM)  method for measuring CD in a 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 

 

2.6.2.3 Instantaneous Poissonôs Ratio 

Instantaneous Poissonôs ratio (IPR; ȹɜ) is a graphical method that uses a moving point regression 

method for determining CI in core samples (Diederichs 1999). For this method, IPR is calculated 

by dividing the change in lateral strain (ȹŮlateral) over the change in axial strain (ȹŮaxial), as shown 

in Equation 2-8: 

 
Ў’  

Ў‐
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               (2-8) 

Where the change in axial strain (ȹŮaxial) is given by Equation 2-7 and the change in lateral strain 

(ȹŮlateral) using the moving point regression method is shown in Equation 2-9: 
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 Ў‐  ‐   ‐     (i = 1, 2, 3, é)                  (2-9) 

An example of a typical IPR versus axial stress curve is shown in Figure 2-20, where a 

noticeable slope change often occurs as the test begins, representing the closure of pre-existing 

cracks. After the pre-existing cracks have closed, the next noticeable change in slope represents 

crack initiation, indicated by the black arrow. 

 

Figure 2-20: Instantaneous Poissonôs Ratio (IPR) method for measuring CI  in a UCS test. 

Red lines represent the average slopes with the intersection point (black arrow) highlighting 

the CI value 

 

2.6.2.4 Inverse Tangent Lateral Stiffness 

Inverse tangent lateral stiffness (ITLS; ȹŮl) is a graphical method to determine CI that uses a 

moving point regression to measure CI in a UCS test (Ghazvinian 2010). For this method, ITLS 

is calculated by dividing the change in lateral strain (ȹŮlateral) by the change in axial stress (Ds), as 

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

Where lateral stress (ȹŮlateral) is given in Equation 2-9, and the change in axial stress (ȹů) is given 

in Equation 2-6. An example of a typical ITLS versus axial stress curve is shown in Figure 2-21, 

where a noticeable slope change often occurs as the test begins, reflecting the closure of pre-

existing cracks. After the pre-existing cracks have closed, the next noticeable change in slope 

represents crack initiation, which is indicated by the black arrow in Figure 2-21. 

 

Figure 2-21: I nverse tangent lateral stiffness (ITLS) graph used to measure CI  in a UCS 

test. Red lines represent the average slopes with the intersection point (black arrow) 

highlighting the CI value 

 

Measuring CI and CD thresholds for many of the methods was often difficult due to the 

excessive noise that obscured slope changes associated with crack formation and interaction. For 

the moving point regression methods, a range of ± 10 is typically applied to reduce noise; 

however, in many circumstances, it was still difficult to measure CI and CD. For the three 
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regression methods (IPR, IYM, and ITLS), the range was expanded to ±20 and ±30 to reduce 

noise further to emphasize the CI and CD thresholds (Figure 2-22). The ± 10 range contains the 

highest background noise, whereas the ± 20 and ± 30 have significantly lower background noises. 

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

measure CI and CD thresholds, which is discussed further in Chapter 4.  

 

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  

 

2.6.2.5 Crack Volumetric Strain 

Crack volumetric strain (CVS; Ůcv) is a graphical method for measuring CI in UCS tests (Martin 

1993). For this method, CVS is calculated by subtracting elastic volumetric strain (Ůev) from 

volumetric strain (Ůvol) by, as shown in Equation 2-11: 

 ‐  ‐  ‐                 (2-11) 
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Where volumetric strain is a function of axial strain (Ůaxial) and lateral strain (Ůlateral), as shown in 

Equation 2-12: 

 

 ‐  ‐  ς‐                 (2-12) 

Where elastic volumetric strain is a function of Poissonôs ratio (35 ± 10%), Youngôs modulus (35 

± 10%), and major and minor principal stresses (s1 and s3, respectively), as shown in Equation 2-

13: 
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               (2-13) 

An example of a typical CVS curve is shown in Figure 2-23 where the initial increase in 

volumetric strain is the result of crack closure until the curve plateaus. The point at which the 

crack volumetric strain begins to decease after the plateau represents the crack initiation and 

subsequent development of cracks in the rock sample.  

 

Figure 2-23: Crack volumetric strain (CVS) method for measuring CI in a UCS test. The 

red line represents the average slope (slope = 0) and the black arrow highlights the CI value 

at the point where the slope becomes negative 
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2.6.2.6 Acoustic Emissions 

The AE method for measuring CI and CD is described by Diederichs et al. (2004) using an AE 

curve with log cumulative AE events on the y-axis and log axial stress on the x-axis. A good 

example of this method is shown in Figure 2-24, where the lower bound CI (first crack) occurs at 

the first point of rapidly increasing AE events, the upper bound CI (systematic damage) occurs at 

the second point of rapidly increasing AE events, and the CD is at the third and final rapid 

increase of AE events just prior to the sample failing. Peak strength was determined from AE data 

by determining the maximum axial stress (Figure 2-24).    

 AE data was collected and recorded for 49 samples during UCS testing in this research 

by the Pocket AE device and then exported into MS Excel. The data was processed to remove 

excess noise and highlight rapid increases in AE events. Filtering was accomplished by removing 

risetimes of zero and counts of zero and one.  

 

Figure 2-24: Acoustic emissions (AE) data plotted on log scales to measure the lower bound 

CI, upper bound CI, and CD. The red lines identify slope changes and the black arrows 

indicate the CI and CD values 
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2.6.3 Peak Strength 

Peak strength was determined for each UCS test by first dividing the loads recorded by the 

MTS 815 rock mechanics testing system by the cross-sectional area of the core sample being 

tested (ASTM 2014; Equation 2-14).  

 
„  

ὖ

ὃ
 

                (2-14) 

Where ůc is the peak strength (MPa), P is the failure load (N) and A is the cross-sectional area 

(mm2) of a UCS sample. 

MS Excelôs MAX function was used to identify the peak strength, or maximum value of 

axial stress, which was then verified by plotting an axial stress-axial strain curve to ensure that 

the maximum strength recorded was not the result of post-peak strain hardening or otherwise 

erroneous data. Post-peak data was frequently able to be collected for samples that did not fail 

explosively. Figure 2-25 shows an example of a UCS test that experienced strain hardening post-

peak, where the term peak strength (first peak) is substituted for yield strength as a more 

appropriate term.  
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Figure 2-25: Axial stress ï strain curve showing the strain hardening of a UCS test from the 

yield strength to an ultimate strength 

 

2.7 Discussion and Concluding Remarks 

Chapter 2 outlines and describes the methodologies used for the entirety of this 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 Queenôs University. 

2. The sample preparation process that ensured that samples met ASTM standards 

(ASTM 2019) of sample conformity. 

3. The microscopic scale analysis techniques (thin section petrography, ɛXRF, and 

XRD) that were used during the geological investigation of the five lithologies. 
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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 methods for measuring Youngôs Modulus, Poissonôs ratio, crack initiation 

(CI), crack damage (CD), and peak strength. 

The implications and results of these methodologies are described in greater detail in Chapters 3, 

4, and 5.  
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Chapter 3 

Geology of the Legacy Skarn Deposit and Mineralogy Test Results 

3.1 Introduction  

One of the primary objectives of this research is to 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 boreholes. A geological investigation at 

four scales was conducted during this study by beginning with the largest scale and ending with 

the smallest scale. More specifically, the four scales studied in this research include: (i) the 

regional scale, focusing on the tectonostratigraphic terranes of New Brunswick; (ii) the local scale 

focusing on the geological formations and lithologies that host the Legacy skarn deposit; (iii) the 

hand sample scale involving core logging two boreholes; and (iv) the microscopic scale using thin 

section petrography, micro-X-Ray fluorescence (ɛ-XRF), and X-Ray diffraction (XRD). 

 At the hand sample scale, core logging was conducted on boreholes MBL-13-04 and MC-

92-18 along a total length of 264 meters. Measurements were recorded in 3 m intervals of core 

and included hand sample field mineralogy identification, logging geotechnical data on interblock 

structures (eg. fracture frequency, joint alteration (Ja), joint roughness (Jr), etc.) and intrablock 

structures (vein frequency, vein thickness, vein mineralogy, etc.). At the microscopic scale, 

mineralogy was determined using thin section petrography and XRD, whereas ɛ-XRF provided 

spatial distributions of the matrix and vein sections by their elemental compositions. The results 

from these analyses are presented in this chapter and are used in Chapter 4 to interpret the effect 

of hydrothermal alteration and veining on UCS geomechanical properties. 

3.2 Regional Geology: New Brunswick 

New Brunswick is composed of 12 tectonostratigraphic zones that are bounded by faults and have 

unique geological histories from adjacent terranes and cover sequences (Figure 3-1). The 
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tectonostratigraphic zones of New Brunswick were first established by Ruitenberg et al. (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) later identified 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 ordered orogenic processes:  

¶ The Penobscot orogeny was the first major deformation even to accrete terranes onto 

Laurentia during the closure of the Iapetus Ocean. This event occurred during the mid-

Late Ordivician and resulted in the obduction of the Penobscot Arc-Backarc (Annidale 

Terrane) on the Laurentian continent. Evidence of this event is preserved in southern 

New Brunswick (Fyffe et al. 2011).  

¶ The Taconic orogeny was the second major deformational event to accrete terranes onto 

Laurentia during the closure of the Iapetus Ocean. This event occurred during the Late 

Ordovician and resulted from the collision between the north-westerly extending volcanic 

arc called the Popelogan Terrane over a southeasterly dipping subduction zone. During 

this orogeny, slab rollback resulted in the formation of the Tetagouche back-arc basin and 

the Meductic arc in the Miramichi Terrane. In northern New Brunswick, the Popelogan 

terrane unconformably 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 Iapetus ocean (Fyffe et al. 2011). 

¶ The Salinic orogeny was the third major deformational event to accrete terranes onto 

Laurentia during the closure of the Iapetus Ocean. This event occurred during the Silurian 

and explains the tectonic interactions between Laurentia, Ganderia, and the Tetagouche-

Exploits back-arc basin (Wilson and Kamo 2012). 
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¶ 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 that occurred 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 Avalonia and flat-slab 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 known as the 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, low-temperature metamorphism is associated with the northwesterly 

subduction of the Mascarene Terrane beneath the Kingston basin and the mylonitization 

of the Kennebecasis-Pocologan fault (Fyffe et al. 2011).  

The Legacy deposit in northern New Brunswick is hosted in the Matapedia Basin cover sequence 

as shown in Figure 3-1. The Matapedia Basin is composed of deep-water carbonates that were 

likely sourced from the Laurentia platform (Malo 2001). In the northern parts of the cover 

sequence where the Legacy deposit is located, 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 Tectonostratigraphic 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. 2011); the Legacy skarn deposit is identified by the red star 

 

3.3 Local 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 Group and 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 Group and to the east by the Rocky Gulch fault, marking the contact with the 

Upsalquitch Formation of the Chaleur Group (Figure 3-2). 

 

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 Desrosiers (2012), the Matapedia group is characterized by a dark grey 

calcareous siltstone, argillite, and limestone. The argillite and limestone are arranged in a ñribbon 

rockò style of interbedded layering of 1-5 cm thick layers of limestone and argillite. The 

metamorphosed or metasomatic equivalent to these units is a garnet-pyroxene skarn. Finally, the 

McKenzie Gulch porphyry dykes are thought to have originated from two separate magma 

sources, thus explaining the differences observed geochemically and petrographically between 

the dykes identified as quartz-plagioclase granodiorites and plagioclase-hornblende granodiorites 

(Massawe and Lentz 2019). Borehole MBL-13-04 is presented in Figure 3-3, which shows that at 

shallow depths, the borehole is dominated by the quartz-plagioclase granodiorite and calcareous 

mudstone units. At greater depths, the borehole contains silicified argillaceous limestone, 
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silicified limestone and skarn units. In 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. 

 

Figure 3-3: A cross-section of borehole MBL-13-04 in the Legacy deposit, containing 

McKenzie Gulch Porphyries and Matapedia Group White Head Formation rock units 

(Desrosiers 2012) 

 

3.3.1 The Legacy Deposit Skarn System 

Skarn deposits are an economically important source of metal-bearing 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 metamorphic (regional or contact) and various 

metasomatic processes driven by fluids originating from magmatic, metamorphic, meteoric, or 
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marine sources. Skarn deposits are defined by their mineralogy (generally dominated by garnet 

and pyroxene) but not by their geological setting 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 

types of skarn formations are: (i) isochemical metamorphism, (ii) reaction skarns 

(bimetasomatism), (iii) skarnoids, and (iv) fluid controlled metasomatic skarns (Figure 3-4; 

Meinert 1992; Arndt et al. 2017). 

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. The dominant 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 associated with porphyry copper plutons (John 2010; Titley and Beane 1981).  
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Figure 3-4: Schematic showcasing the fluid-controlled metasomatic skarn formation of the 

Legacy skarn deposit in northern New Brunswick (modified after Meinert 1992) 

 

3.3.2 Hydrothermal Veining  

Hydrothermal veins are an economically important sources of minerals that supply most of the 

worldôs demand for metals. These veins occur in various types of deposits such as porphyry and 

skarn deposits. Hydrothermal veins form as a response to fracturing in a rockmass, 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 thickness. Crack-sealing is a mechanism that occurs when the 

previously sealed fractures re-open, allowing hydrothermal fluids to flow through and eventually 

re-seal the fractured veins. This can result in similar or compositionally different veins depending 

on the fluid sources. When new fractures are formed, cross-cutting relationships 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 mineral composition 

of hydrothermal veins. In hydrothermal porphyry systems, hydrothermal fluids that cool slowly 

will form large crystals; in contrast, if the fluids cool quickly, small crystals will form. When 

fluids are extremely hot, copper-bearing sulfide fluids will contain minerals like bornite as 

opposed to pyrite and chalcopyrite at low temperature fluids (Meinert 1992). 

3.3.3 Hydrothermal Alteration  

Hydrothermal alteration is a metasomatic process that is commonly associated with fluid flow 

through fractures (Arndt et al. 2017). This can result in changes in mineralogy to the affected host 

rocks in porphyry-skarn systems at the kilometer scale. Disseminated alteration is a focus of this 

study because sericitic and sausseritic alteration were found in the quartz-plagioclase granodiorite 

units from borehole MBL-13-04 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 deposits where 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). This alteration process typically forms selvages from millimeters to 

centimeters thick along structurally controlled ñDò veins that are dominated by pyritic sulfides 

and quartz (Gustafson and Hunt 1975). Since this process is heavily influenced by temperature 

and fluid composition, zonation of pyritic sulfides is common. Chalcopyrite-rich veins will 

initially precipitate, followed by chalcopyrite-pyrite veins and finally pyrite-dominated veins. 

Outside of the sericitic selvage zone, mafic minerals are generally converted to chlorite and white 

mica (Morad et al. 2010). 

Sausseritic alteration is a hydrothermal alteration process where calcium-rich plagioclase 

feldspar is converted to an assemblage of minerals including zoisite, chlorite, amphibole, and 
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carbonates (Massawe and Lentz 2019). This 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 gabbro and 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 boreholes MBL-13-04 and 

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

and mineralogical characteristics. Hand sample scale observations were used to determine the 

mineralogy of large phenocrysts in crystalline lithologies, vein orientations, and thicknesses. At 

the microscopic scale, thin section petrography, ɛ-XRF and XRD were used to confirm 

observations made at the hand sample scale, and to also identify fine-grained minerals, including 

ore and accessory minerals. In the following sections, the mineralogical compositions of the 

lithologies are presented in terms of thin section petrography and XRD, whereas the spatial 

distribution of elements will be determined using ɛ-XRF. Since ɛ-XRF analysis is unable to 

determine the crystal structures of minerals, minerals that were identified in the ɛ-XRF sections 

were done so using the spatial distribution of elements and with assistance from thin section 

petrography and XRD. 

3.4.1 Beige Granodiorite 

The beige granodiorite core samples were all collected from borehole MBL-13-04. Of the 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 phenocrysts up to 3 mm in diameter in a fine-grained 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 and ankerite veins between 1 and 3 mm thick that occur in all orientations, which is 

relatively minor compared to the skarn samples and calcareous mudstone.   

3.4.1.1 Thin Section Petrography 

An example of a XPL photo taken of the beige granodiorite matrix at 2.5x magnification is shown 

in Figure 3-5. This photo shows the larger minerals in this lithology, namely plagioclase feldspar 

and biotite, occur in a fine-grained matrix that consists primarily of quartz. Under reflected light 

microscopy, opaque minerals are rare in the beige granodiorite thin section(s), indicating very 

low amounts of mineralization. Modal mineralogy of the beige granodiorite was measured to be 

50% quartz, 40% plagioclase, and 10% biotite. 

 

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

deposit (Pl ï Plagioclase Feldspar, Bt ï Biotite)  

 

3.4.1.2 X-Ray Fluorescence 

ɛXRF is a microscopic-scale analysis technique 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 offcut (Figure 3-6) was analyzed to create 12 absolute element maps. From the 

absolute maps (Figure 3-7), 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. High concentrations of 

aluminum, silicon and calcium and low concentrations of titanium were associated with 

phenocrysts identified as a plagioclase feldspar. Although veins were not apparent in the beige 

granodiorite offcut, calcium and manganese appear to be concentrated in veinlets throughout the 

sample with almost no mineralization.  

 

Figure 3-6: Photograph of beige granodiorite thin section offcut used for ɛXRF element 

mapping 
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Figure 3-7: ɛXRF fluorescence mapping of the beige granodiorite sample shown in Figure 

3-6 showing the absolute distribution of elements 

 

3.4.1.3 X-Ray Diffraction 

The beige granodiorite mineral data from this analysis is presented in Figure 3-8, 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 database, the 

matrix composition was determined to consist of quartz, biotite, and a plagioclase feldspar that 

most closely matched albite. 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 veined UCS samples are shown in the top 

right inset 

 

3.4.2 Red Granodiorite 

The red granodiorite samples were all collected from hole MBL-13-04. 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 beige granodiorites as defined by phenocrysts up to 6 mm in 

diameter that occur in a fine-grained crystalline matrix. The phenocrysts are plagioclase feldspar 

crystals whereas the matrix contains a mixture of fine-grained quartz. Hydrothermal veining is 

comprised 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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3.4.2.1 Thin Section Petrography 

Examples of XPL photos at 2.5x magnification are shown in Figure 3-9. The photo in Figure 

3-9b, contains a large, light brown mineral identified as plagioclase feldspar which contains 

carlsbad twinning. Chloritzation of biotite is commonly observed in these samples and the fine-

grained matrix primarily consists of quartz. Modal mineralogy of the red granodiorite was 

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

 

Figure 3-9: Microscopy images of a red granodiorite (a) matrix wall -vein contact, and (b) 

matrix thin section from the Legacy skarn deposit (Pl ï Plagioclase Feldspar, Cal ï Calcite, 

Clc - Clinochlore) 

 

3.4.2.2 X-Ray Fluorescence 

ɛXRF is a micro-scale analysis technique that was used to determine the distribution of elements 

within the matrix and vein of the red granodiorite core samples. For this analysis, a red 

granodiorite offcut (Figure 3-10) was analyzed to create 11 absolute element maps. From the 

absolute maps (Figure 3-11), similar distributions of aluminum, silicon and calcium with no 

titanium was associated with phenocrysts identified as a plagioclase feldspar. Finally, veins in the 

red granodiorite consist of calcium, manganese, iron, sulfur, and strontium, which likely 

represents calcite and ankerite veining with some mineralization. 
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Figure 3-10: Photograph of red granodiorite thin section offcut used for ɛXRF element 

mapping 

 

Figure 3-11: ɛXRF fluorescence mapping of the red granodiorite sample shown in Figure 

3-10 showing the absolute distribution of elements 

3.4.2.3 X-Ray Diffraction 

The red granodiorite mineral data resulting from this analysis is presented in Figure 3-12, where 

the matrix mineralogy is represented by the intensity output in red and 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 quartz, clinochlore and a plagioclase feldspar that most 

closely matched albite. In comparison, the vein mineralogy consists of calcite and ankerite. 

 

Figure 3-12: XRD test results of the matrix (red) and veins (black) of the red granodiorite 

samples. Examples of matrix and veined UCS samples are shown in the top right inset 

 

3.4.3 Black Granodiorite 

The black granodiorite samples were all collected from borehole MBL-13-04. Of the three types 

of altered granodiorite, the black granodiorite core samples occur at a greater depth than the beige 

and red granodiorite core. At the hand sample scale, differential grain size is larger in comparison 

to the beige granodiorite with phenocrysts up to 6 mm in diameter a fine-grained crystalline 

matrix. The large phenocrysts are plagioclase feldspars whereas the matrix contains a mixture of 

fine-grained quartz, clinochlore, and muscovite. Hydrothermal veining is comprised of calcite 

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

The black granodiorite samples are comprised of large phenocrysts in a fine grained matrix. The 

largest phenocrysts are plagioclase feldspars that often contain oscillatory zoning (Figure 3-13a) 

between calcic and sodic zones. Chloritzation of biotite commonly occurs in these samples along 

with minor amounts of muscovite (Figure 3-13b). 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 black granodiorite sample containing (a) oscillatory 

zoning of plagioclase, and (b) chlorite and muscovite in a fine-grained matrix (Pl ï 

Plagioclase Feldspar, Ms ï Muscovite, Clc ï Clinochlore) 

 

3.4.3.2 X-Ray Fluorescence 

ɛ-XRF is a micro-scale analysis technique that was 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 absolute element maps. From the absolute maps 

(Figure 3-15), several similarities between elements were discovered. It was found that 

aluminum, silicon, and calcium were associated with phenocrysts identified as a plagioclase 

feldspar. Iron, manganese, magnesium, and minor amounts of silicon were associated with 

smaller phenocrysts identified as clinochlore.  
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Figure 3-14: Photograph of black granodiorite thin section offcut used for ɛ-XRF element 

mapping 

 

Figure 3-15: ɛ-XRF fluorescence mapping of the black granodiorite sample shown in Figure 

3-14 showing the absolute distribution of elements 

3.4.3.3 X-Ray Diffraction 

The black granodiorite mineral data resulting from this analysis is represented in Figure 3-16, 

where the matrix mineralogy is represented by the intensity output in black. Using the XRD 
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mineral signature database, the matrix was determined to consist of quartz, clinochlore, and a 

plagioclase feldspar which most closely matched albite. Vein mineralogy was not tested using 

XRD because the limited amount of veined samples were all required for UCS testing. 

 

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 

 

3.4.4 Garnet-Pyroxene Skarn 

The garnet-pyroxene skarn samples are altered limestone rocks that were all collected from 

borehole MC-92-18. At the hand sample scale, the garnet-pyroxene skarn is grey to dark green, 

fine-grained, and sometimes contains coarse-grained (2 to 4 mm) garnet crystals. The veined 

samples contain a high density of quartz stockwork veins that range from 1 to 13 mm thick and 

are oriented in all directions.   

3.4.4.1 Thin Section Petrography 

Examples of reflect light, XPL and PPL photos taken at 2.5x magnification are shown in Figure 

3-17. These photos show that the garnet-pyroxene skarn matrix is very fine-grained and the vein 
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mineralogy consists of quartz. Mineralization is located primarily in the stockwork veins, which 

is identified as the opaque minerals in PPL and grey minerals under reflected light. Modal 

mineralogy of the matrix was not measured for the skarn because the mineral grains were too 

small to identify by thin section petrography. 

 

Figure 3-17: Microscopy images of a garnet-pyroxene 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 ï Quartz) 

 

3.4.4.2 X-Ray Fluorescence 

ɛ-XRF is a micro-scale analysis technique that was used to determine the distribution of elements 

within the matrix and veins of the garnet-pyroxene skarn core samples. For this analysis, a garnet-

pyroxene skarn was analyzed (Figure 3-18) to create 11 absolute element maps. From the 

absolute maps (Figure 3-19), 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 represented pyrite, 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 present in the veins. The vein mineralogy in the garnet-pyroxene skarn samples is likely 

quartz based on the presence of silicon observed in the absolute maps.  

 

Figure 3-18: Photograph of garnet-pyroxene skarn thin section offcut used for ɛ-XRF 

element mapping 
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Figure 3-19: ɛ-XRF mapping of the absolute distribution of elements of the garnet-pyroxene 

skarn sample shown in Figure 3-18 

 

3.4.4.3 X-Ray Diffraction 

For the garnet pyroxene skarn, an XRD analysis was conducted on a powdered sample of the 

matrix acquired from a sample containing stockwork, a matrix acquired from a sample containing 

no stockwork, and stockwork veins. Multiple matrix samples were tested because the mineralogy 

in the skarn core samples appeared to be slightly different (based on colour) depending on if 

stockwork was present or not. The mineral data resulting from this analysis is presented in Figure 

3-20, where the matrix mineralogy with and without stockwork veining 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 of diopside and albite; the matrix without stockwork consisted of 

diopside, albite and almandine, and the stockwork veins consisted of quartz. 

 

Figure 3-20: XRD test results of two matrix samples (green) and veins (black) of the garnet-

pyroxene skarn samples. Examples of matrix and veined UCS samples are shown in the top 

right inset 

 

3.4.5 Calcareous Mudstone 

The calcareous mudstone samples were the most abundant of the four lithologies collected from 

borehole MBL-13-04. At the hand sample scale, the matrix is dark-grey to black, fine-grained, 

and contains bedding up to 15 mm thick. The veined samples contain single to multiple veins 

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

3.4.5.1 Thin Section Petrography 

An example of a XPL photo taken of the calcareous mudstone at 2.5x magnification is shown in 

Figure 3-21. These photos show that the calcareous mudstone matrix is very fine-grained and the 

vein mineralogy is calcite, based on the presence of lamellar twinning and high birefringence. 
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Minor amounts of muscovite, calcite and quartz were identified in the matrix, but because the 

matrix was very fine-grained, the majority of minerals could not be identified by thin section 

petrography and therefore modal mineralogy was not measured. 

 

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

skarn deposit with antitaxial vein growth (Cal ï Calcite) 

 

3.4.5.2 X-Ray Fluorescence 

ɛXRF is a micro-scale analysis technique that was used to determine the distribution of elements 

within the matrix and veins of the calcareous mudstone core samples. For this analysis, a 

calcareous mudstone offcut (Figure 3-22) was analyzed to create 12 absolute element maps. From 

the absolute maps (Figure 3-23), similarities between elements were more difficult to identify 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 represented pyrite or pyrrhotite mineralization 

disseminated in the matrix. High intensities of calcium, nickel, strontium, manganese, and sulfur 

are present in the veins. The vein mineralogy of the calcareous mudstone samples was identified 

to be calcite. 
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Figure 3-22: Photograph of calcareous mudstone thin section offcut used for ɛ-XRF element 

mapping  

 

Figure 3-23: ɛ-XRF mapping of the absolute distribution of elements in the calcareous 

mudstone sample shown in Figure 3-22 
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3.4.5.3 X-Ray Diffraction 

The calcareous mudstone mineral data resulting from this analysis is presented in Figure 3-24, 

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 was determined to consist of quartz, calcite, illite, and dolomite. In 

comparison, the vein mineralogy was determined to consist of calcite. 

 

Figure 3-24: XRD test results of the matrix (blue) and veins (black) of the calcareous 

mudstone samples. Examples of matrix and veined UCS samples are shown in the top right 

inset 

 

3.5 Discussion and Concluding Remarks 

For this research, desktop and field investigations were conducted on the Legacy skarn deposit to 

determine the geological setting and lithological compositions from the regional scale to the 

microscopic scale. At the regional scale, an overview of the tectonostratigraphic terranes and their 

relationship to the major faults in New Brunswick was presented in this chapter. 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 MBL-13-04 and MC-92-18 that were selected for geotechnical 

laboratory testing were also analyzed to determine their mineralogies. Finally, at the microscopic 

scale, detailed information with respect to mineralogy was achieved using thin section 

petrography, XRD, and ɛXRF. Each microscopic method alone provided 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 analysis techniques in order to make well-informed determinations about the 

mineralogy of all lithologies in this study. A summary of the mineralogies of all five lithologies 

in this thesis is listed in Table 3-1. 

Table 3-1: Mineralogy of tested lithologies 

Lithology Mineralogy (% shown where possible) 

Calcareous Mudstone 
Matrix: Calcite, Illite, Dolomite, and Quartz 

Vein: Calcite 

Beige Granodiorite 
Matrix: Quartz (50%), Albite (40%), and Biotite (10%) 

Vein: Calcite and Ankerite 

Red Granodiorite 
Matrix: Quartz (55%), Albite (40%), and Clinochlore (5%) 

Vein: Calcite and Ankerite 

Black Granodiorite 

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

Vein: Calcite 

Garnet-Pyroxene 
Skarn 

Matrix: Diopside, Albite, Almandine 

Vein: Quartz 

 

In the proceeding chapters, the effects of mineralogy, alteration, and hydrothermal 

veining are used to interpret the geomechanical properties measured in UCS testing of samples 

from the Legacy deposit.  
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Chapter 4 

Geotechnical Testing Results and Analysis 

4.1 Introduction  

Unconfined compressive stress (UCS) testing is a geotechnical laboratory technique that is used 

to determine the stiffness, crack initiation and crack damage brittle thresholds, and maximum 

axial stress of a cylindrical core sample under unconfined conditions (i.e. peak strength). UCS 

tests were conducted during this study on a suite of homogeneous 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 strain respectively and two acoustic emissions (AE) sensors that 

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

including Youngôs modulus, Poissonôs ratio, crack initiation, crack damage, and peak strength. 

 Chapter 4 presents detailed test results and discussions about the influence of 

hydrothermal veining and alteration on the geomechanical properties of heterogeneous core 

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

samples are examined by comparing the results from homogeneous (matrix-type) and 

heterogeneous (veined) samples for each lithology. The influence of disseminated alteration on 

UCS tested core samples is examined by comparing the geomechanical properties of the three 

varieties of homogeneous quartz-plagioclase granodiorite samples that contain sausseritic and 

sericitic alterations. Finally, the failure modes of tested samples are interpreted using the 

information acquired from the microscopic scale geological investigations presented in Chapter 3. 

An outline of Chapter 4 is presented in Figure 4-1, 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 Parameters 

Youngôs modulus (E) and Poissonôs ratio (ɜ) are elastic geomechanical parameters that are 

calculated using stress-strain data acquired from UCS tests of instrumented core samples. 

Youngôs modulus represents the stiffness of a material and is equal to the ratio of axial stress to 








































































































