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ABSTRACT 

 

The hydrothermal processes driving alteration during the formation of VHMS deposits, 

and therefore the overall geochemistry, mineralogy, and geometry of alteration halos, are 

reasonably well understood. However, less is known about the effects of metamorphism on 

altered rocks and the resulting metamorphic mineral assemblages that develop in different 

alteration zones. Exploration for VHMS deposits is typically targeted at the alteration halos, 

which can extend for considerable distances compared to the deposits themselves. However, in 

terranes of greenschist grade and above exploration can be complicated by the effects of 

metamorphism and deformation, which may have changed the original mineralogy and geometry 

of alteration zones. To address these issues, research targeted the link between pre-metamorphic 

alteration halo zonation and resulting mineral assemblages by integrating detailed 

characterization of mineral assemblage and geochemical zoning with phase equilibria modeling 

of footwall rocks to the LaRonde-Penna VHMS deposit. The work aimed to further our 

understanding of the bulk compositional controls on mineral assemblage development during 

metamorphism, and to test whether a phase diagram approach is a viable method to assist future 

exploration for VHMS deposits in metamorphosed terranes.  

The LaRonde-Penna Au-rich VHMS deposit (71 Mt of Au at 3.9 g/t), located in the 

southern Abitibi greenstone belt in Quebec, Canada, is a well-characterized metamorphosed 

VHMS deposit. Two transects through the altered rhyodacitic-rhyolitic footwall to the main 

(20N) ore lens were selected, with each transect preserving contrasting mineral assemblages that 

have previously been interpreted to reflect different alteration types. Within Transect 1, garnet-

bearing, aluminosilicate-absent assemblages show an increase in size, abundance, and Mn 

content of garnet, inferred to reflect increased alteration intensity as the ore lens is approached. 

Alteration intensity in the footwall area of Transect 1 is characterized by increases in Mn, Fe, 

Mg, and K, and decreases in Si, Na, and locally Ca. In Transect 2, aluminosilicate-bearing 

assemblages with or without garnet and staurolite are developed in altered rocks, and 

assemblages show a broad increase in porphyroblast size and intensity of schistosity as the ore 

lens is approached. Alteration intensity in the footwall in Transect 2 is similarly characterized by 

increases in Fe, Mg, and K, and decreases in Si and Na. Mn is not enriched. 
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The results from this study indicate that garnet stability is distinctly influenced by Mn 

content and relative proportions of Fe and Mg. In addition, with sufficient enrichment in rock 

Mn contents, garnet may be stabilized to temperatures as low as ~270°C (in altered 

metarhyolite), significantly lower than temperatures required to stabilize biotite-bearing 

assemblages. In addition, biotite-bearing assemblages are stabilized to lower temperatures in 

rocks with elevated Ti, and the persistence of chlorite to higher temperatures is likely controlled 

by rock Mg concentrations. The similarity in bulk rock aluminum content between rocks from 

both transects, despite the high abundance of aluminosilicates in Transect 2 (but absence in 

Transect 1), indicates that aluminosilicate mineral stability is influenced by bulk compositional 

factors other than aluminum.  

Conventional thermobarometry and constraints from P-T pseudosections indicate that 

peak P-T conditions during metamorphism at LaRonde-Penna were approximately 510-530ºC 

and 3.8-4.2 kbar, with absolute maximum temperatures constrained by the absence of sillimanite 

in Transect 2 rocks. Also in Transect 2 rocks, inclusion trails in andalusite define a foliation that 

is parallel to an external foliation defined by biotite and kyanite (with or without staurolite) that 

may wrap andalusite porphyroblasts. In addition, sillimanite locally forms fringes on biotite and 

kyanite. These data support the interpretation that metamorphism progressed along a prograde 

clockwise loop with a limited excursion into sillimanite-stable conditions. The progression of 

textures involving multiple mineral assemblages that define foliations in the rocks suggests that 

the rocks experienced regional metamorphism. This is further supported by the lack of any 

assemblage zoning with respect to nearby intrusions that would indicate the presence of a contact 

aureole. 

Inconsistencies between mineral assemblage and inferred pre-metamorphic alteration 

zone imply that the mineralogical differences within metamorphosed VHMS deposit footwalls 

may not be obvious reflections of bulk rock geochemistry. Outcomes from this study confirm the 

applicability of phase equilibria modeling as a predictive tool to effectively describe the 

relationship between pre-metamorphic alteration zone mineral assemblages and their 

metamorphosed equivalents. 
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CHAPTER 1 

INTRODUCTION 

 

The hydrothermal processes driving alteration during the formation of VHMS deposits, 

and therefore the overall geochemistry, mineralogy, and geometry of alteration halos, are 

reasonably well understood. However, less is known about the effects of metamorphism on 

altered rocks and the resulting metamorphic mineral assemblages that develop in different 

alteration zones. Alteration halos of metamorphosed VHMS deposits may have complex zoning 

patterns, particularly where deformed. This complexity is compounded by the interplay between 

bulk composition and pressure-temperature (P-T) conditions during metamorphism and the effect 

this relationship has on resulting mineral assemblages.  

Traditional exploration methods in weakly metamorphosed VHMS environments target 

the alteration halo, which is considerably larger than the deposit itself. Therefore, uncertainty 

associated with predicting the expected mineral assemblages following metamorphism makes 

exploration difficult. For instance, deformation changes the original geometry of the alteration 

halo through transposition and potentially fold-driven repetition, and metamorphosed terrains 

may host rocks with superficially-similar mineral assemblages that are not associated with 

mineralization. 

To address these issues, a better understanding of the bulk compositional controls on 

mineral assemblage development during metamorphism is required, particularly for the 

compositions of rocks influenced by hydrothermal alteration in ore deposit environments. 

 

1.1. Volcanogenic massive sulfide deposits 

Volcanogenic massive sulfide (VMS) deposits are strata-bound accumulations of massive 

sulfide minerals that form on or immediately below the seafloor through the precipitation of 

metals during hydrothermal fluid flow in active sea-floor volcanic zones. The deposits typically 

consist of a concordant massive sulfide lens that is underlain by a metal-rich stockwork zone, 

developed in intensely altered rocks in the footwall (Large et al., 2001; Gifkins et al., 2005). 
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Where deposits are hosted by volcanic and volcaniclastic rocks, they are more specifically 

termed volcanic-hosted massive sulfide (VHMS) deposits (Large, 1992; Galley, 1995; Gemmell 

and Herrmann, 2001; Gifkins et al., 2005). Many deposits form via fluid infiltration and 

replacement processes, whereby permeable volcanic units are replaced with sulfide minerals in 

the sub-seafloor environment (Doyle and Allen, 2003; Piercy, 2010). Hydrothermal fluid flow to 

the seafloor is focused along syn-volcanic faults or fault intersections (Gibson et al., 1999; 

Gifkins et al., 2005).  

VMS deposits are a significant source of zinc (Zn), copper (Cu), and lead (Pb), and 

sometimes contain elevated gold (Au) and silver (Ag) (Franklin et al., 2005). Deposits can be 

categorized as Cu-rich, Au-rich, Cu-Zn-rich, or polymetallic, but all deposits contain more Zn 

than Pb (Gifkins et al., 2005). Ore metals are typically zoned from iron (Fe) or Fe-Cu-rich 

centers, to Zn-Pb-rich intermediate domains, and finally Ag-Au outer domains. Barite may be 

present at the outer margins (Figure 1.1; Large, 1992; Gifkins et al., 2005). Metals are also zoned 

within VMS footwall zones. The portion of the footwall directly underlying the massive sulfide 

is dominated by a Cu-rich stringer zone, which grades outward into Zn-rich and pyrite-rich 

stringer zones (Figure 1.1; Gifkins et al., 2005).  

The subset of VMS deposits that are classified as auriferous contain more than 3.46 

grams per ton (g/t) Au, based on the geometric mean (0.76 g/t) and standard deviation (+2.70 g/t) 

gold grade of deposits worldwide. Deposits with 3.46 g/t Au and 31 t Au or more are considered 

“gold-rich” (Mercier-Langevin et al., 2011). Gold in these deposits is most commonly located 

either in the lower massive and stringer zones associated with copper, or in the upper parts of 

VMS deposits associated with Zn, Pb, and Ba (Large, 1992).  

 

1.2. Hydrothermal alteration zones 

The massive sulfide lenses of VMS deposits are underlain or surrounded by 

mineralogically zoned alteration halos that have developed as a result of fluid-rock interaction 

(Lydon, 1988; Gifkins et al., 2005; Galley et al., 2007). Alteration zones typically fall into two 

categories: footwall alteration pipes or strata-bound alteration zones (Gifkins et al., 2005; 

Franklin et al., 2005).  
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Alteration pipes have well-defined mineralogical zones that grade outward in alteration 

intensity, from a highly-altered core to weakly-altered outer domains (Figure 1.1). This gradient 

reflects a decreasing thermal gradient with distance from the syn-volcanic fault controlling fluid 

flow to the seafloor. In footwall alteration pipes, idealized mineralization zones grade from 

chloritic and sericitic inner and intermediate zones to an albitic outer domain. A siliceous core of 

the pipe is characterized by high concentrations of secondary quartz that overprint primary 

volcanic textures and earlier formed alteration zones. The core is commonly intersected by 

 

Figure 1.1 Schematic cross-section of idealized mineralization and alteration zonation patterns 

in a footwall alteration pipe beneath a typical VHMS deposit (modified from Gifkins et al., 

2005). Top: distribution of sulfide mineral zones with respect to host geology. Bottom: 

distribution of hydrothermally altered zones within the footwall and hanging wall domains. 
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sulfide stringer veins. The intermediate chlorite zone is typically fine-grained, Cu-enriched, and 

massive, and alteration is strong enough that primary volcanic textures are typically not 

preserved. In most deposits, this zone is defined by a Mg-chlorite inner domain and a Fe-chlorite 

outer domain. The sericitic zone contains elevated abundances of aluminous phases and grades 

outward to an albite zone in which primary volcanic textures are commonly preserved (Figure 

1.1; Gifkins et al., 2005).  

Strata-bound VMS deposits comprise about half of all documented VMS deposits, and 

contain alteration zones that are parallel to the host stratigraphy rather than cross-cutting at a 

high angle (Gifkins et al., 2005). Massive carbonate zones are more common in these deposits, 

and sericite-rich zones that extend laterally and vertically around and beneath the deposit are 

volumetrically dominant. 

The types of alteration mineral assemblages within the footwall and hanging wall of a 

VMS deposit depend on host rock composition and the temperatures and inherent chemistries of 

mineralizing fluids. For example, high-temperature (350 ºC) fluids within mafic host successions 

result in Cu-rich massive sulfide precipitation with a Fe-chlorite-rich and silicified footwall, 

while the same temperature fluids within felsic host rocks result in more silicification of the 

footwall and a higher abundance of Mg-chlorite. Hydrothermal fluids of intermediate 

temperatures (250-300 ºC) result in less Fe-chlorite and the appearance of muscovite and quartz 

(Franklin et al., 2005). 

Exploration for VMS deposits commonly targets the alteration halos surrounding the 

deposits, as these can be significantly larger than the massive sulfide ore zones themselves 

(Franklin et al., 2005). In addition, the mineralogical zoning that is common in alteration halos 

may be used as a vector toward mineralized zones (Galley et al., 1995; Gemmell and Herrmann, 

2001; Goodfellow, 2003; Morrison, 2004). The alteration haloes of some Au-rich VMS deposits 

are characterized by aluminous and silicic hydrothermal alteration (Hannington et al., 1999).  

 

1.3 Metamorphosed VMS deposits 

Within orogenic belts, VMS deposits are commonly overprinted by regional or contact 

metamorphism and deformation. Where affected by deformation, much of the original geometric 
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relationships defined by ore and alteration zones may be complexly modified. Metamorphism 

results most commonly in the silicate mineralogy of the ore lenses and alteration halos that are 

transformed during recrystallization at higher P-T conditions. Significant recrystallization and 

mobilization of ore minerals, as well as re-equilibration of mineral assemblages within a VMS 

deposit’s alteration halo, are common even at greenschist facies conditions. 

At high metamorphic grades, the link between the primary alteration characteristics and 

their metamorphosed equivalents is commonly unclear (Corriveau and Spry, 2014). However, 

major and minor element compositions of alteration halo rocks are commonly preserved through 

metamorphism, because the processes associated with sub-solidus regional metamorphism, 

besides progressive loss of water and carbon dioxide, are essentially isochemical (Hammerli et 

al., 2016). Apart from volatile loss, major and minor element composition prior to the onset of 

partial melting and melt loss should not change without high fluid fluxes (Zack and John, 2007; 

John et al., 2008). Therefore, the preservation of geochemically distinct zones within an 

alteration halo allows for the use of metamorphic mineral assemblages as possible indicators of 

the original hydrothermally altered protolith, and so proximity to the massive sulfides (Bonnet 

and Corriveau, 2007a; 2007b).  

In general, each geochemically distinct alteration zone within a VMS deposit will result 

in a geochemically equivalent metamorphosed alteration halo zone (Bonnet and Corriveau, 

2007a; 2007b). Diagnostic metamorphic mineral assemblages in each zone should illuminate 

associations between unmetamorphosed deposits and their metamorphosed counterparts. For 

example, the Fe-Mg-rich pipe feeder zone present in most deposits will develop a metamorphic 

assemblage rich in Fe- and Mg- minerals such as biotite and garnet (Corriveau and Spry, 2014). 

In Au-rich deposits, aluminous hydrothermal alteration during deposit formation can result in 

metamorphosed alteration halo minerals including andalusite and kyanite (Gifkins et al., 2005; 

Dubé et al., 2007). However, published research of the mineral assemblages that result from 

metamorphism of VMS deposits has been limited (Gifkins et al., 2005). 

 

1.4 Research aims/statement of purpose 

This research is focused on metamorphosed hydrothermal alteration zones of the footwall 

to the main orebody of the gold-rich LaRonde-Penna volcanic-hosted massive sulfide (VHMS) 
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deposit, which is located in the Archean southern Abitibi greenstone belt in Quebec, Canada. 

The deposit contains four main massive sulfide lenses that are hosted in hydrothermally altered 

and metamorphosed volcanic and volcaniclastic rocks (Mercier-Langevin et al., 2017).  

The study utilizes the footwall alteration halo rocks at LaRonde-Penna to further 

understand the effects that protolith bulk composition can have on the mineral assemblages and 

textures that result from metamorphism of VHMS deposits. A detailed petrologic and 

geochemical study was integrated with a phase equilibria modeling approach with the purpose of 

connecting the bulk geochemistry of a subset of hydrothermally altered and metamorphosed 

rocks from the altered footwall to the LaRonde-Penna deposit with their expected mineral 

assemblages, and how these mineral assemblages vary in P-T space. 

This thesis presents the results of research that addresses two key questions:  

1) How are variations in protolith bulk composition (major and minor element chemistry) 

across an alteration halo reflected in metamorphic mineral assemblages over a range of P-T 

conditions?  

2) If phase equilibria models can effectively describe the relationships between pre-

metamorphic alteration zone and mineral assemblages, can robust predictive phase equilibria 

models be developed that allow for a relationship to be established between alteration halo 

compositions from unmetamorphosed deposits to assemblage domains in their metamorphosed 

equivalents? 

In this study, field relationships are integrated with petrologic and geochemical 

investigations to characterize metamorphic mineral assemblages and textures, metamorphic 

mineral chemistry, and bulk rock geochemistry along two transects through the deposit footwall 

that preserve contrasting mineral assemblages. Maximum P-T conditions of metamorphism at 

LaRonde-Penna are estimated based on forward modeling of phase equilibria for selected rocks 

from the deposit alteration halo. Mineralogical and geochemical results from this study yield 

potential implications for the relationship between variations of protolith bulk compositions and 

their resultant metamorphic assemblages. 
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1.5 Thesis organization 

This thesis is organized into seven chapters. Chapter 1 provides an introduction to the 

subject matter and presents the problem that this research attempts to address. Chapter 2 presents 

an introduction to the geology of the southern Abitibi greenstone belt and to the LaRonde-Penna 

volcanogenic massive sulfide deposit. Chapter 3 gives an overview of the methodology of data 

collection, analysis, and modeling that was implemented in the study. 

Chapter 4 describes the petrology of the garnet-bearing footwall (Transect 1) and the 

aluminosilicate-bearing footwall (Transect 2) at LaRonde-Penna. The chapter groups rocks by 

protolith, petrologically distinguishing samples by texture, metamorphic assemblage group, bulk 

geochemistry, and mineral chemistry. Data presented in this chapter allow a basic metamorphic 

reaction history to be established and a probable pressure-temperature path during 

metamorphism to be constrained. 

Chapter 5 presents the results of conventional geothermobarometry used to inform and 

interpret phase equilibria and mineral stability diagrams. Phase equilibria modeling for six 

representative samples distinct in bulk composition and mineral assemblage is also presented. 

Along with the construction of P-T pseudosections, contrasting bulk compositions are modeled 

and illustrated in temperature-compositional (T-X) and pressure-compositional (P-X) space.  

Chapter 6 discusses the results of the study and provides an estimate for the P-T 

conditions at which the LaRonde-Penna deposit was overprinted. The chapter describes how 

thermodynamic modeling has aided in understanding the timing and characteristics of 

metamorphism at LaRonde-Penna, and discusses the implications of this research for further 

modeling of VMS alteration haloes.  

Chapter 7 presents the conclusions of the research and makes recommendations for future 

work.  
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CHAPTER 2 

GEOLOGICAL BACKGROUND 

 

This chapter provides a brief introduction to the regional geological setting of the 

LaRonde-Penna deposit within the southern Abitibi greenstone belt, as well as a background to 

the LaRonde-Penna deposit geology. 

 

2.1 The Abitibi greenstone belt 

The LaRonde-Penna deposit is situated within the southern portion of the Abitibi 

greenstone belt, a highly explored and studied Neoarchean greenstone belt located in the 

Superior province, straddling Ontario and Quebec in eastern Canada (Figure 2.1). The belt is 

made up of east-trending successions of folded volcanic and sedimentary rocks and various 

intrusions that have been metamorphosed to greenschist and amphibolite-facies conditions. 

Supracrustal rocks of the belt were deposited over a time span of ~125 million years, from about 

2795 to 2670 Ma. Six submarine volcanic assemblages have been identified in the belt, referred 

to from oldest to youngest as the Pacaud, Deloro, Stoughton-Roquemaure, Kidd-Munro, Tisdale, 

and Blake River assemblages. Following submarine volcanism, the development of successor 

basins resulted in deposition of the sedimentary Porcupine and Timiskaming assemblages. Major 

east-trending ductile-brittle deformation zones cut across the entire greenstone belt (Monecke et 

al., 2017). 

The Abitibi greenstone belt has historically been divided into northern and southern 

portions based on differences in metamorphic grades, the character and volume of intrusive 

rocks, and stratigraphy (Powell et al., 1995; Daigneault et al., 2004; Monecke et al., 2017). The 

southern Abitibi greenstone belt is well-known for the widespread occurrence of gold-rich VMS 

deposits. As a consequence of this, and due to generally low temperatures of overprinting 

metamorphism, the area has been the target of research both into the origins of Archean terranes 

and the formation of synvolcanic gold deposits (Powell et al., 1993; Robert and Poulsen, 1997; 

Hannington et al., 1999; Gibson and Galley; 2007; Monecke et al., 2017). In the southern Abitibi 
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greenstone belt, the majority of gold-rich VMS deposits including LaRonde-Penna are hosted by 

rocks of the c. 2704 to 2695 Ma Blake River assemblage (Monecke et al., 2017). 

 

The Blake River Group forms part of the Blake River assemblage and outcrops in the 

southeastern wedge of the Abitibi greenstone belt, bounded by the Porcupine-Destor deformation 

zone in the north and the Larder Lake-Cadillac deformation zone in the south (Figure 2.2). In the 

study area (Doyon-Bousquet-LaRonde mining camp), the Blake River Group is subdivided into 

the Hébécourt Formation and upper and lower members of the Bousquet Formation, which 

consist of mafic tholeiitic and intermediate transitional volcanic units, as well as volcaniclastic 

rocks (Figure 2.2; Mercier-Langevin et al., 2007a; 2017; Monecke et al., 2017). 

 

Figure 2.1 Location of the Abitibi greenstone belt within the Superior province, with other 

Superior subprovinces shown (after Monecke et al., 2017). 
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2.2. Deformation history of the southern Abitibi greenstone belt 

The sequence of regional deformation events in the southern Abitibi greenstone belt is 

complex and contested. The volcanic successions in the Abitibi greenstone belt typically have a 

steep dip and are complexly folded and faulted. Several prominent brittle-ductile deformation 

zones and their splays cut across the belt. The deformation history of the belt has been compiled 

through outcrop relationships in the field and geochronological evidence (Monecke et al., 2017). 

 
 

Figure 2.2. Location and regional geology of the Doyon-Bousquet-LaRonde mining camp (after 

Lafrance et al., 2005; Mercier-Langevin et al., 2007a; Dubé et al., 2014). 
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Deposition of the six volcanic assemblages of the Abitibi greenstone belt occurred in a 

dominantly deep marine setting. The large volume and flysch-like character of the Porcupine 

assemblage are signs that the detritus of this sedimentary package was derived from a shallow 

marine or subaerial hinterland, presumably created as a result of the early phases of mountain-

building at <2690 to <2685 Ma (Monecke et al., 2017). The contact between the submarine 

volcanic rocks and the overlying Porcupine assemblage has been documented as a disconformity 

or low-angle unconformity, suggesting that deformation was restricted to the hinterland, and that 

the submarine volcanic facies were not deformed prior to Porcupine deposition. It has been 

suggested that the Porcupine assemblage was deposited into distinct basins at different times 

during an early phase of north-to-south-propagating progressive deformation (Frieman et al., 

2017).  

In several well-documented outcrop areas, tilted and folded volcanic units of the Blake 

River Group and sedimentary deposits of the Porcupine assemblage are separated by the 

sedimentary Timiskaming assemblage by a high-angle unconformity. This angular unconformity 

suggests the existence of at least one major phase of deformation prior to the deposition of the 

Timiskaming assemblage (Monecke et al., 2017). This pre-Timiskaming phase of deformation 

may be associated with regional thrusting, evidenced by volcanic units locally thrust onto 

younger Porcupine assemblage rocks (Bleeker et al., 2006; Dinel et al., 2008a). As much of the 

Timiskaming assemblage has been deposited in a subaerial setting, the pre-Timiskaming 

deformation must have resulted in crustal thickening and uplift (Monecke et al., 2017). 

Following the deposition of the Timiskaming assemblage, a period of thrusting and 

folding occurred, the effects of which have been recognized in the field (Monecke et al., 2017). 

This period is generally referred to as the main deformation event in the Abitibi greenstone belt 

(Ayer et al., 2005; Robert et al., 2005; Bateman et al., 2008). Extensional faults that may have 

previously controlled Timiskaming deposition were reactivated as thick-skinned thrust faults 

during this fold-and-thrust period (Bleeker, 2012; Monecke et al., 2017). The reactivated faults 

would have resulted in the structural burial of the Timiskaming assemblage, which could explain 

the fact that the Timiskaming and older volcanic rocks are of a similar metamorphic grade 

(Monecke et al., 2017). The major crustal shear zones in the Abitibi greenstone belt are currently 

vertically-dipping and locally overturned. Oversteepening may have been associated with a final 

crustal shortening phase.  
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The main fabric documented throughout the belt post-dates deposition of the 

Timiskaming assemblage and is most intensely developed along the major crustal deformation 

zones. However, fault-related fabric development is heterogeneous (Monecke et al., 2017). A 

younger crenulation cleavage is recognized throughout the southern Abitibi greenstone belt 

(Monecke et al., 2017). 

 

2.3. Regional metamorphism of the southern Abitibi greenstone belt 

Regional metamorphism of the Abitibi greenstone belt has been constrained to be 

dominantly sub-greenschist to upper greenschist / lower amphibolite facies conditions (Powell et 

al., 1995; Monecke et al., 2017), with assemblages associated with a locally developed 

penetrative fabric (Gibson and Galley, 2007). Metamorphic grade in the belt broadly increases 

southward, with isograds apparently shallowly-dipping to the north and trending subparallel to 

the east-west lithological and structural trends.  

Peak metamorphic conditions at the Doyon-Bousquet-LaRonde mine camp are at the 

boundary between upper greenschist and amphibolite facies, while rocks elsewhere in the Abitibi  

reach maximum P-T conditions consistent with the lower greenschist facies (Monecke et al., 

2017). Within the southern portion of the belt, the mafic volcanic rocks of the Blake River Group 

increase in metamorphic grade to the south, grading from pumpellyite- to prehnite-pumpellyite- 

and prehnite-epidote-actinolite facies. On either side of the Porcupine-Destor deformation zone, 

a prehnite-actinolite-epidote-quartz isograd separates these low-pressure (<2 kbar) rocks from 

the sub-greenschist facies rocks of the north (Powell et al., 1995).  

The greenschist to amphibolite-facies transition is represented by the appearance of the 

actinolite-oligoclase and the hornblende-oligoclase zones north of the Larder Lake Cadillac 

deformation zone. Andalusite occurs in contact-metamorphosed peraluminous alteration pipes 

below VMS deposits in the Noranda camp that are proximal to plutons that pre-date regional 

metamorphism (Powell et al., 1984). That andalusite persists through regional metamorphism has 

led past researchers to conclude that pressure could not have exceeded the aluminosilicate triple 

point at 3.8 kbar (Holdaway, 1971) during greenschist-facies metamorphism (Powell et al., 

1984). However, at lower temperatures and pressures the appearance of kyanite has been 

documented, and more detailed peak P-T conditions have not been constrained. 
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In the upper-greenschist to sub-amphibolite facies mafic rocks of the Blake River Group, 

chlorite and amphibole commonly define a persistent foliation. An analogous foliation defined 

by white micas and biotite is observed in sedimentary rocks of the Cadillac Group to the south. 

These textures are subparallel to the cleavage and lineation development along the Porcupine-

Destor deformation zone, indicating that regional metamorphism and fabric development along 

the fault were probably coeval. However, metamorphic isograds crosscut both the Porcupine-

Destor and Larder Lake Cadillac deformation zones, suggesting that the timing of peak 

metamorphism postdates the majority of ductile fault movement within the two deformation 

zones (Powell et al., 1984). 

 

2.4. The LaRonde-Penna deposit geology 

The LaRonde-Penna deposit is located in the eastern portion of the Doyon-Bousquet-

LaRonde camp, which is located in the eastern part of the southern Abitibi greenstone belt 

(Figure 2.2). The camp is one of Canada’s most prolific Au districts with over 25 Moz of Au 

contained within its deposits (Mercier-Langevin et al., 2007). The belt largely consists of Au-rich 

VMS deposits, synvolcanic sulfide-rich vein zones, sulfide stockwork and dissemination 

deposits, intrusion-hosted sulfide-rich quartz vein deposits, and orogenic sulfide-rich Au-Cu 

deposits. The camp is also a major Cu, Zn, and Ag producer, in addition to Au (Mercier-

Langevin et al., 2007b). LaRonde-Penna is currently the second-largest Au-rich VMS deposit in 

the world, containing 71 Mt of Au at 3.9 g/t (Mercier-Langevin et al., 2017). 

The LaRonde-Penna deposit sits within a wedge-shaped block of rocks belonging to the 

c. 2703 to 2694 Ma Blake River Group (Barrie et al., 1993; Mortensen, 1993; Ayer et al., 2002; 

Lafrance et al., 2005), which is bound by the Lac Parfouru (Porcupine-Destor) fault in the north 

and the Larder-Lake-Cadillac deformation zone in the south (Figure 2.2). The host rocks to the 

sulfide lenses form a steeply-dipping and south-facing homoclinal sequence.  

The Blake River Group at LaRonde-Penna has been subdivided into the Hébécourt 

Formation, consisting of tholeiitic basalt flows to the north, and the (overlying) Bousquet 

Formation to the south (Figure 2.2; Lafrance et al., 2003). The Bousquet Formation is divided 

into a lower member made up of tholeiitic to transitional, mafic to intermediate, effusive and 
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volcaniclastic units, and an upper member consisting of transitional to calc-alkaline, intermediate 

to felsic, effusive and intrusive units.  

The upper member of the Bousquet Formation hosts four main ore lenses containing the 

majority of metals found at the LaRonde-Penna deposit. The largest and most prolific ore lenses 

are the 20 North (20N) and 20 South (20S) lenses. The 20S lens is a semi-massive to massive 

lens located high in the stratigraphic sequence and contains pyrite, sphalerite, chalcopyrite, 

galena, and pyrrhotite. The 20N lens contains the bulk of gold-rich minerals and is divided into 

two sub-zones: the 20N Au zone, and the 20N Zn zone located stratigraphically above it. The 

20N Zn zone forms a massive sulfide lens that is primarily composed of base metal-rich minerals 

such as pyrite, sphalerite, chalcopyrite, and galena. The 20N Au zone contains auriferous 

minerals (pyrite and chalcopyrite), which comprise a dense stockwork zone that grades into a 

zone of disseminated and semi-massive sulfide lenses at depth. Satellite lenses found in the 

lowermost levels of the host succession include Zones 6 and 7, which are composed of semi-

massive to massive pyrite, chalcopyrite, and sphalerite (Mercier-Langevin et al., 2007a; Dubé et 

al., 2007). 

The footwall to the 20N ore zone is made up of a series of mafic to felsic volcanic and 

volcaniclastic flows, domes, and breccias (Mercier-Langevin et al., 2007a). The relative 

stratigraphic locations of host units are shown in Figure 2.3. At the base of the footwall 

succession, a basaltic and andesitic unit (Unit 4.4) is overlain by a dacite-rhyodacite unit (Unit 

5.1b). Unit 5.1b largely occurs as shallow sills, small domes and lobes, and flow breccia 

complexes. The first subunit, 5.1b-(a), is a 5-25-m-thick section of feldspar-microporphyritic and 

amygdaloidal sills with minor volcaniclastic rocks. An andesite-dacite (Subunit 5.1b-(b)) 

overlies this as massive, pillowed, and feldspar-phyric flows, up to 50 m thick, mixed with local 

polymictic volcaniclastic rocks. Above this lies the thickest unit in this package, Subunit 5.1b-

(d), a 25-150-m-thick sequence of massive rhyolitic-dacitic domes with interspersed lobes and 

flow breccias. Several 2-10-m-thick andesitic sills (Subunit 5.1b-(c)) intrude Subunit 5.1b-(d) 

(Mercier-Langevin et al., 2007a). A rhyodacite-rhyolite (Unit 5.2b), made up of rhyolitic flow 

breccias with interspersed rhyolitic domes or cryptodomes (Unit 5.2b-R), is one of the final units 

in the footwall succession, often directly underlying the 20N ore zone.  
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The upper Bousquet Formation host-rock sequence of the LaRonde deposit is overlain to 

the south by the sedimentary rocks of the Cadillac Group, a turbiditic sequence that has a 

deposition age of approximately 2689 Ma, forms part of the Porcupine assemblage (Dubé et al., 

2014). The Cadillac Group at LaRonde-Penna lies unconformably above the upper Bousquet 

Formation, with a ~10 Ma gap between the two units (Mercier-Langevin et al., 2007a).  

 

2.5 Deformation and metamorphism at LaRonde-Penna 

Deformation and metamorphic events in the Abitibi greenstone belt have noticeably 

modified the geometry and mineralogy of the deposit, including mineralized zones and 

associated alteration zones (Dubé et al., 2008).  

The steeply-dipping orientation of the host sequence has been interpreted to reflect an 

early north-south compressional event that caused regional folding (Hubert et al., 1984; Mercier-

Langevin et al., 2017). This event is regionally characterized by a fold system northwest-trending 

fold axes (Hubert et al., 1984).  

A second deformation event represented by an east-trending, steeply south-dipping, 

penetrative schistosity, overprinted early folds (Daigneault et al., 2002; Mercier-Langevin et al., 

2007b; Mercier-Langevin et al., 2017). Decimeter- to meter-wide, east-trending, high-strain 

corridors (commonly at lithological contacts or zones of contrasting rheology) are attributed to 

the second deformation event, which has been suggested to be responsible for flattening ore 

lenses and remobilizing sulfides (Dubé et al., 2007; Mercier-Langevin et al., 2007b). 

The second deformation event is interpreted to be concurrent with prograde 

metamorphism to peak upper-greenschist and lower-amphibolite facies metamorphism (Mercier-

Langevin et al, 2017). Metamorphism has resulted in varied metamorphic mineral assemblages 

across the footwall and hanging wall units of the deposit. Altered rhyolitic to rhyodacitic 

footwall units have mineral assemblages that are dominated by muscovite and biotite, with or 

without garnet. In contrast, footwall units lateral to the 20N ore lens are characterized by more 

aluminous phases, including andalusite and kyanite, along with garnet and staurolite. 

Metamorphosed alteration zones in the 20N lens hanging wall are characterized by a ~1-m-thick 

area of fracture-controlled pink rocks composed of quartz, biotite, rutile/anatase, and titanite, 
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with scattered sulfide stringers. In the immediate hanging wall above the 20N lens, the 

metamorphic assemblage is dominated by biotite and staurolite (Dubé et al., 2007; Mercier-

Langevin et al., 2007a/b; Mercier-Langevin et al., 2017).  

 

2.6. The LaRonde-Penna deposit model 

The primary geological characteristics and features of the LaRonde deposit are 

sufficiently well preserved so as to allow, based on extensive drill core data, for the description 

and reconstruction of the primary volcanic setting and the mechanisms of mineralization, despite 

intense overprinting by deformation and metamorphism (Mercier-Langevin et al., 2007a).   

Two sets of orthogonal synvolcanic structures have previously been defined by the 

distribution of the main volcanic host units of LaRonde (Mercier-Langevin et al., 2005). The 

main set corresponds to a depression along the axis of the deposit, illustrated by the direction of 

elongation of the host rocks and ore lenses. The second set of structures is perpendicular to the 

first, and is expressed by the metal distribution pattern within LaRonde-Penna ore lenses. The 

focusing of ore-bearing hydrothermal fluids is interpreted to have resulted from the permeability 

introduced by these intersecting synvolcanic structures (Mercier-Langevin et al., 2005; 2007a; 

2007b). These structural features also restricted the setting in which volcanic units could be 

emplaced and distributed, which, when coupled with rapid, post-emplacement burial of the host 

sequence, contributed to the large size of the LaRonde-Penna massive sulfide lenses (Dubé et al., 

2007; Mercier-Langevin et al., 2007a/b).  

The stacked distribution of the 20N, 20S, 6, and 7 mineralized zones is interpreted to 

reflect formation from a single hydrothermal fluid upflow zone within the upper member of the 

Bousquet Formation. The 20N lens is interpreted to have formed via sub-seafloor deposition of 

sulfides in rhyodacitic-rhyolitic autoclastic breccias and volcaniclastic facies (Unit 5.2b, Figure 

2.4). In this model, sub-seafloor mineralization was assisted by the emplacement of relatively 

impermeable coherent rhyolite and basaltic-andesite flows (Units 5.3 and 5.4, respectively) 

stratigraphically above the 20N lens. Mineral deposition and zone refinement was likely 

improved due to the chemical evolution of hydrothermal fluids that were sealed beneath 

impermeable volcanic rocks. A stockwork zone of pyrite veinlets coupled with strong hanging 

wall alteration (now reflected in metamorphic mineral assemblages) indicates that as a result of 
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fluid pressure buildup, the hydrothermal system permeated 20N lens hanging wall units, 

migrating upward creating the 20S lens stratigraphically above the 20N lens. In this model, zones 

6 and 7 formed due to continued focused fluid flow through the uppermost part of the Bousquet 

Formation (Dubé et al., 2007).  

 

 

Figure 2.4. Schematic model (pre-metamorphic construction) of the LaRonde-Penna VHMS 

deposit modified from Mercier-Langevin et al. (2007a) (not to scale). The variations in 

alteration style observed along ore lenses at depth, especially along the 20 North lens, are 

illustrated. Target sampling locations (Transects 1 and 2) are shown. Transect 1 is a 500 m 

transect through a garnet-bearing and aluminosilicate-absent zone within the 20N lens 

footwall. Transect 2 is a 50 m transect through an aluminosilicate-rich zone within the 20N 

lens footwall. 

 

The lateral and stratigraphic variation of metamorphosed alteration assemblages in the 

hanging wall and footwall of the LaRonde deposit has been attributed to variable contributions of 

magmatic volatiles and convective hydrothermal circulation of seawater within a single, 

protracted system (Dubé et al., 2007). Namely, Au-Zn-Cu-Ag-Pb mineralization (associated with 

neutral hydrothermal fluid input affected by the addition of ambient seawater) is interpreted to 

have occurred at intermediate depths and temperatures. By contrast, Au-Cu-mineralized zones 

within the deposit are interpreted to have formed at higher temperatures and were affected by 

acidic fluid input from rhyolite and rhyodacite domes or subvolcanic intrusions (Dubé et al., 
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2007; Mercier-Langevin et al., 2007b). Metamorphism of altered rocks formed by cooler, neutral 

fluids resulted in biotite-muscovite-(garnet) mineral assemblages, while aluminous mineral 

assemblages including kyanite, andalusite, staurolite, and garnet appeared in the areas originally 

affected by hot, acidic fluids (Mercier-Langevin et al., 2007a/b). Laterally-related but distinct 

styles of alteration have been suggested as evidence that diverse styles of Au-rich VMS deposits 

can coexist within the same location (Figure 2.4; Dubé et al., 2007). 
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CHAPTER 3 

MATERIALS AND METHODS 

 

To address the aims presented in Chapter 1, thesis research employed a combination of 

field work, petrographic studies, microanalytical research, whole-rock geochemical 

investigations, and phase equilibria modeling. This chapter outlines these methods and provides 

a background to the construction of mineral assemblage stability diagrams (P-T pseudosections). 

 

3.1 Field work 

Over the past two decades, extensive drilling has been performed at the LaRonde-Penna 

deposit and the surface geology has been mapped in detail (Agnico-Eagle Limited; Dubé et al., 

2007; Mercier-Langevin et al., 2007). Existing maps and cross-sections were used as a 

framework for the present study, which focused on key compositional and assemblage transitions 

within the alteration halo. A total of 76 samples were collected from two representative drill 

holes intersecting the ore lenses at different depths within the LaRonde-Penna deposit (Figure 

2.3). During logging and sampling, specific attention was paid to metamorphic mineral 

assemblages and textures (including grain sizes and abundance), transitions in assemblages, and 

any structures present. For consistency, lithological distinctions were made in accordance with 

previously established lithogeochemical units (Mercier-Langevin et al., 2007). 

Transect 1 is a ~150-m-long interval of drill hole 3146-05 that spans the dacitic to 

rhyolitic units of the garnet-bearing footwall, beginning at Unit 5.1b(d) (dacite to rhyodacite) 

and ending in Unit 5.2b (rhyodacite to rhyolite), just below the 20N Au and Zn ore zones. Drill 

hole 3146-05 intersects the mineralized zones (20N and 20S) at approximately 400 m of drill 

depth and is considered to be a good representation of the distribution of units within the 

footwall of the 20N lens (Figure 2.3). The transect was chosen to target footwall rocks that 

preserve garnet-bearing, andalusite/kyanite-absent mineral assemblages. It is part of a larger 

section of the footwall, and was logged at a 1:2000 scale with a focus on the nature of 

porphyroblasts – specifically the size and abundance of garnet.  

20



 

 

Transect 2 is a ~50-m-long interval of drill hole 3215-162A, located 500 m along strike 

of Transect 1, and >1000 m deeper in the mine (Figure 2.3). This section of drillcore spans the 

rhyodacitic-rhyolitic units of the aluminosilicate-bearing footwall, beginning within Unit 5.1b(d) 

(volcaniclastic rhyodacite) and ending within Unit 5.2b (coherent rhyolite). This section was 

logged at a 1:200 scale, with lithological distinctions made between volcaniclastic and coherent 

rhyolitic rocks that make up the 20N lens footwall. The transect was chosen to target footwall 

rocks that preserve andalusite/kyanite-bearing mineral assemblages, with or without garnet and 

staurolite. Special attention was paid to the occurrence of and transitions between different 

metamorphic mineral assemblages and deformation textures. The 20N Au/Zn mineralized zone is 

located stratigraphically above the logged section of the drill hole but was not considered for this 

study.  

 

3.2 Sample petrography 

A subset of 35 samples from Transects 1 and 2 were selected for mineralogical and 

textural characterization. These samples were selected based on metamorphic mineral 

assemblage, textural characteristics, and other structural features (e.g., foliation). Samples were 

collected from ten logged “protoliths” ranging in rock type from basaltic to rhyolitic, and 

inferred volcanic texture from coherent to volcaniclastic.  

Petrographic characterization of samples was conducted using transmitted light optical 

microscopy, automated mineralogical analysis (QEMSCAN™) and scanning electron 

microscope (SEM) analysis. The objective was to illuminate the style, facies, and timing of 

metamorphism as well as the relationship between distinct hydrothermal alteration zones and 

their corresponding metamorphic assemblages, using a thorough characterization of the 

mineralogy and textures in each sample. Polished thin sections were made at Spectrum 

Petrographics, in Vancouver, Washington. 

SEM analysis was conducted at the Department of Metallurgical and Materials 

Engineering, Colorado School of Mines, using a FEI QUANTA 600i ESEM with a PGT EDX 

spectrometer. Automated mineralogy scanning was conducted at the QEMSCAN™ facility at the 

Colorado School of Mines. The QEMSCAN™ system is based on a Carl Zeiss EVO 50 SEM 

equipped with one four-quadrant semiconductor diode backscatter electron (BSE) detector and 
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four Bruker X275HR silicon drift energy dispersive X-ray (EDS) detectors, which are integrated 

with the iMeasure-iDiscover information processing software suite. During the automated scans, 

the system collects a BSE signal and an EDS spectrum at a specific pixel size that is defined by 

the user. For this study, a pixel size of 30-microns was selected for step-size resolution. After 

scanning is complete, the iDiscover software uses a Species Identification Protocol (SIP) list to 

identify a mineral or boundary phase (e.g., beam overlap of 2 or more minerals), based on a 

combination of that mineral’s BSE intensity value and the relative intensities of EDX spectra 

peaks. If a mineral group, compositional range, or end-member is not present in the SIP library, 

the user is required to create a SIP definition. The resulting scans were used to provide overview 

images of mineral textural relationships and a quantitative measure of modal abundances of 

minerals within each sample, in order to attain a precise description of the metamorphic mineral 

assemblage for a given bulk composition. 

 

3.3 Chemical characterization of minerals 

Major element analysis of mineral compositions was carried out using a JEOL 8900 

electron microprobe at the United States Geological Survey Denver Microbeam Laboratory in 

Lakewood, Colorado. Beam conditions included an acceleration voltage of 15-20 kilovolts and a 

spot size of 1-3 microns. Electron microprobe point analysis of metamorphic assemblage 

minerals and accessory phases served to identify and define absolute compositions and 

compositional zoning within minerals. X-ray intensity maps of garnet provided element 

distribution maps (Fe, Mn, Ca, Mg, and REE) for garnet porphyroblasts. Data were used to 

determine pressure and temperature conditions of assemblage equilibration, and characterize the 

overall pressure-temperature evolution of the rocks during metamorphism. The analysis of minor 

elements (e.g., Mn) is important, as they may influence the stability of certain mineral 

assemblages (e.g., P-T conditions of garnet-bearing assemblages). 

 

3.4 Whole-rock geochemical analysis 

Thirty representative rock samples that encompassed a wide range of metamorphic 

mineral assemblages and textural relationships between minerals were selected from Transects 1 
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and 2 for geochemical analysis. Where samples displayed evidence of mineral assemblage 

variation between layers, each layer was sub-sampled separately. Samples were crushed and 

powdered at the Colorado School of Mines sample preparation facility, using a RockLabs Boyd 

Crusher, followed by a RockLabs standard ring mill. Vials of ~50 grams of milled material for 

each sample were sent to ActLabs in Ontario, Canada, and were processed for major, minor, and 

trace element analyses.  

 

3.5 Geothermobarometry and phase equilibria modeling 

Mineral assemblage stability in metamorphic rocks is governed by the intersection 

between the bulk composition of the protolith, the pressure-temperature conditions during 

metamorphism, and the composition and flux of fluids accompanying metamorphism. In addition 

to the role that major elements play in determining the mineral assemblage evolution, enrichment 

or depletion in minor elements may also influence the P-T conditions at which certain minerals 

and mineral assemblages are stable during metamorphism. In a practical sense, this may affect 

the temperature at which a reaction is crossed and/or when a mineral first appears during 

prograde metamorphism. This also affects the PT ranges over which diagnostic assemblages may 

be stable.  

To outline the relationship between the bulk geochemical compositions of LaRonde-

Penna rock protoliths and the resultant mineral assemblages within the rocks’ metamorphic 

equivalents, conventional geothermobarometry was paired with a phase equilibria modeling 

approach. To constrain the temperatures of metamorphism at LaRonde-Penna, two independent 

thermobarometers were used – the garnet-biotite Fe-Mg exchange thermometer and the garnet-

aluminosilicate-quartz-plagioclase (GASP) thermometer. These temperature estimates were used 

as a framework within which phase equilibria modeling could be employed and interpreted. 

Selected samples were chosen for input into thermodynamic equilibria modeling 

programs that interpret bulk rock major and minor element oxide compositions to generate 

pseudosections – equilibrium phase diagrams that can predict the stability fields of different 

mineral assemblages based on a single bulk composition (P-T) or a specific range of 

compositions (P/T-X). In a pseudosection, the modal abundances of minerals and the 

compositions of those solid solution minerals are known accurately for all parts of a calculated 
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diagram, such that the diagrams can be contoured for these parameters. For example, the 

abundance of Mn present in the original bulk composition can be accounted for when modeling 

reactions involving the growth and breakdown of garnet (Mahar et al., 1997; Pattison and Seitz, 

2012; White et al., 2014b).  

While simplified chemical systems like FeO-MgO-Al2O3-SiO2-H2O (FMASH) can 

provide some information as to the general reactions that affect phase relations in a rock, the 

inclusion of additional major elements, such as Na, Ca, and K (Na2O-CaO-K2O-FeO-MgO-

Al2O3-SiO2-H2O – NCKFMASH; or adding TiO2 and a proportion of oxidized Fe – 

NCKFMASHTO), allows for a more comprehensive system to be modeled, including the 

inclusion of phases like ilmenite, rutile, hematite, and/or magnetite. These more comprehensive 

assemblage models may significantly affect the predicted stability ranges of certain metamorphic 

mineral assemblages, providing improved constraints on P-T-X information (Diener et al., 2008).  

The thermodynamic properties of minerals based on their major element compositions 

are well documented via experimental and empirical studies, and through extensive phase 

equilibria modeling of traditional protoliths (pelitic, mafic). However, the role of minor 

elements, specifically Mn, are less well known. This is particularly true for non-traditional 

protoliths such as altered felsic (silica-rich) volcanic rocks. A few key studies have been 

undertaken that successfully modeled the influence of Mn on the stability of mineral 

assemblages in metapelitic and metagraywacke compositions (e.g., Mahar et al., 1997; Tinkham 

et al., 2001; Pattison and Seitz, 2012; White et al., 2014b). These studies revealed that the 

stability field of garnet is significantly increased to lower temperatures with increasing Mn and 

Fe:Mg ratio in the bulk composition. For metapelites and metagraywackes, increases in Mn and 

Fe (over Mg) can lower the temperature at which garnet first appears by ~100 ºC (Mahar et al., 

1997, Pattison and Seitz, 2012). In a separate study, the addition of <0.3 wt% MnO to a 

metapelitic bulk composition was shown to lower the temperature of the garnet-in reaction to as 

low as ~490 ºC (White et al., 2014b). These authors suggested that for compositions with higher 

MnO contents, the garnet-bearing assemblages could appear at even lower temperatures than the 

first appearance of biotite, while leaving the other indicator minerals unaffected (White et al., 

2014b).  
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Thermodynamic software has been developed that estimates the ranges over which 

mineral assemblages are stable, using mineral composition mixing models that give reasonable 

approximations of the thermodynamic behavior of the minerals (e.g., THERMOCALC, Powell 

and Holland, 1988; Holland and Powell, 1988; Perple_X, Connolly, 1990; 2005). Phase 

equilibria modeling programs may employ the use of equilibrium thermodynamics in two ways. 

The first (Perple_X, Connolly, 1990; 2005) is based on a Gibbs free energy minimization 

calculation that determines the most likely stable mineral assemblage at a given P-T point for a 

specific bulk composition. While Perple_X allows for pseudosections to be created fairly rapidly, 

the very small differences in Gibbs free energy between some mineral assemblages may produce 

artifacts in the output that contravene expected mineral assemblage behavior. As a result, the 

user is required to ensure sure that diagrams produced conform to Schreinemakers rules and do 

not violate the Phase Rule (Connolly, 2005). 

In contrast, the phase equilibria modeling software THERMOCALC (Powell and 

Holland, 1988) simultaneously calculates multiple equilibria using an internally consistent 

dataset (Holland and Powell, 1998), and can be used for the forward modeling calculations of 

phase diagrams for model systems. THERMOCALC solves non-linear equations based on the 

relationships between the end-members of phases that are in equilibrium, which are calculated 

either from pure end-member equilibria or from the equilibria of those end-members that occur 

as part of a solid solution. Pseudosections in THERMOCALC are constructed by calculating 

each equilibrium curve individually and building the diagram one reaction at a time. The sister 

program DRAWPD then combines the curves and creates a graphical output (e.g. a P-T 

diagram). 

Perple_X has the ability to rapidly produce pseudosections with a wide range of 

thermodynamic databases and activity models. Pseudosections can easily be produced that can 

serve as foundations for more robust calculations in THERMOCALC. Because of this, Perple_X 

version 6.8.1 (Connolly, 2009) was used to attain an estimate of what phases are stable for a 

given bulk composition. Diagrams were calculated in Perple_X in the systems NCKFMASHTO 

and Mn-NCKFMASHTO using an updated solid solution model (Connolly, 2009) and the 

internally consistent dataset of Holland and Powell (2011).  Following this, THERMOCALC 

was utilized to cross-check key mineral equilibria.  
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CHAPTER 4 

CHARACTERIZATION OF THE LARONDE-PENNA DEPOSIT ZONED ALTERATION 

FOOTWALL - PETROGRAPHY, MINERAL CHEMISTRY, GEOCHEMISTRY,  

AND METAMORPHIC REACTION HISTORY 

 

This chapter addresses the question of how variations in the geochemistry of rocks across 

the alteration halo of the LaRonde-Penna VHMS are reflected by the distribution of 

metamorphic mineral assemblages. Because mineral assemblage stability in metamorphic rocks 

is highly dependent on the major and minor element concentrations of the protolith (Mahar et al., 

1997; White et al., 2000; Tinkham et al., 2001; Diener et al., 2008; Pattison and Seitz, 2012; 

White et al., 2014a; 2014b), contrasting metamorphic assemblages are likely to reflect the 

original alteration zone compositions. 

The chapter’s objective is to characterize in detail the mineralogical transitions within the 

LaRonde-Penna deposit with proximity to ore zones. Changes in mineral assemblages, mineral 

textures, and mineral chemistry are compared with changes in bulk rock chemistry, which reflect 

the primary volcanic protoliths and their zoned alteration overprints. To best constrain 

mineralogical transitions, two transects through the LaRonde-Penna footwall were chosen, which 

both track changes with proximity to the 20N ore lens: Transect 1, located in the garnet-bearing 

footwall, and Transect 2, located in the aluminosilicate-bearing footwall.   

The chapter outlines in detail the lithological compositions of the footwall in each 

transect, provides descriptions of the petrography and mineral chemistry of targeted samples 

taken during core logging, and uses these data to support inferred metamorphic reactions and 

assemblage development histories in a number of contrasting assemblage domains. Mineral 

chemistry data are further used to constrain the P-T conditions of assemblage equilibration using 

conventional geothermobarometry. Data and interpretations presented in this chapter have been 

used to guide the construction of phase diagrams, which are presented in Chapter 5. The detailed 

understanding of assemblage zoning relative to bulk compositional changes in the footwall was 

used to choose appropriate samples for P-T and P/T-X pseudosection construction. 
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4.1 Targeted footwall lithologies 

The footwall to the 20N (Au and Zn) ore zone is made up of a series of mafic to felsic 

volcanic and volcaniclastic flows, domes, and breccias (Mercier-Langevin et al., 2007a). At the 

base of the footwall succession, basalt and andesite of Unit 4.4 is overlain by dacite-rhyodacite 

of Unit 5.1b, which is primarily composed of shallow sills, small domes and lobes, and flow 

breccia complexes. These are overlain by rhyodacite-rhyolite (Unit 5.2b), which is made up of 

rhyolitic flow breccias with interspersed rhyolitic domes or cryptodomes that directly underlie 

the 20N ore zone. Both of the target transects intersect this volcanic stratigraphy. However, 

detailed logging for Transect 2 was focused on Units 5.1b and 5.2b only, as these volcanic 

precursors preserve the best intensity range of inferred footwall alteration.  

The locations of transects within the LaRonde-Penna deposit (Figures 2.3, 2.4) were 

chosen to target representative sections through the two distinct styles of alteration within the 

deposit, which are now reflected in contrasting metamorphic mineral assemblages. Transect 1 

(garnet-bearing footwall) targets footwall alteration zones that have been interpreted to have 

resulted from neutral, intermediate temperature hydrothermal fluid input affected by the addition 

of ambient seawater. Transect 2 (aluminosilicate-bearing footwall), targets footwall alteration 

zones that have been interpreted to have resulted from more acidic fluids with higher 

temperatures that formed more aluminous alteration minerals (Dubé et al., 2007; Mercier-

Langevin et al., 2007b). At LaRonde, the degree of pre-metamorphism hydrothermal alteration 

intensity is assumed to increase with proximity to the 20N ore zone (Galley et al., 1993; 2007; 

Mercier-Langevin et al., 2007a/b), and is recorded in both transects. Petrographic and 

geochemical comparisons were made between highly-altered footwall rocks (proximal and 

adjacent to the 20N ore zone in Transects 1 and 2) and weakly-altered footwall rocks (including 

rocks located away from Transects 1 and 2, and distal to the 20N ore zone). 

Despite metamorphism and deformation, primary volcanic features are locally preserved 

within the volcanic host units. In addition, preservation of many geochemical characteristics of 

the primary protoliths allows for their classification on the basis of alteration indices, immobile 

trace element ratios, and mineralogical composition (Mercier-Langevin et al., 2007a). Based on 

these classifications, general protolith compositions of footwall rocks can be characterized using 
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samples that are less altered (Dubé et al., 2007; Mercier-Langevin et al., 2007b). Therefore, 

lithological distinctions between inferred protolith have, for consistency, been made in 

accordance with previously established lithogeochemical units (Mercier-Langevin et al., 2007b).  

 

4.1.1 Transect 1: the garnet-bearing footwall 

Lithological and mineralogical variations along Transect 1 were characterized through 

logging of a ~150 m section within a ~400-m-long span of drill hole 3146-05. This section 

includes basaltic and andesitic rocks (Unit 4.4), dacitic and rhyodacitic rocks (Unit 5.1b(d)), and 

rhyodacitic to rhyolitic rocks (Unit 5.2b) (Figure 4.1). While footwall units of mafic and 

intermediate protolith compositions were logged and sampled for completeness, to simplify 

comparisons of transitions in alteration intensity, a greater focus has been placed on rhyolitic 

footwall units. This enabled a more robust petrographic and geochemical comparison of least 

altered (rhyolitic) footwall rocks distal to the 20N ore zone, with most altered (rhyolitic) footwall 

rocks proximal and adjacent to the 20N ore zone.   

The lowest stratigraphic unit in the LaRonde-Penna footwall succession of drill hole 

3146-05 is Unit 4.4 (Figure 4.1) that forms part of the lower member of the Bousquet Formation 

(Mercier-Langevin et al., 2007a). This unit is characterized by a series of tholeiitic to 

intermediate massive, pillowed, and brecciated (autoclastic) basaltic and andesitic flows. 

Elsewhere in the deposit, Unit 4.4 is seen in sheared contact with the Bousquet Formation upper 

member sequence (Mercier-Langevin et al., 2007a).  

Within Transect 1, Unit 4.4 is moderately to strongly foliated, with a mineral assemblage 

characterized by chlorite, biotite, epidote, amphibole, and plagioclase (Table 4.1). Compositional 

variations based on plagioclase content are visible on a centimeter- to decimeter-scale (Figures 

4.2; 4.3). A penetrative foliation defined by fine-grained bioite is present in domains of higher 

plagioclase abundance, and intergrown amphibole and epidote are visible in domains of lower 

plagioclase abundance. 
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Figure 4.1. Transect 1: a 150 meter section within a 400 meter span of drillhole 3146-05. 

Basaltic-andesitic and dacitic-rhyolitic units within a garnet-bearing and aluminosili-

cate-absent area of the footwall and part of the hanging wall of the 20N ore zone are shown. 

Sample locations are shown to the right. Protolith lithologies and boundaries are based on 

geochemical distinctions of Mercier-Langevin et al. (2007b).
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Figure 4.2. Transect 1, Unit 4.4 (basalt and andesite). Top: representative core photograph 

showing plagioclase-rich and plagioclase-poor assemblage domains. A-C: Photomicrographs 

(left) with schematic representations (right) of key textures from unit 4.4. (A) Plagioclase-poor 

zone: Amphibole and epidote have partially replaced biotite. (B) Plagioclase-poor zone: poikil-

itic epidote is intergrown with and has been replaced by inclusion-rich amphibole. (C) 

Plagioclase-rich zone: foliation-defining biotite and chlorite have grown over amphibole and 

epidote.
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1 mm

1 mm

Quartz 50.6

Muscovite/Kaolinite 3.6

Chlorite group 5.8

Biotite/Phlogopite 3.9

Epidote 4.2

Amphibole 4.5

Garnet 1.0

Alkali Feldspar 1.9

Plagioclase 16.4

Apatite 0.2

Rutile/Anatase 0.4

Ilmenite 0.5

Magnetite-Hematite 0.1

Sphene <0.1

Pyrite <0.1

Calcite 6.8

Mineral Name Area %

plag-poor

plag-rich

Figure 4.3. Automated mineralogy image of basaltic to andesitic footwall rocks (Unit 4.4) in 

Transect 1. Compositional domains are delineated by black lines. Where plagioclase is 

abundant, amphibole, epidote, and chlorite are scarce, but muscovite and biotite are seen in 

higher abundance. Plagioclase-poor areas contain abundant coarse mats of amphibole, 

chlorite, and epidote. 
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Table 4.1. Summary of assemblages observed in Transect 1: Units 4.4, 5.1b(d), and 5.2b. 

Sample 

location 
Protolith 

Assemblage 

domain 
Textures 

Transect 1 

DH 3146-05 

120-380 m 

Basaltic 

andesite: 

Unit 4.4 

Muscovite, 

chlorite, 

biotite, 

epidote, 

amphibole, 

plagioclase 

 

a) Plagioclase is scarce. Large mats of intergrown 

poikilitic amphibole and epidote are dominant. 

Quartz in the matrix varies in abundance from 

30-50%. Amphibole and epidote have partially 

overgrown biotite.  

b) Higher abundance of plagioclase. Fine-grained 

biotite defines a penetrative foliation. Chlorite 

and biotite have partially replaced relict epidote-

amphibole. 

Dacite-

rhyodacite: 

Unit 

5.1b(d) 

Muscovite, 

chlorite, 

biotite, garnet, 

plagioclase 

 

Garnet grains are higher in abundance in 

plagioclase-rich, quartz-poor domains. A 

moderately developed foliation is defined by 

chlorite and muscovite. Small, equant garnet 

grains with inclusion-rich cores and inclusion-

poor rims in fine-grained zones. Larger, skeletal 

garnet grains with inclusion zoning in coarse-

grained domains.  

Rhyodacite-

rhyolite: 

Unit 5.2b 

Muscovite, 

chlorite, 

biotite, garnet, 

plagioclase 

 

Garnet grains are smaller and low in abundance. 

Minor plagioclase and a lower abundance of 

chlorite. Garnet grains are increasingly skeletal 

and elongate in the foliation with proximity to 

the 20N ore lens. 

Coarse-grained mats of chlorite and muscovite, 

swaths of poikiloblastic (incipient) plagioclase 

intergrown with skeletal garnet. Garnet grains 

are large (1-5 mm), skeletal, and elongate 

parallel to foliation. 

 

Unit 5.1b(d) (approximately 150 m thick in Transect 1) overlies Unit 4.4 and is 

characterized by dacitic to rhyodacitic volcaniclastic and coherent rocks (Figure 4.1). Unit 5.1b 

hosts the Zone 6 and Zone 7 ore lenses, which are also present in the transect. In Transect 1, Unit 

5.1b(d) is characterized by a moderately-developed foliation defined by aligned trails of chlorite 
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Figure 4.4. Transect 1, Unit 5.1b(d) (dacite to rhyodacite). Top: representative core photograph 

showing plagioclase-rich and plagioclase-poor assemblage domains. A-C: Photomicrographs 

(left) with schematic representations (right) of key textures from Unit 5.1b(d). (A) 

Fine-grained plagioclase-rich zone: zoned garnet within a fine-grained muscovite-chlorite-bio-

tite matrix. (B) Coarse-grained plagioclase-rich zone: Garnet grains become more skeletal 

with proximity to the 20N ore zone. (C) Coarse-grained plagioclase-rich zone: incipient 

albite-anorthite porphyroblasts within a foliation defined by chlorite.
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1 mm

1 mm

Quartz 20.0

Muscovite/Kaolinite 37.7

Chlorite group 1.9

Biotite/Phlogopite 4.8

Mn-rich Garnet 0.6
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Figure 4.5. Automated mineralogy image of a fine-grained domain within footwall rocks of 

dacitic to rhyodacitic protolith composition (Unit 5.1b(d)) in Transect 1. Compositional 

domains defined by garnet grain abundance are delineated by black lines. Sub-idioblastic 

and equant garnet grains are more abundant in domains with increased plagioclase and 

muscovite and lower quartz content. 
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Figure 4.6. Transect 1, Unit 5.2b (rhyodacite to rhyolite) distal to the 20N ore zone. Top: 

representative core photograph. A-C: Photomicrographs (left) with schematic representations 

(right) of key textures from Unit 5.2b. Samples were collected from 270-320 meters of drill 

depth. Garnet-poor domains contain higher amounts of quartz and a lower abundance of 

plagioclase (A). With increasing proximity to the ore zone, garnet increases in size and 

becomes physically zoned with inclusion-rich, skeletal cores (B and C). 
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Figure 4.7. Transect 1, Unit 5.2b (rhyodacite to rhyolite) proximal to the 20N ore zone. Top: 

representative core photograph. A-C: Photomicrographs (left) with schematic representations 

(right) of key textures from Unit 5.2b. Samples were collected from 330-380 meters of drill 

depth (within 50 m of the 20N Au lens). With proximity to the 20N ore lens (increasing drill 

depth), garnet grains are more skeletal (A) and more coarse-grained (B). Garnet grains are also 

more elongate along foliation (C).
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and biotite, with or without garnet, within a plagioclase- and quartz-dominated matrix (Figures 

4.4; 4.5). Notable in this Unit 5.1b(d) section is that the size and abundance of garnet 

porphyroblasts increase with proximity to the Zone 7 and Zone 6 ore lenses, and close to the 

contact with Unit 5.2b (Figure 4.1). Where garnet is present, the unit is commonly characterized 

by a compositional banding displaying variations in garnet and plagioclase abundance. 

Overlying Unit 5.1b(d) and forming the immediate footwall to the 20N ore lens is Unit 

5.2b, which consists of relatively homogeneous and coherent rhyodacite to rhyolite (Figures 4.1; 

4.6; 4.7). Within Transect 1, Unit 5.2b is moderately foliated, medium- to coarse-grained, and 

preserves a compositional zoning on a centimeter- to decimeter-scale characterized by garnet 

content (Figures 4.6 – 4.9).  

Garnet-poor domains make up approximately 30-50% of the lower stratigraphic portion 

of Unit 5.2b (from 270-320 m of drill depth). Within garnet-poor domains, plagioclase content is 

lower, and quartz is more abundant, particularly near rare, small garnet porphyroblasts (Figure 

4.6a). In garnet-rich domains, garnet grains tend to be larger and more elongate than in garnet-

poor domains, and contain more abundant inclusions (Figure 4.6b-c). With proximity to the 20N 

Au ore lens, garnet-rich domains become increasingly dominant and compositional zoning less 

prominent. Closest to the 20N ore zone, garnet porphyroblasts are large (1-5 mm), skeletal, and 

oblong in shape, with their long axes parallel to foliation (Figures 4.7a-c; 4.8; 4.9).  

To better characterize the relationship of garnet to alteration intensity, the size and 

abundance of garnet porphyroblasts were systematically logged over a ~60 m interval 

immediately below and within the start of the 20N ore zone in Unit 5.2b (Figure 4.1). The 

abundance of garnet was measured by making estimates over consecutive 10 cm intervals. The 

results (Figure 4.10) show a systematic increase in the size and abundance of garnet 

porphyroblasts, with a marked increase in abundance immediately below the 20N ore zone. The 

slight drop-off in garnet abundance within 2 m of the ore zone may relate to an increase in 

sulfide mineral content, where Fe availability is reduced due to sequestration in relatively 

metamorphic-stable sulfide minerals. 
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Quartz 49.8

Muscovite/Kaolinite 15.1

Chlorite group 7.0

Biotite/Phlogopite 2.7

Amphibole 0.2

Garnet 4.6

Alkali Feldspar 3.7

Plagioclase 11.3

Apatite 0.3

Rutile/Anatase 0.4

Ilmenite 0.5

Sphene 0.2

Calcite 4.2

Mineral Name Area %

1 mm

1 mm

Figure 4.8. Automated mineralogy image of rhyodacitic to rhyolitic footwall rocks (Unit 

5.2b) proximal to the 20N ore zone in Transect 1. Compositional domains are delineated by 

black lines. In garnet-rich assemblage domains, coarse-grained mats of chlorite and musco-

vite, swaths of poikiloblastic/skeletal plagioclase, and skeletal garnet with inclusions orient-

ed parallel to foliation are noted. Garnet-poor assemblage domains contain less than 1% 

garnet, minor plagioclase, and a lower abundance of chlorite.
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An0-10 11.7

An10-20 0.0

An20-30 1.7

An30-40 1.9

An40-50 2.0

An50-60 2.7

An60-70 3.3

An70-80 2.9

An80-90 1.6

An90-100 0.4

Others 71.9

Mineral Name Area %

1 mm

1 mm

Figure 4.9. Automated mineralogy image of  rhyodacitic to rhyolitic protolith footwall rocks 

(Unit 5.2b) proximal to the 20N ore zone in Transect 1. This image shows the distribution of 

plagioclase and is colored to illustrate compositional zoning of plagioclase within grains and 

between garnet-rich and garnet-poor zones. Compositional domains are delineated by black 

lines. Phases other than plagioclase are asssigned a single color (gray - “others”) to empha-

size textures and compositions of plagioclase.
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4.1.2 Transect 2: The aluminosilicate-bearing footwall 

Lithological and mineralogical variations along Transect 2 were characterized through 

logging of a ~55 m section of drill hole 3215-162A. The section logged was shorter than that 

covered in Transect 1, but focused on a higher degree of mineral assemblage heterogeneity, 

especially notable in dacitic and rhyodacitic rocks of subunit 5.1b(d) and rhyodacitic to rhyolitic 

rocks of Unit 5.2b (Figure 4.11). Unit 4.4 (basalt and andesite) was not included in the transect. 

Figure 4.10. Left: Plot of the relative bulk Mn, Fe, and Mg composition of the garnet-

bearing footwall rocks in Transect 1, represented as #Mn, #Fe and #Mg, where #Mn = 

Mn/Fe+Mg+Mn; #Fe = Fe/Fe+Mg+Mn; #Mg = Mg/Fe+Mg+Mn. Right: Plot of garnet grain 

size (mm, red line) and modal abundance (%, blue line), corresponding to the upper portion 

of the transect. Note that the X-axis scale applies to both garnet parameters. 
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Approximately 45 m of Unit 5.1b(d) were logged in Transect 2 (Figure 4.11), which has 

previously been defined as a volcaniclastic rhyodacite by Agnico-Eagle core loggers. The unit 

contains highly heterogeneous metamorphic mineral assemblages, as well as wide variations in 

grain size and texture, which are interpreted to reflect varying intensities of the hydrothermal 

alteration overprint on the original volcaniclastic protolith. Logging distinguished a number of 

clear trends including an increase in overall grain size with proximity to the 20N ore zone 

(Figure 4.11). Fine-grained volcaniclastic rhyodacite, more common distal to the ore zone, is 

characterized by millimeter- to centimeter-scale alternating bands with a through-going foliation 

(Figures 4.12-4.15). Coarser grained domains, which increase in abundance closer to the ore 

zone, are characterized by a strong foliation defined by aligned minerals, and centimeter- to 

decimeter-scale assemblage domains (Figures 4.16-4.19).  

Within the fine-grained volcaniclastic rhyodacite (Unit 5.1b(d)), the appearance of 

porphyroblasts is consistent between approximately 1160-1170 m of drill depth (Figure 4.11), 

and is interpreted to reflect a significant increase in the original alteration intensity within the 

protolith. With the appearance of porphyroblast phases, alternating millimeter-scale planar bands 

composed of distinct mineral assemblages become more obvious (summarized in Table 4.2). 

Compositional banding can be classified as garnet-bearing (staurolite-absent), staurolite-bearing 

(garnet-absent), garnet- and staurolite-bearing, or garnet- and staurolite-absent (Figures 4.13; 

4.15). Plagioclase and quartz are ubiquitous across all assemblage domains in this unit.  

Within coarse-grained portions of the volcaniclastic rhyodacite, which are intersected 

with proximity to the 20N ore zone, grain size increases and rocks are more schistose. 

Compositional bands within these domains are less planar, and between ~1170-1180 m of drill 

depth (Figure 4.11) grain sizes increase from millimeter- to centimeter-scale. At approximately 

1180 m, decimeter-scale areas of very coarse-grained staurolite-dominated schists are present, 

and at 1186 m, aluminosilicate minerals (andalusite and kyanite) occur along with large, well-

formed garnet (Figure 4.11). Here, compositional domains vary on a centimeter-scale and can be 

categorized by the presence or absence of major porphyroblasts of garnet, staurolite, andalusite, 

and kyanite. Plagioclase and quartz are ubiquitous across all assemblage domains (Table 4.2). 
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Figure 4.11. Transect 2: a 50-m section of dacitic to rhyolitic units within an aluminosili-

cate-rich area of the footwall to the 20N ore zone (logged at 1:200). Sample locations are 

shown to the right. Protolith lithologies and boundaries are based on geochemical distinctions 

of Mercier-Langevin et al. (2007b).
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Figure 4.12. Transect 1, Unit 5.1b(d): fine-grained volcaniclastic rhyodacite. Top: representa-

tive core photograph showing staurolite-bearing and staurolite-absent compositional banding. 

A-C: Photomicrographs with schematic representations to the right. Samples collected from

1168-1172 meters of drill depth. (A) Chlorite-biotite band adjacent to chlorite-biotite-stauro-

lite band. (B) Boundary between biotite-plagioclase and staurolite-biotite-plagioclase compo-

sitional banding. Plagioclase is intergrown with and contains inclusions of biotite. (C) Stauro-

lite with inclusion-rich cores and inclusion-poor rims.
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1 mm

Figure 4.13. Automated mineralogy image of rhyodacitic to rhyolitic footwall rocks (Unit 

5.1b(d)), Transect 2 (fine-grained volcaniclastic rhyodacite). Compositional domains are 

delineated by black lines.
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Figure 4.14. Transect 1, Unit 5.1b(d): fine-grained volcaniclastic rhyodacite. Top: representa-

tive core photograph showing garnet-biotite and staurolite-chlorite compositional banding. 

A-C: Photomicrographs (left) with schematic representations (right). Samples collected from

1162-1168 m of drill depth. (A) Garnet-biotite and staurolite-muscovite compositional bands.

(B) Skeletal garnet after biotite within a garnet-biotite compositional band. (C) Porphyroblastic

garnet after staurolite and biotite within a garnet-staurolite-biotite compositional band.
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Figure 4.15. Automated mineralogy image of rhyodacitic to rhyolitic footwall rocks in Unit 

5.1b(d), Transect 2 (fine-grained volcaniclastic rhyodacite). Compositional domains are delin-

eated by black lines.

mu+pl+st

bt+grt+pl

bt+st

+grt+pl

Quartz 58.55

Muscovite/Kaolinite 12.10

Chlorite group 1.72

Biotite/Phlogopite 7.58

Garnet 4.94

Staurolite 10.48

Alkali Feldspar 0.77

Plagioclase 1.75

Apatite 0.30

Rutile/Anatase 0.18

Ilmenite 0.49

Magnetite-Hematite 0.15

Pyrite 0.12

Pyrrhotite 0.18

Calcite 0.58

Mineral Name Area %

1 mm

bt+grt+pl

bt+grt+pl

mu+pl+st

mu+pl+st

46



Figure 4.16. Automated mineralogy image of rhyodacitic to rhyolitic footwall rocks in Unit 

5.1b(d), Transect 2 (coarse-grained volcaniclastic rhyodacite). White lines are cracks in the 

thin section.
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Figure 4.17. Automated mineralogy image of rhyodacitic to rhyolitic footwall rocks in Unit 

5.1b(d), Transect 2 (coarse-grained volcaniclastic rhyodacite). 
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Figure 4.18. Transect 2, Unit 5.1b(d): coarse-grained volcaniclastic rhyodacite. Top: repre-

sentative core photograph showing compositional domains. A-D: Representative photomicro-

graphs. (A) Biotite-plagioclase compositional zone. (B) Biotite has broken down to Fe-Ti 

oxide minerals in a biotite-plagioclase compositional zone. (C) Staurolite and plagioclase 

within a biotite-rich matrix. (D) Sub-idioblastic garnet grain that has partially overgrown 

biotite.
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Figure 4.19. Transect 2, Unit 5.1b(d): coarse-grained volcaniclastic rhyodacite. Top: repre-

sentative core photograph showing assemblage domains. A-F: photomicrographs. (A) Anda-

lusite-bearing assemblage with an intense biotite foliation. (B) Andalusite grain with a 

preserved biotite foliation and through-going rutile/ilmenite. (C) Staurolite grains enclosed 

within andalusite. (D) Intergrown staurolite and andalusite that has been overgrown by 

garnet. Biotite has been partially replaced by staurolite. (E) Rounded plagioclase eyes 

included within andalusite. (F) Twinning within a rounded plagioclase eye. 
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In Transect 2, Unit 5.2b consists of a relatively homogeneous, coherent rhyodacite to 

rhyolite that directly overlies Unit 5.1b(d). Approximately 10 m of Unit 5.2b were logged and 

the 20N ore zone was not intersected (Figure 4.11). The unit is characterized by an intense 

schistosity and the presence of coarse-grained staurolite, andalusite, kyanite, and locally, fine-

grained sillimanite (Figures 4.20-4.22). Assemblage domains have been grouped by the presence 

or absence of major porphyroblast phases. Plagioclase and quartz are ubiquitous in all 

assemblage domains; garnet was not observed (Table 4.2). 

 

 

Table 4.2. Summary of assemblages observed in Transect 2: Units 5.1b(d) and 5.2b. 

Sample 

location 
Protolith 

Assemblage 

domain 
Textures 

Transect 2 

DH 3215-

162A 

1160-1168 m 

Volcaniclastic 

rhyodacite 

(fine-

grained): Unit 

5.1b(d) 

Chlorite-

biotite +/- 

plagioclase 

Lepidoblastic prograde chlorite and 

biotite are intergrown within a fine-

grained quartz matrix (0.13 mm). 

Plagioclase and magnetite-hematite are 

present in certain compositional bands, 

but where plagioclase is present, 

magnetite-hematite is absent. Biotite has 

locally replaced chlorite and opaque 

minerals. 

Muscovite-

biotite-

plagioclase 

Muscovite, biotite, and plagioclase 

situated within a medium-grained quartz 

matrix (0.25 mm). Muscovite and biotite 

are intergrown and define a strongly 

developed foliation. Muscovite is 

coarser grained, idioblastic, and tabular, 

while biotite is finer grained and sub-

idioblastic. Xenoblastic plagioclase 

poikiloblasts are intergrown with biotite.  
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Table 4.2, continued.  

Transect 2 

DH 3215-

162A 

1160-1168 m 

 

 

Volcaniclastic 

rhyodacite 

(fine-grained): 

Unit 5.1b(d) 

 

Muscovite-

biotite-

plagioclase-

garnet 

Two phases of garnet are present: 1) small 

idioblasts that are elongate parallel to 

foliation and morphologically confined to 

the compositional band; 2) porphyroblasts 

(also idioblastic) that may appear as 

pseudomorphs of staurolite. Coarse 

muscovite (0.5-1 mm) and biotite (0.1-0.4 

mm) abut against garnet and define a 

strong foliation. Muscovite is idioblastic, 

but biotite is sub-idioblastic and confined 

to the gaps between matrix quartz grains.  

Muscovite-

plagioclase-

staurolite 

Fine-grained nematoblastic staurolite with 

inclusion-rich cores. Fine-grained 

muscovite abut against staurolite grains in 

an intense, wavy foliation. Foliation-

parallel rutile/ilmenite and tourmaline 

trails are seen through staurolite grains. 

Plagioclase is scarce, skeletal, 

xenoblastic, and has been overgrown by 

staurolite. 

Muscovite-

biotite-

plagioclase-

staurolite 

A strong muscovite and biotite foliation 

wrapped around and going through 

nematoblastic staurolite. Sub- to 

idioblastic staurolite contain inclusion-

rich cores that preserve a pre-existing 

foliation. Staurolite has overgrown 

plagioclase, which is skeletal and 

xenoblastic. Rutile/ilmenite and 

tourmaline foliation trails seen through 

plagioclase and staurolite grains. 

Medium-grained (0.25 mm) matrix 

quartz. 
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Table 4.2, continued. 

Transect 2 

DH 3215-

162A 

1160-1168 m  

Volcaniclastic 

rhyodacite 

(fine-grained): 

Unit 5.1b(d) 

Muscovite-

biotite-

plagioclase-

staurolite-

garnet 

The compositional band contains 

nematoblastic staurolite (0.25 mm) and 

garnet (0.5-1.5 mm) with inclusion-rich 

cores and inclusion-poor rims. Staurolite 

has grown over xenoblastic plagioclase 

that also contain inclusion-rich cores. A 

second phase of inclusion-free garnet has 

grown over staurolite. Intergrowths of 

biotite and muscovite define a penetrative 

foliation. Foliation-parallel rutile/ilmenite 

trails continue through garnet and 

staurolite grains. 

Transect 2 

DH 3215-

162A 

1174-1180 m 

 

Volcaniclastic 

rhyodacite 

(coarse-

grained): Unit 

5.1b(d) 

 

Biotite-

plagioclase 

A strongly developed foliation is defined 

by fine-grained biotite that wraps around 

plagioclase. Xenoblastic,plagioclase 

pokiloblasts (0.1 mm) are intergrown with 

coarse-grained, tabular biotite (0.5-1 mm) 

that contains pleochroic halos. Biotite has 

replaced sulfide minerals, including 

pyrite. Rutile and ilmenite are scarce 

(<1% modal abundance). A fine-grained 

matrix of xenoblastic, strained quartz 

makes up 5-10% of the domain. 

Biotite-

garnet-

staurolite 

+/- 

plagioclase 

Lepidoblastic biotite defines a strong 

foliation that is overgrown by staurolite 

and garnet. Ilmenite/rutile trails goes 

through biotite, staurolite, and plagioclase 

grains. Fine- to medium-grained 

plagioclase is xenoblastic and embayed by 

biotite. Large (1-2 mm) staurolite 

idioblasts contain an even distribution of 

inclusions. Garnet is scarce (<2% modal 

abundance), idioblastic, and inclusion-

poor. Retrograde chlorite has grown over 

biotite and staurolite.  
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Table 4.2, continued.  

Transect 2 

DH 3215-

162A 

1184-1188 m 

 

Volcaniclastic 

rhyodacite 

(coarse-

grained): Unit 

5.1b(d) 

 

Biotite-

staurolite-

andalusite-

plagioclase 

+/- garnet 

Characterized by andalusite (2-4 mm), 

staurolite (0.5-2 mm), plagioclase (<0.1 

mm), and at times garnet (0.1-3 mm) 

porphyroblasts. An intense foliation is 

defined by biotite. Xenoblastic andalusite 

and plagioclase grains preserve a pre-

existing fine-grained biotite foliation as 

inclusion trails, and have been embayed by 

coarser grained biotite. Plagioclase grains 

enclosed by poikiloblastic andalusite have 

inclusion-rich centers and inclusion-poor 

rims. Rutile/ilmenite-dominated trails 

define a foliation through andalusite and 

staurolite grains. Where garnet occurs, it is 

idioblastic and inclusion-poor. Garnet is a 

late phase that has grown over andalusite 

and staurolite. Retrograde chlorite has 

grown over biotite and andalusite. 

Transect 2 

DH 3215-

162A 

1190-1196 m 

 

Coherent 

rhyolite: Unit 

5.2b 

Biotite-

plagioclase-

muscovite 

+ 

retrograde 

muscovite 

Assemblage domain is defined by large (1-

3 mm) plagioclase porphyroblasts with 

inclusion-rich cores and inclusion-free 

rims. A strongly developed foliation is 

defined by trails of ilmenite/rutile and 

titanite intergrown with biotite (abundant) 

and muscovite (scarce). Plagioclase is 

partially and completely replaced by fine-

grained muscovite. 

Coherent 

rhyolite: Unit 

5.2b 

Biotite-

plagioclase-

staurolite-

kyanite + 

retrograde 

chlorite 

Assemblage domain is defined by coarse 

grain sizes and foliation-parallel trails of 

ilmenite/rutile, tourmaline, and titanite. 

Porphyroblastic, xenomorphic staurolite 

and kyanite are intergrown, and both have 

overgrown biotite. Biotite and staurolite 

have been embayed by chlorite. Modal 

abundance of quartz varies in this domain. 

Where quartz is abundant, porphyroblasts 

are smaller and xenoblastic. 
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Table 4.2, continued.  

Transect 2 

DH 3215-

162A 

1196-2000 m 

 

Coherent 

rhyolite: Unit 

5.2b 

Biotite-

plagioclase-

staurolite-

kyanite-

andalusite-

sillimanite 

+ 

retrograde 

chlorite 

Strongly foliated schist containing 

andalusite, kyanite, and sillimanite. Fine-

grained biotite has been partially replaced 

by fibrous sillimanite. Staurolite has 

overgrown xenomorphic andalusite and is 

intergrown with sub-idioblastic kyanite. 

Kyanite has overgrown biotite. Retrograde 

chlorite has embayed kyanite. Annealed 

quartz matrix makes up ~65% of domain. 

Muscovite-

biotite-

plagioclase-

kyanite-

sillimanite 

+ 

retrograde 

muscovite 

Strongly developed foliation defined by 

biotite and muscovite, which wraps around 

and goes through sector-twinned 

plagioclase and large, idioblastic kyanite. 

Kyanite has grown over plagioclase and 

biotite, and sillimanite occurs at the 

expense of biotite and kyanite. Plagioclase 

and kyanite grain boundaries display 

reaction textures. Fine-grained retrograde 

muscovite has partially and completely 

replaced plagioclase porphyroblasts.  

 

 

 

4.2 Bulk geochemistry 

At LaRonde-Penna, high alteration intensities (Mercier-Langevin et al., 2007b) can result 

in an apparent shift in protolith toward more mafic compositions (Figure 4.23), due to leaching 

of silica during alteration (e.g., Gifkins et al., 2005). However, trace element ratios (e.g., Zr/Ti), 

which are less easily modified during alteration, may preserve original volcanic protolith values, 

and allow correlation between samples from the same petrogenetic source (e.g., lava flow or 

volcanic center) and discrimination between multiple units within an altered volcanic succession 

(Figures 4.24; 4.25).  

Multi-elemental whole-rock geochemical data were collected from a subset of 9 samples 

from Transect 1 (drill-hole 3146-05) and 11 samples from Transect 2 (drill-hole 3215-162A). 

Samples for bulk geochemical analysis were selected with the aim of attaining a dataset 
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Figure 4.20. Transect 2, Unit 5.2b: coherent rhyolite. Top: representative core photograph 

showing assemblage domains. A-D: photomicrographs. A) Biotite-muscovite-plagioclase 

assemblage domain. Retrograde muscovite has partially replaced plagioclase grains. A 

biotite and muscovite foliation wrapping around plagioclase. (B) Intergrown kyanite and 

staurolite after biotite. (C) Rutile-ilmenite inclusion trails through staurolite; staurolite after 

biotite. (D) Sillimanite after biotite in a quartz-rich, sillimanite- and andalusite-bearing 

domain.
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Figure 4.21. Transect 2, Unit 5.2b: coherent rhyolite. Top: representative core photographs 

showing different assemblage domains. A-D: photomicrographs. (A) Fibrous sillimanite after 

biotite. (B) Fine-grained prismatic sillimanite after kyanite and biotite within the same assem-

blage domain as (A). (C) Rutile/ilmenite foliation wrapping around plagioclase and kyanite 

porphyroblasts. (D) Biotite+muscovite foliation wrapping around kyanite in a staurolite- and 

andalusite-absent assemblage. Plagioclase has been embayed by biotite in (C) and (D).
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1 mm

Quartz 47.38

Muscovite/Kaolinite 17.24

Chlorite group 0.13

Biotite/Phlogopite 18.92

Kyanite/Sillimanite 6.38

Alkali Feldspar 0.88

Plagioclase 7.86

Apatite 0.23

Rutile/Anatase 0.37

Pyrite 0.05

Pyrrhotite 0.03

Calcite 0.47

Mineral Name Area %

Figure 4.22. Automated mineralogy image of rhyolitic footwall rocks in Unit 5.2b, Transect 2 

(coherent rhyolite). Kyanite, sillimanite, and plagioclase porphyroblasts situated within a 

musvcovite- and biotite-defined foliation. In quartz-rich domains, porphyroblasts are finer 

grained and inclusion-rich.

1 mm
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Unit 4.4: Basalt and andesite

Unit 5.1b(d) dacite/rhyodacite - volcaniclastic rhyodacite

Unit 5.2b: rhyodacite/rhyolite - coherent rhyolite
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0 0.01 0.10 1.00

Zr/(TiO2 · 0.0001)

Figure 4.23. Major and trace element plots of the composition of samples collected from units 

within the 20N ore zone footwall (both Transects 1 and 2). Transect 1 samples are shown as 

squares; Transect 2 samples are circles. The alteration intensity of these samples is high, 

leading to lower Si-contents than suggested by trace element compositions, and to the samples 

plotting in more mafic fields. (A) Total Alkali Silica (TAS) diagram showing classification of 

protolith compositions (after Le Maitre et al., 2002). (B) Discrimination diagram using 

incompati-ble element ratios showing classification of protolith compositions, after 

Winchester and Floyd (1977).
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representative of protolith units as well as recording the progressive alteration that has affected 

the rhyolitic footwall. Samples also cover key transitions between textures and assemblage 

groups. Compositions are compared with previously published results (e.g., Mercier-Langevin et 

al., 2007b). Representative analyses are summarized in Tables 4.3 and 4.4, and complete 

analyses are presented in Appendix A.  

 

4.2.1 Protolith definition and petrogenetic origins 

To confirm primary volcanic protolith compositions and illustrate the effects of pre-

metamorphic hydrothermal alteration within the 20N footwall, the major and trace element 

compositions of footwall units have been plotted in Figure 4.23.  

Samples of Unit 4.4 (green in Figure 4.23) are clearly distinct from samples from Units 

5.1b(d) and 5.2b, and correlate with basalt and andesite compositions interpreted in previous 

studies. These samples are interpreted here to be minimally altered, and will not be discussed 

further.  

Samples of Unit 5.1b(d) from both transects (gray in Figure 4.23) overlap in composition, 

and predominantly fall within the andesite and dacite-rhyodacite compositional fields 

(classifications after Winchester and Floyd, 1977, and Le Maitre et al., 2002). The silica contents 

are lower compared to typical dacitic rocks (e.g., dacite-rhyodacite fields on the TAS diagram, 

Le Maitre et al., 2002). The drop in Si correlates with decreased Ca, and increased K and Mn, 

and therefore may be a product of silica leaching during alteration. In Transect 1, concentrations 

of TiO2 are relatively uniform throughout the logged unit (~0.60 to 0.75 wt%; Table 4.3), 

although some variation does occur in Zr/Ti ratios (Appendix A). In contrast, samples from 

Transect 2 generally display marked differences in Zr/Ti ratios over drillhole depth (Figure 

4.25), which is consistent with earlier interpretations of a primary volcaniclastic protolith.  
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Figure 4.24. Plots showing geochemical variations within Unit 5.2b in Transect 1 (protolith: 

rhyodacite to rhyolite). (A) Zr/Ti over depth. (B) Alteration intensity box plot (after Large et 

al., 2001) showing least- and most- altered samples, as well as “least-altered” and “average 

rhyolite” samples from Mercier-Langevin et al. (2007b). Samples used for phase equilibria 

modeling are labeled.
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Figure 4.25. Plots showing geochemical variations within Units 5.1b(d) (volcaniclastic 

rhyodacite) and 5.2b (coherent rhyolite) in Transect 2. (A) Zr/Ti over depth. (B) Alteration 

intensity box plot (after Large et al., 2001) showing least- and- most altered samples, as well 

as “least-altered” and “average rhyolite” samples from Mercier-Langevin et al. (2007b). 

Samples used for phase equilibria modeling are labeled.
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Table 4.3. Selected whole rock geochemical analyses of samples from Transect 1.             

 

                               Unit 5.1b(d)                                     Unit 5.2b                              

wt % LAR-13-008 LAR-13-013 LAR-13-014  LAR-13-016 LAR-13-021 LAR-13-022 

SiO2 69.23 68.26 69.07  71.32 69.77 70.36 

TiO2 0.61 0.75 0.62  0.64 0.67 0.66 

Al2O3 14.68 14.15 12.53  12.99 13.01 13.25 

Fe2O3 6.77 6.47 5.87  5.27 8.44 6.95 

FeO - - -  - - - 

MnO 0.60 0.22 0.38  0.24 0.52 0.69 

MgO 1.46 1.43 1.19  1.27 1.56 1.27 

CaO 2.42 3.11 4.57  3.97 2.67 2.86 

Na2O 1.47 3.56 1.76  2.30 0.86 1.22 

K2O 1.32 0.93 1.66  1.33 1.60 1.42 

P2O5 0.16 0.17 0.12  0.14 0.14 0.13 

LOI 1.95 1.62 3.17  1.20 1.76 1.70 

Total 100.70 100.70 100.90  100.70 101.00 100.50 

XMn
1 0.07 0.03 0.05  0.04 0.05 0.08 

XMg
2 0.17 0.18 0.16  0.19 0.15 0.14 

XFe
3 0.77 0.80 0.79  0.78 0.80 0.78 

ppm        

Ba 402.00 247.00 299.00  352.00 486.00 401.00 

Sr 98.00 184.00 128.00  155.00 123.00 164.00 

Y 37.00 37.00 31.00  34.00 33.00 36.00 

Sc 18.00 19.00 16.00  18.00 17.00 18.00 

Zr 140.00 174.00 176.00  168.00 172.00 164.00 

V 49.00 21.00 19.00  18.00 17.00 18.00 

Ag 0.60 < 0.5 < 0.5  < 0.5 < 0.5 < 0.5 

Cd 1.60 < 0.5 < 0.5  < 0.5 < 0.5 < 0.5 

Cu 48.00 13.00 5.00  5.00 3.00 2.00 

Ni 4.00 2.00 3.00  2.00 2.00 4.00 

Pb 85.00 < 5 29.00  11.00 < 5 < 5 

Zn 505.00 84.00 469.00  201.00 271.00 252.00 

S 0.15 0.07 0.05  0.23 0.04 0.02 
 

1XMn = Mn/Fe+Mg+Mn 

2XMg = Mg/Fe+Mg+Mn 

3XFe = Fe/Fe+Mg+Mn 
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Samples of Unit 5.2b from both transects also overlap in composition, have SiO2 contents 

of 70-77 wt%, and predominantly fall within the dacite-rhyodacite compositional fields 

(classifications after Winchester and Floyd, and Le Maitre et al., 2002; Figure 4.23). Unit 5.2b 

has been previously interpreted as rhyolite, with lower silica contents inferred to have resulted 

from silica leaching during hydrothermal alteration (e.g., Mercier-Langevin et al., 2007b). Zr/Ti 

ratios are relatively similar across all samples (~0.015 to 0.03; Figures 4.24; 4.25), suggesting 

they are likely derived from a similar petrogenetic source, and allowing for comparison of 

variations in major and minor elements to be made between samples of the same unit (Figure 

4.26). 

 

4.2.2 Relationships between measured bulk composition and mineral assemblage 

Of importance to the current study are whole rock trends in major and minor elements 

within the footwall dacite-rhyodacite and rhyolitic rocks that may strongly influence 

metamorphic mineral assemblage development. Broadly, results indicate that bulk MnO content 

can vary across Units 5.1b(d) and 5.2b with proximity to the main (20N) ore zone. In contrast, 

FeO, MgO and CaO do not vary systematically with proximity to ore, but show overall 

enrichment (Fe-Mg) and depletion (Ca) in domains with increased garnet abundance (Tables 4.3; 

4.4; Figure 4.26).  

Despite overall trends showing increased Mn with proximity to ore, this is not systematic 

in all units or transects. For example, in Unit 5.1b(d) (Transect 1), while Mn concentrations 

progressively increase upwards in the stratigraphic section, samples with elevated garnet 

abundances close to the Zone 7 ore lens have elevated Mn that is off the general trend (e.g., 

LAR-13-008, ~0.60 wt%; Table 4.3). Within Unit 5.2b in Transect 1, there is a clear increase in 

MnO with proximity to the 20N ore lens that correlates directly to garnet abundance (Figure 

4.10; Table 4.3).  
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Table 4.4. Selected whole rock geochemical analyses of samples from Transect 2.             

 

                               Unit 5.1b(d)                                     Unit 5.2b                              

wt % 

LAR-13- 

037A 

LAR-13-

037B 

LAR-13-

040A 

LAR-13-

040B  

    LAR-13- 

048 

  LAR-13- 

074 

  LAR-13- 

053 

LAR-

13-070 

SiO2 81.99 59.75 71.40 62.43  79.47 72.88 74.84 70.73 

TiO2 0.33 0.04   0.33  0.99  0.64 0.45 0.58 0.52 

Al2O3 6.60 26.64  7.71 23.16  14.03 12.77 12.32 15.92 

Fe2O3 - - 12.08  6.43  0.72 4.18 2.41 3.23 

FeO 6.18 5.69  8.45 4.50  - - - - 

MnO 0.42 0.09 0.10 0.22  0.01 0.45 0.03 0.07 

MgO 1.21 2.10 4.64 0.88  0.33 0.47 2.78 1.13 

CaO 1.01 0.45 0.95 3.67  0.40 3.49 0.80 2.94 

Na2O 0.06 0.12 0.07 0.25  0.37 2.34 0.34 1.37 

K2O 1.54 3.01 0.22 0.09  2.89 1.74 2.83 2.24 

P2O5 - - 0.08 0.23  0.09 0.13 0.08 0.04 

LOI - - 3.17 1.00  1.97 1.25 1.40 2.51 

Total 99.34 97.48 100.70 99.34  100.90 100.20 98.41 100.70 

XMn 0.05 0.01 0.01 0.03  0.01 0.09 0.01 0.02 

XMg 0.15 0.27 0.28 0.12  0.31 0.09 0.53 0.26 

XFe 0.79 0.72 0.72 0.85  0.68 0.82 0.46 0.73 

ppm          

Ba 294.00 365.00 96.00 32.00  846.00 487.00 717.00 667.00 

Sr 17.00 25.00 11.00 32.00  40.00 107.00 41.00 216.00 

Y 30.00 31.00 35.00 48.00  11.00 25.00 17.00 24.00 

Sc 63.00 16.00 17.00 12.00  11.00 12.00 13.00 15.00 

Zr 133.00 239.00 94.00 275.00  236.00 146.00 154.00 204.00 

V 43.00 31.00 48.00 29.00  23.00 56.00 45.00 78.00 

Ag 0.50 0.70 < 0.5 0.90  < 0.5 < 0.5 < 0.5 0.50 

Cd < 0.5 < 0.5 < 0.5 < 0.5  < 0.5 < 0.5 < 0.5 1.10 

Cu 243.00 67.00 43.00 2.00  < 1 28.00 57.00 22.00 

Ni 40.00 22.00 22.00 29.00  2.00 5.00 10.00 8.00 

Pb 9.00 11.00 < 5 < 5  10.00 5.00 9.00 155.00 

Zn 115.00 376.00 18.00 218.00  22.00 276.00 72.00 

1180.0

0 

S 0.52 0.12 0.32 0.02  0.01 0.03 0.14 1.23 

   
 

    
 

   

XMn = Mn/Fe+Mg+Mn 

XMg = Mg/Fe+Mg+Mn 

XFe = Fe/Fe+Mg+Mn 
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LAR-13-037

LAR-13-048

LAR-13-016

LAR-13-048

Figure 4.26. Harker diagrams of major elements for rocks sampled from Unit 5.2b in Transect 

1, Unit 5.1b(d) in Transect 2, and Unit 5.2b in Transect 2, as well as a least-altered sample 

from Unit 5.2b in Transect 2. Elements plotted were chosen to reflect those inferred to control 

the appearance of key metamorphic minerals, such as garnet (Fe, Mn). Samples utilized for 

P-T estimation and phase equilibria modeling are labeled.
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 Transect 2, which does not intersect ore lenses, preserves highly heterogeneous mineral 

assemblage domains, which makes the bulk rock geochemistry more difficult to systematically 

characterize. Broad trends are not apparent with increasing stratigraphic level (and inferred 

proximity to ore). However, some differences can be seen within the compositional domains 

(Table 4.4). In volcaniclastic versions of Unit 5.1b(d) in Transect 2, millimeter-scale assemblage 

bands vary in major and minor element composition. For example, where garnet- and staurolite-

bearing bands alternate (LAR-13-037), garnet- and biotite-bearing bands contain elevated MnO 

(0.42 wt%) and CaO (1.01 wt%) compared to staurolite-bearing bands (MnO = 0.09 wt%; CaO 

= 0.45 wt%) (Table 4.4). Garnet-bearing bands are also depleted in MgO (1.21 wt% vs. 2.10 wt

%), K2O (1.54 wt% vs. 3.01 wt%), and Al2O3 (6.60 wt% vs. 26.24 wt%) relative to staurolite-

bearing bands (Table 4.4). Iron content, by comparison, shows minor variations that correlate 

with major differences in mineral assemblages between the alternating garnet- and staurolite- 

domains in LAR-13-037 (FeO = 6.18 wt% in garnet-bearing; FeO = 5.69 wt% in staurolite-

bearing) (Table 4.4). 

Within the finer grained assemblages in Unit 5.1b(d) of Transect 2, Zn content is much 

higher in staurolite-bearing domains than in staurolite-absent domains (e.g., LAR-13-040: Zn = 

218 ppm vs. 18 ppm) (Table 4.4). Staurolite-bearing domains also contain elevated Al2O3 (23.16 

wt%), MnO (0.22 wt%), and CaO (3.67 wt%) compared to staurolite absent-domains, which are 

depleted in these major elements (7.71 wt%; 0.19 wt%; 0.95 wt%, respectively) (Table 4.4). 

Staurolite-absent domains are elevated in MgO content, with domains defined by chlorite-biotite 

assemblages (e.g. 040A) and bulk compositions containing 4.64 wt% MgO, and domains 

defined by staurolite-muscovite+/-chlorite assemblages and bulk compositions 0.88 wt% MgO 

(Table 4.4). Finally, FeO content varies significantly with assemblage mineral type when garnet 

is not present – staurolite-bearing domains contain 8.45 wt% FeO, while staurolite-absent bands 

contain 4.50 wt% FeO (Table 4.4).  

Although aluminosilicate minerals only appear in higher stratigraphic levels of the 

footwall, aluminum contents do not trend systematically with proximity to the main (20N) ore 

zone (Table 4.4). Additionally, aluminum contents are not systematically higher for samples 

collected from the aluminosilicate-bearing footwall in comparison to those collected from the 
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garnet-bearing footwall (Tables 4.3 and 4.4; Appendix A). Total Al2O3 contents for rhyolitic 

samples from Transect 1 range from 12.53 – 14.05 wt%, and total Al2O3 contents for rhyolitic 

samples from Transect 2 range from 12.32 – 15.92 wt% (Appendix A). These compositions 

correlate with data collected in previous studies (e.g., Dubé et al., 2007), where similar Al2O3 

compositions are recorded for samples collected from garnet-bearing, aluminosilicate-absent 

assemblages (~12.99 wt%, average of 44 samples) and those from kyanite- and andalusite-

bearing, garnet-absent assemblages (9.72-12.21 wt%, averages of 86 samples). The implications 

of this for the inferred stabilization of aluminosilicate minerals within the different transects will 

be discussed in Chapters 5 and 6. 

 

4.2.3 Relationships between alteration intensity and mineral assemblage 

Alteration intensity in rhyodacitic-rhyolitic units of the 20N footwall does not 

systematically increase with proximity to ore lenses; zones of more intensely altered rocks also 

occur scattered throughout the footwall. However, the overall abundance of highly altered zones 

increases closer to ore, which can serve as an overall proxy for determining whether an ore zone 

is in the vicinity.  

A comparative analysis of the level of pre-metamorphic hydrothermal alteration 

experienced by the 20N footwall units in each transect was made using alteration intensity box 

plots (Figures 4.24b; 4.25b). The alteration intensity of samples can be assessed using the 

combined Ishikawa alteration index (AI) and chlorite-carbonate-pyrite index (CCPI) box plot 

(after Large et al., 2001). Samples that plot in the lower half of the alteration box plot, 

corresponding to lower K2O, FeO and MgO (relative to Na2O and CaO), are considered weakly 

altered samples. Increased concentrations of MgO, FeO and K2O (relative to depletions in Na2O 

and CaO) are interpreted to represent increased intensity of alteration. Therefore, samples 

plotting to the right side or upper parts of the plot are considered to have experienced higher 

alteration intensities. To assess alteration intensities, care was taken to only compare samples 

considered to come from the same flow units (petrogenetically related and therefore the same 

volcanic protolith composition), which was established using Zr/Ti ratios.  
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4.2.3.1 Transect 1: Unit 5.2b 

For Transect 1, samples taken from Unit 5.2b preserve a weak trend when comparing 

compositions for samples distal to the 20N ore lens (50-100 m below ore) with those more 

proximal (within 50 m; Figure 4.24b). However, a stronger trend is apparent when comparing 

compositions with average unaltered rhyolite compositions reported by Mercier-Langevin et al. 

(2007b) (green squares in Figure 4.24b), demonstrating that samples collected along Transect 1 

in this study are enriched in FeO, MgO and K2O, and depleted in Na2O and CaO.  

These compositional and inferred alteration intensity trends are reflected in the 

mineralogy of the garnet footwall rocks. In general, rocks that are more enriched in FeO, MgO 

and MnO, and therefore interpreted to have higher intensities of alteration (e.g., LAR-13-022), 

have higher garnet abundances. The broad trend in increasing FeO, MgO and MnO with 

proximity to ore lenses (Figure 4.10) is also reflected in an increase in garnet porphyroblast size. 

However, despite the compositional changes, no other mineralogical changes are apparent. This 

will be further explored with use of phase diagrams in Chapter 5. 

 

4.2.3.2 Transect 2: Units 5.1b(d) and 5.2b 

For Transect 2, all samples are moderately to intensely altered compared to average 

unaltered rhyolite (Figure 4.25b). For Unit 5.1b(d), samples plot mostly in the upper left corner 

of the AI / CCPI box plot, suggesting they are moderately to intensely altered. In comparison, 

while samples from Unit 5.2b show relative depletion in CaO, and enrichment in FeO and MgO, 

some (LAR-13-048, moderately altered) lack the enrichment in K2O seen in Transect 1. More 

intensely altered samples (e.g., LAR-13-053) show depletion in CaO and Na2O, but along with 

enrichment in FeO and MgO show enrichment in K2O. 

To allow more systematic correlation of alteration intensity within the mineralogically 

heterogeneous Transect 2, samples can be compared from specific assemblage domains. Two 

samples collected from a domain previously logged as fine-grained volcaniclastic rhyodacite 

within Unit 5.1b(d) were compared (LAR-13-037 and LAR-13-040; compositions can be 

compared in Figures 4.25, 4.26). Sample LAR-13-037 is shown as having a slightly higher 
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alteration intensity compared to LAR-13-040 (Figure 4.25). While both assemblages are 

staurolite-bearing, LAR-13-040 is garnet-absent and chlorite-rich (correlating with a higher 

concentration of Ca; Figures 4.13; 4.27), in comparison to LAR-13-037, which is locally garnet-

bearing and biotite- and muscovite-rich, correlating with elevated concentrations of Fe, Mn, and 

K (Figures 4.15; 4.27). 

For Unit 5.2b, alteration intensity is well recorded by the mineralogy of coherent rhyolite 

samples LAR-13-048 (weakly altered) and LAR-13-053 (intensely altered) (Figure 4.25). 

Sample #048 contains the mineral assemblage of plagioclase, quartz, and chlorite stringers, 

which correlates with low Fe, Mg, Na and Ca, and is balanced by the highest amount of silica of 

all rhyolitic samples (Table 4.4). In comparison, sample #053 has elevated Fe and Mg, which 

correlates with the preservation of a staurolite-bearing assemblage.  

 

4.3 Petrography and mineral chemistry of Transect 1  

Samples representative of each unit, along with samples that contained key mineral 

assemblages and textures, were taken within Transect 1 (Figure 4.1). Petrographic observations 

and corresponding mineral chemistry analyses are summarized below. 

 

4.3.1 Unit 4.4: basalt and andesite 

Representative samples from Unit 4.4 were collected at a drill depth of ~100 m (Figure 

4.1). Variations in plagioclase content observed in drill core are also easily visible in thin section 

(Figure 4.2). Plagioclase-poor areas are defined by coarse-grained mats of nematoblastic 

amphibole and epidote that have overgrown biotite, which may occur as inclusions in or partially 

rimmed by amphibole (Figure 4.2a). Quartz in the matrix varies in abundance from 30-50% 

(Figures 4.2; 4.2). Where quartz is scarce, amphibole and epidote porphyroblasts are idioblastic 

and contain small, aligned inclusions of biotite and accessory minerals (Figure 4.2b). In areas 

with more abundant quartz, amphibole and epidote porphyroblasts are skeletal and contain 

numerous inclusions (Figure 4.2b). Plagioclase-rich areas are marked by a lack of large 
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Figure 4.27. Ternary diagrams showing the composition of garnet grains analyzed in both 

Units 5.1b(d) and 5.2b within the rhyolitic footwall to the 20N ore zone. Left: Mn-Fe-Mg. 

Right: Ca-Fe-Mg. Cores in yellow and rims in blue.
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amphibole grains (Figures 4.2c; 4.3). Instead, fine-grained biotite defines the foliation, and relict 

intergrowths of amphibole and epidote have been replaced by chlorite and biotite (Figure 4.2c). 

 

4.3.2 Unit 5.1b(d): footwall dacite-rhyodacite 

Samples taken in this unit were targeted to record assemblage transitions, as well as the 

changes to garnet size and texture with proximity to ore zones. Samples are characterized by 

mineral assemblages including chlorite, biotite, and plagioclase, with or without garnet, within a 

fine- to medium-grained quartz-bearing matrix, with tourmaline and titanite as the main 

accessory minerals (Table 4.1). Pyrite and rutile-ilmenite make up the majority of opaque 

minerals (Figure 4.5). Samples commonly preserve a centimeter-scale patchy banding defined by 

variations in plagioclase, and where present, garnet content (Figures 4.4; 4.5).  

In plagioclase-poor bands, garnet grains range from 0.1-0.8 mm in size and are low in 

modal abundance (~3%). In zones containing abundant plagioclase, garnet grains may increase 

in abundance from 5% to 20% (Figure 4.5). In fine-grained domains, garnet forms overgrowths 

on muscovite and chlorite, and biotite has partially to completely replaced chlorite (Figure 4.4a). 

Biotite and chlorite grains define the foliation, which is cross-cut by muscovite tabs (Figure 

4.4a). Sub-idioblastic and equant garnet grains (0.1-0.3 cm) are aligned in trails parallel to 

foliation and contain prominent inclusion zoning. Garnet cores contain abundant fine-grained 

inclusions that form trails parallel to the matrix foliation, while garnet rims are inclusion-free 

(Figures 4.4a; 4.4b). Within coarse-grained domains, skeletal garnet grains (0.2-0.5 cm) are 

elongated along foliation, and have highly inclusion-rich, irregularly shaped cores with 

inclusion-poor, idioblastic rims (Figure 4.4b). Garnet grains have overgrown coarse mats of 

biotite that has partially to completely replaced chlorite (Figure 4.4b). Muscovite is coarse-

grained, tabular, and overgrown by chlorite and biotite (Figure 4.4b). Plagioclase porphyroblasts 

are coarser grained and may form incipient overgrowths on chlorite and biotite within the 

foliation (Figure 4.4c). 
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4.3.3 Unit 5.2b: footwall rhyodacite-rhyolite 

Samples from Unit 5.2b (Transect 1) were collected within garnet-bearing intervals and 

at the textural transitions of increasing grain size and abundance. Samples collected between 

270-320 m, where garnet is lower in abundance, are distinguished from samples collected 

between 330-380 m, where garnet abundance, size, and elongation increases with proximity to 

the 20N Au ore lens (Figure 4.1).  

Garnet-poor domains are characterized by low plagioclase content. Quartz is abundant, 

particularly near small, rare garnet porphyroblasts (Figure 4.6a). With increasing proximity to 

the 20N ore lens, and an inferred increase in alteration intensity, garnet grains are more abundant 

and contain inclusion-rich cores (Figure 4.6b/c). With further increasing alteration intensity, 

garnet grains become more skeletal, forming around matrix minerals such as quartz (Figure 

4.6c). In these domains, garnet grains are more elongate and parallel to the foliation (Figure 

4.6c). Highly skeletal garnets with irregularly shaped cores and idioblastic, inclusion-free rims 

are most prevalent in the 60 meters directly below the 20N Au lens (Figure 4.7a). Inclusions 

(~0.05 mm) within garnet are parallel to the matrix foliation and consist of biotite, apatite, rutile, 

ilmenite, and quartz.  

Garnet-rich domains coincide with increased modal abundances of muscovite, chlorite, 

biotite, and plagioclase, and a corresponding decrease in quartz (Figure 4.8). Muscovite and 

chlorite occur in 1-3-mm-wide foliation-parallel mats (Figure 4.8). Biotite is fine-grained and has 

partially to completely replaced chlorite, and garnet has overgrown chlorite and biotite (Figure 

4.7b). Poikiloblastic plagioclase is commonly intergrown with skeletal garnet (Figure 4.9). 

Accessory minerals include calcite, magnetite, rutile, apatite, ilmenite, pyrite, and pyrrhotite 

(Figure 4.8), with late, secondary calcite veins cutting the higher temperature metamorphic 

foliation (Figure 4.9).  

 

4.3.4 Mineral chemistry of garnet footwall lithologies 

Electron micoprobe analyses were collected from 6 samples from the garnet footwall. 

Representative analyses for minerals from samples of Transect 1 are summarized in Table 4.5 
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and shown on Figure 4.28. Tables containing all EMP analyses collected are presented in 

Appendix B. 

 

Table 4.5. Representative electron microprobe analyses from Transect 1.  

 

 

 

The mineral compositions of muscovite, chlorite, biotite, amphibole and epidote were 

analyzed within one sample from Unit 4.4. Muscovite is iron-rich (Fe = 0.28-0.32 a.p.f.u; 

average Fe = 0.30 a.p.f.u). Chlorite is also iron-rich (average Fe = 4.89 a.p.f.u) and relatively low 

in magnesium (average Mg = 3.63 a.p.f.u). Amphibole falls compositionally onto the 

tschermakite-pargasite solid solution series, and has an average XMg of 0.37 and low alkali 

content (average Na = 0.27 and K = 0.07 a.p.f.u). Biotite is dominantly a mix of the annite-

phlogopite-eastonite end-members (average Mg = 2.11 a.p.f.u; average Fe = 2.84 a.p.f.u). 
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Table 4.5, continued.  

 
1XMg = Mg/Fe+Mg+Mn 
2XAn = Ca/Ca+Na+K 
3XAlm = Fe/Fe+Mg+Mn+Ca 
4XPyr = Mg/Fe+Mg+Mn+Ca 
5XSps = Mn/Fe+Mg+Mn+Ca 
6XGrs = Ca/Fe+Mg+Mn+Ca 

 

Compositional analyses were made in chlorite, biotite, and garnet in two samples from 

unit 5.1b(d). Chlorite is dominantly ripidolite, with some slightly more aluminous analyses 

classified as pycnochlorite (classification after Deer et al., 2013). Chlorite is only weakly zoned 

with respect to Fe and Mg (average Fe and Mg contents of 3.23 and 5.49 a.p.f.u, respectively). 

Biotite falls compositionally between the annite- eastonite end-members, and is weakly zoned in 

Fe-Mg (Fe = 3.13-3.36 a.p.f.u and Mg = 1.30-1.35 a.p.f.u).  
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Figure 4.28. Chemical classification diagrams for prograde chlorite and biotite from Units 

5.1b(d) and 5.2b in Transects 1 and 2, after Deer et al. (2013).
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Garnet in Unit 5.1b(d) is typically zoned with respect to major element compositions, and 

is characterized by Mn-rich cores (average XSps = 0.55), and Fe- and Mg-rich (average XAlm = 

0.42) and Ca-depleted rims (Table 4.5, Figure 4.29). Compositional zoning spatially matches the 

transition from inclusion-rich garnet interiors to inclusion-poor rims. Zoning is gradual for Mn 

and Mg, but Fe-rich and Ca-poor rims on garnet grains are typically thin (~40 microns) and have 

abrupt boundaries with internal domains (Figure 4.29). Additionally, these garnet grains typically 

have coherent zoning patterns that display a single, central core of Mn-enrichment (Figure 4.29). 

Compositional analyses were made in muscovite, chlorite, biotite, plagioclase, and garnet 

from two areas within Unit 5.2b in Transect 1. The first is from a sample taken ~100 meters 

below the 20N ore zone, and the second from ~10 meters below the 20N ore zone. Chlorite is 

dominantly ripidolite in composition, with a higher average Fe(T) cation count than chlorite from 

Unit 5.1b(d) (classification after Deer et al., 2013; Figure 4.28). Biotite from Unit 5.2b is 

dominantly annite, with a lower XMg but comparable Al content to biotite from Units 4.4 and 

5.1b(d) (Table 4.5). Biotite from Unit 5.2b samples contain the highest Ti compared with all 

other rhyolitic footwall units analyzed, and is highest in the ore-proximal sample (average Ti  = 

0.28 a.f.p.u). The ore-proximal sample also contains the lowest average XMg (average XMg = 

0.17; (Figure 4.28). 

Garnet in both distal and proximal samples displays a broad and gradual bell-shaped 

zoning profile in major elements, characterized by Mn-enriched cores and Fe-enriched and Mn-

depleted rims (Table 4.5). Garnet grains from rocks distal to the 20N ore zone are typically 

weakly to moderately zoned (average core XSps = 0.30; XAlm = 0.59; average rim XSps = 0.29; 

XAlm = 0.63) (Figure 4.30). In contrast, garnet from the ore-proximal sample is more skeletal and 

typically contain multiple domains of Mn-enrichment (Figure 4.31). These garnet grains are 

more strongly zoned, containing average core compositions of XSps = 0.26 and XAlm = 0.56, and 

average rim compositions of XSps = 0.16 and XAlm = 0.67. In Unit 5.2b of Transect 1, 

compositional zoning spatially matches the transition from inclusion-rich, poikiloblastic garnet 

interiors to inclusion-poor sub-idioblastic to idioblastic rims. Spatially within Unit 5.2b of 

Transect 1, garnet grains become more Mn- and Fe-rich (dominantly cores), and more Ca-poor 

(cores and rims) with proximity to the 20N ore lens (Figures 4.32a/b). 
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Figure 4.29. Compositional zoning in garnet grains from Unit 5.1b(d) in Transect 1. Upper plot 

shows a traverse across the grain. Bottom images are compositional maps of the same garnet 

(Fe, Mg, Mn, Ca). Garnet displays gradual prograde zoning (Mn- and Ca- rich cores, and Fe- 

and Mg-rich rims).
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Figure 4.30. Compositional zoning in garnet grains from Unit 5.2b in Transect 1, collected 

from lower in the stratigraphic sequence (270-320 m drill depth). Upper plot shows a traverse 

across the grain. Bottom images are compositional maps of the same garnet (Fe, Mg, Mn, Ca). 

Garnet displays weak and gradual prograde zoning (Mn- and Ca- rich cores, and Fe- and 

Mg-rich rims).
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drill depth). Upper plot shows a traverse across the grain. Bottom images are compositional 

maps of the same garnet (Fe, Mg, Mn, Ca). Garnet displays prominent prograde zoning (Mn- 

and Ca- rich cores, and Fe- and Mg-rich rims).
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Plagioclase from Unit 5.2b in both the distal and proximal 20N footwall are zoned, with 

similar core (average XAn = 0.70) and rim (average XAn = 0.54) compositions. Core compositions 

become more calcium-rich with proximity to the 20N ore zone, from XAn = 0.67 at the base of 

the unit to XAn = 0.75 within 10 m of the 20N ore zone (Table 4.2). Texturally, plagioclase 

adjacent to calcite veins is commonly closer in composition to end-member albite (XAn = 0.0-0.1) 

(Figure 4.9). 

 

4.4 Petrography and mineral chemistry of Transect 2 

Samples representative of each unit, along with samples that contain key mineral 

assemblages and textures, were taken from within Transect 2 along drill hole 3216-162A (Figure 

4.11). Samples specifically targeted the fine-scale heterogeneity preserved in the fine-grained 

banded rocks, as well as transitions into coarse-grained rocks more proximal to the 20N ore lens. 

 

4.4.1 Unit 5.1b(d): footwall volcaniclastic rhyodacite 

Unit 5.1b(d) is characterized by two dominant textural-assemblage domains: fine-grained 

domains characterized by millimeter- to centimeter-scale alternating bands that are parallel to a 

strongly developed planar foliation, and coarse-grained domains characterized by centimeter- to 

decimeter-scale assemblage domains containing a well-developed schistosity. 

Within fine-grained domains, garnet- and staurolite-absent compositional bands are 

characterized by lepidoblastic biotite and chlorite within a fine-grained sub-idioblastic quartz 

matrix (average grain diameter = 0.13 mm). Variations within bands include the presence or 

absence of magnetite-hematite and plagioclase. Where plagioclase is present, magnetite-hematite 

is absent (Figure 4.13). Chlorite and biotite may be intergrown, with biotite locally replacing 

chlorite, and opaque minerals where present (Figure 4.12a). Muscovite-bearing domains are 

chlorite-absent. Sub-idioblastic muscovite and biotite are intergrown within a medium-grained 

partially quartz matrix (average grain diameter = 0.25 mm). Plagioclase in garnet- and staurolite-

absent compositional bands is xenomorphic, poikiloblastic, and is intergrown with or has 

overgrown biotite (Figure 4.12b). 
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Garnet-bearing compositional bands are characterized by skeletal garnet with irregularly 

shaped cores and idioblastic rims, or inclusion-rich cores and inclusion-free rims. Garnet grains 

are elongate parallel to foliation and morphologically confined to their respective compositional 

bands (Figure 4.14a). Garnet may also occur as porphyroblastic and irregular overgrowths that 

may pseudomorph staurolite (Figure 4.14c). Coarse-grained muscovite and biotite abut against 

garnet and define a strong foliation (Figure 4.14a/b). Muscovite is sub-idioblastic to idioblastic, 

but biotite is xenomorphic and confined to the gaps between quartz grains (Figure 4.14b). 

Plagioclase is skeletal and elongate parallel to foliation, forming overgrowths on biotite, but 

overgrown by garnet (Figures 4.14c; 4.15). 

Staurolite-bearing bands typically contain less plagioclase than garnet-bearing bands 

(Figure 4.14). Muscovite is mostly present without biotite, and is fine-grained and lepidoblastic. 

Muscovite defines an intense foliation that abuts against nematoblastic staurolite porphyroblasts 

(Figure 4.14a). Where biotite is present, it is intergrown with muscovite, defining a strong, 

undulose foliation with rutile/ilmenite and tourmaline that both wrap around, and form inclusion 

trails within, staurolite grains (Figure 4.15). Plagioclase is very scarce, skeletal, and overgrown 

by staurolite. The quartz matrix in staurolite-bearing domains is coarser grained (average 

diameter = 0.25 mm) than garnet-only domains, and commonly preserves 120-degree grain 

boundaries. 

Compositional bands that contain both garnet and staurolite make up a small fraction of 

the assemblage domains (Figure 4.15). Here, nematoblastic staurolite and garnet with inclusion-

rich cores and inclusion-poor rims grow over xenomorphic plagioclase poikiloblasts. Intergrown 

biotite and muscovite define a through-going foliation. Rutile and ilmenite grains form trails that 

are parallel to foliation, and may form inclusion trails within garnet and staurolite grains. Garnet 

is a late phase overgrowing staurolite (Figure 4.15c).  

Within coarse-grained domains that increase in abundance with proximity to the 20N ore 

zone, rocks develop a more prominent schistosity. Compositional banding is defined by biotite-

plagioclase-bearing (staurolite-andalusite-absent), staurolite-bearing (andalusite-absent), and 

andalusite-bearing domains (Figures 4.16; 4.17). 
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The biotite-plagioclase domains lack major porphyroblast phases and are characterized 

by a strongly developed biotite foliation that wraps around and is intergrown with xenomoprhic, 

poikiloblastic plagioclase (Figure 4.18a). Coarse-grained, tabular biotite with pleochroic halos 

forms overgrowths on sulfide minerals and has partially broken down to iron oxides (Figures 

4.18a; 4.18b). This compositional domain is most commonly seen adjacent to staurolite-

dominated areas. 

In staurolite-bearing, andalusite-absent domains, staurolite poikiloblasts up to 3 mm in 

size dominate the assemblage, while garnet is very scarce (<2% modal abundance; Figures 

4.18c; 4.18d). Abundant coarse-grained biotite wraps around and abuts against staurolite (Figure 

4.18c). Plagioclase is fine- to medium-grained, xenomorphic, and commonly embayed by biotite 

(Figure 4.18c). Garnet and staurolite appear to have overgrown biotite, but do not contain biotite 

inclusions (Figure 4.18c; 4.18d). Ilmenite and rutile form trails within the foliation that wraps 

around biotite, staurolite, and plagioclase grains (Figure 4.18c). Retrograde chlorite has partially 

replaced biotite and staurolite. 

Andalusite-bearing domains contain staurolite, plagioclase, and locally garnet, within an 

intense foliation defined by biotite (Figure 4.19). Biotite wraps around andalusite poikiloblasts, 

which are locally intergrown with staurolite (Figure 4.19a). Andalusite poikiloblasts preserve a 

pre-existing fine-grained foliation defined by aligned biotite inclusion trails, and are locally 

embayed by coarser grained biotite. Rutile and ilmenite also form inclusion trails parallel to the 

internal biotite foliation within andalusite grains (Figure 4.19b). Inclusions within andalusite 

include staurolite (Figures 4.19c). In this assemblage domain, staurolite and andalusite 

porphyroblasts are intergrown, but garnet may overgrow both phases and is therefore interpreted 

to post-date them (Figures 4.16; 4.19d). Biotite within the foliation abuts against, but does not 

occur as inclusions within, staurolite (Figure 4.19d). Rounded plagioclase grains occur as 

inclusions within andalusite (Figures 4.19e; 4.19f). Across andalusite-bearing assemblages, 

nematoblastic plagioclase and staurolite wrap around and go through andalusite grains (Figure 

4.17).  
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4.4.2 Unit 5.2b: footwall coherent rhyolite 

Unit 5.2b is characterized by an intense schistosity and the presence of coarse-grained 

staurolite, andalusite, and kyanite, as well as fine-grained fibrous sillimanite. Assemblage 

domains are grouped by the presence or absence of major porphyroblast phases: aluminosilicate- 

and staurolite-absent domains, biotite-staurolite-kyanite- domains, and sillimanite-bearing 

domains. Plagioclase is ubiquitous across all domains, and garnet was not observed in any 

assemblages. 

Aluminosilicate- and staurolite-absent assemblage domains are defined by large (1-3 

mm) xenoblasts of plagioclase with inclusion-rich cores and inclusion-free rims. These domains 

display a strongly developed foliation defined by intergrown biotite (abundant) and prograde 

muscovite (scarce), ilmenite/rutile, and titanite, which wraps around plagioclase (Figure 4.20a). 

Fine-grained retrograde muscovite surrounds and embays plagioclase grains, locally completely 

replacing them (Figure 4.20a).  

The biotite-staurolite-kyanite assemblage domain contains large biotite grains with 

pleochroic halos that are overgrown by kyanite and staurolite. Kyanite and staurolite occur as 

sub-idioblastic porphyroblasts and are intergrown (Figure 4.20b). Foliation-parallel stringers 

composed of ilmenite, rutile and tourmaline are preserved within kyanite and staurolite (Figure 

4.20c). This assemblage domain is quartz-poor, and commonly occurs adjacent to quartz-rich, 

andalusite- and sillimanite-bearing domains (Figures 4.20c; 4.20d). Where this occurs, 

sillimanite may overgrow biotite. In addition, staurolite, andalusite, and kyanite are xenomorphic 

and poikiloblastic. Kyanite is still intergrown with staurolite, and all porphyroblasts overgrow 

coarse-grained sub-idioblastic biotite (Figure 4.20d). 

Sillimanite-bearing domains may be subdivided into two assemblage types. The first 

domain is composed of a strongly foliated and quartz-rich schist, containing fine-grained 

staurolite, andalusite, kyanite, and sillimanite (Figures 4.20d; 4.21). Sillimanite is fibrous and 

forms fringe-like overgrowths on biotite only. Staurolite and kyanite overgrow biotite and 

andalusite (Figures 4.20d; 4.21a). Chlorite is the only retrograde phase. The second sillimanite-

bearing domain has a lower quartz content, and is andalusite- and staurolite-absent (Figures 

4.21c; 4.21d; 4.22). Sillimanite habits range from fibrous to prismatic, and form replacement 
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textures on kyanite and biotite (Figure 4.21b). A strongly developed foliation defined by biotite 

and muscovite wraps around, and forms inclusion trails within porphyroblasts. Kyanite has 

overgrown plagioclase and biotite, and quartz, plagioclase, and kyanite form reaction textures 

between plagioclase and kyanite grain boundaries (Figure 4.20c). Retrograde biotite embays 

plagioclase, and retrograde muscovite partially and completely replaces plagioclase 

porphyroblasts (Figure 4.20d).  

 

4.4.3 Mineral chemistry of rhyolitic footwall in Transect 2 

Representative analyses are summarized in Table 4.6. Tables containing all EMP 

analyses collected are given in Appendix B. 

Compositional analyses were made in chlorite, biotite, plagioclase, garnet, and staurolite 

from samples within Unit 5.1b(d) in Transect 2. Chlorite is dominantly ripidolite in composition 

with some Si-Al zoning pushing compositions into the pycnochlorite field. Fe-Mg compositions 

are mostly uniform (Table 4.6, Figure 4.28). Biotite is more magnesium-rich and iron-poor than 

biotite from the same lithology in Transect 1 (average XMg = 0.6). Titanium contents are less 

than that of biotite in Transect 1 (Figure 4.28). In coarse-grained textural domains, plagioclase 

cores are typically higher in calcium (average XAn = 0.71) than rims (average XAn = 0.51). 

In contrast to samples from Transect 1, skeletal garnet grains in fine-grained textural 

domains are unzoned with respect to Mn and Mg (average XSps = 0.08, average XPyr = 0.10). 

However, garnet does preserve zoning in Fe (Fe-rich rims compared with cores) and Ca (slightly 

Ca-rich cores). One idioblastic, porphyroblastic garnet grain from a coarse-grained textural 

domain contains cores elevated in Mn (XSps = 0.25) relative to rims (XSps = 0.18), and rims that 

are elevated in Fe (XAlm = 0.63) relative to cores (XAlm = 0.56) (Table 4.6).  
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Table 4.6. Representative electron microprobe analyses from Transect 2.  

 
XMg = Mg/Fe+Mg+Mn 
XAlm = Fe/Fe+Mg+Mn+Ca 

XPyr = Mg/Fe+Mg+Mn+Ca 

XSps = Mn/Fe+Mg+Mn+Ca 

XGrs = Ca/Fe+Mg+Mn+Ca 

 

Staurolite porphyroblasts in both fine- and coarse-grained textural domains are essentially 

unzoned with respect to major and minor elements, in contrast to the textural zonation defined by 

inclusion abundance. Staurolite in fine-grained domains contains lower Mn and moderate zinc 

concentrations (average Mn = 0.04 a.f.p.u; average Zn = 0.026 a.f.p.u) compared to staurolite in 

coarse-grained rocks, where staurolite is more Mn-rich and contains less zinc (average Mn = 

0.11 a.f.p.u; average Zn = 0.007 a.f.p.u). Unlike garnet from Transect 1, the composition of 

garnet grains from Unit 5.1b(d) from Transect 2 samples show no discernable trend relative to 
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proximity to the 20N ore lens (Figures 4.32c/d). Andalusite porphyroblasts have elevated iron 

(Fe = 0.03 a.f.p.u), possibly reflecting the presence of oxidized (Fe3+) iron in the reaction 

environment. 

 

Table 4.6, continued. 

 

 
XMg = Mg/Fe+Mg+Mn 
XAn = Ca/Ca+Na+K 

XAlm = Fe/Fe+Mg+Mn+Ca 

XPyr = Mg/Fe+Mg+Mn+Ca 

XSps = Mn/Fe+Mg+Mn+Ca 

XGrs = Ca/Fe+Mg+Mn+Ca 
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Table 4.6, continued.  

 

 

 

XMg = Mg/Fe+Mg+Mn 
XAn = Ca/Ca+Na+K 

 

 

In Unit 5.2b the mineral compositions of prograde muscovite, biotite, plagioclase, 

staurolite, kyanite, and retrograde muscovite were analyzed from samples in Transect 2. 

Prograde muscovite is elevated in Fe (0.15 a.f.p.u), and moderately Ti-enriched (0.06 a.f.p.u). 

Retrograde muscovite is similar in mineral chemistry to its prograde counterpart, but some 

retrograde grains contain lower iron and magnesium (Table 4.6). Prograde biotite in this unit 

contains elevated titanium compared to biotite in Unit 5.1b(d) (average Ti = 0.11 a.f.p.u) and is 

the most magnesium-rich of biotite from rhyolitic protolith footwall units (average Mg = 3.07 

a.f.p.u) pushing compositions toward the phlogopite end-member (Figure 4.28). Plagioclase 

porphyroblasts, although chemically unzoned, have a range of compositions from albitic to 
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anorthitic (XAn = 0.34 – 0.75). Plagioclase adjacent to retrograde muscovite contains increased 

orthoclase contents (XOr = 0.06). Finally, staurolite in Unit 5.2b of Transect 2 is not zoned with 

respect to major elements or minor elements including Zn (Table 4.6). However, staurolite grains 

are elevated in Mn content (average Mn = 0.18 a.f.p.u) compared to grains analyzed from Unit 

5.1b(d). 

 

4.5 Reaction history 

Drawing upon petrographic and geochemical observations, a basic reaction history 

detailing the progression of metamorphic minerals in the 20N ore zone footwall has been 

constructed for altered rhyolites from both Transects 1 and 2. Given the lack of precedence for 

samples similar to the bulk rock compositions studied here, inferred mineral reactions have been 

based on the reactions described for low-Al pelites (Spear, 1993). However, differences will be 

expected due to the higher silica, and lower potassium and aluminum content of metamorphosed 

rhyolite compared with typical pelitic metasedimentary rocks. In addition, the hetereogeneity of 

the 20N footwall rocks is such that not all samples would have undergone the same reactions, so 

generalizations have been made. 

 

4.5.1 Transect 1: garnet-bearing assemblages 

The dacitic to rhyolitic footwall rocks of Transect 1 are characterized by metamorphic 

mineral assemblages dominated by muscovite, chlorite, biotite, garnet, and plagioclase, along 

with retrograde chlorite. Here, alteration intensity informs the relative modal abundance of 

prograde metamorphic minerals, as opposed to their appearance over the course of the transect. 

In least-altered (most distal) rhyolite samples, assemblages are characterized by more abundant 

muscovite and chlorite, but very scarce biotite and garnet. With proximity to ore lenses and 

increased alteration intensity, assemblages progressively see the increased stability of both 

biotite and garnet. In these samples, chlorite and biotite are intergrown, and biotite appears 

intergrown with muscovite, indicating that it may have been introduced via the reaction: 

Chlorite + K-rich phase à Muscovite + Biotite + Quartz (1), 
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where the K-rich phase would likely be illite or another K-bearing clay mineral. 

Garnet porphyroblasts with Mn-rich cores are intergrown with biotite and have 

overgrown chlorite in Transect 1, indicating that they may have appeared via the reaction: 

Muscovite + Chlorite + Quartz à Mg-chlorite + Biotite + Garnet + H2O (2). 

The bulk geochemical compositions of two samples from Unit 5.2b in this transect (LAR-

13-016, in which the modal abundance of garnet and biotite is low, and LAR-13-022, in which 

the modal abundance of garnet and biotite is higher) were plotted on an Al2O3-FeO-MgO (AFM) 

ternary diagram. The peak assemblage for both samples (chl+bt+grt) is schematically shown

(Figure 4.32).

4.5.2 Transect 2: aluminosilicate-absent assemblages 

Rhyodacitic to rhyolitic rocks of Transect 2 are defined by a metamorphic mineral 

assemblage that contains staurolite, andalusite, kyanite, and sillimanite. Textural evidence 

indicates that staurolite grows over garnet, biotite, and chlorite. Additionally, alternating fine-

grained domains with garnet-bearing and staurolite-bearing assemblages suggest the possible 

progression of the following reaction in staurolite-bearing domains: 

Garnet + Chlorite + Muscovite à Staurolite + Biotite + Quartz + H2O (1). 

The bulk geochemical compositions of distinct assemblage domains can be compared on 

AFM ternary diagrams (Figure 4.32), where the instance of a reaction not occurring within a 

certain bulk assemblage is determined by bulk compositions. In this case, the presence of garnet 

and staurolite within compositional bands is governed by small shifts in bulk geochemical 

signature, and metamorphic mineral assemblages are directly affected. 

4.5.3 Transect 2: aluminosilicate-bearing assemblages 

Textural relationships between aluminosilicates in Transect 2 indicate that andalusite 

precedes kyanite and sillimanite. Staurolite stability persists through the appearance of andalusite 

and kyanite, which occur intergrown and in textural equilibrium. Therefore, andalusite and 

kyanite may have been introduced via some version of the following reactions: 
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Figure 4.32. Schematic AFM diagrams showing peak assemblage mineralogy. Top: Unit 5.2b in 

Transect 1. Assemblage for both samples: (Chl+Bt+Grt). Middle left: Unit 5.1b(d) in Transect 2 

(fine-grained). Assemblages: Chl+Bt+Grt (LAR-13-037A, red triangle); Chl+Mu+St 

(LAR-13-037B, yellow triangle). Middle right: Unit 5.1b(d) in Transect 2 (fine-grained). Assem-

blages: Chl+Bt+Mu (LAR-13-040A, green triangle); Chl+Bt+St (LAR-13-040B, yellow trian-

gle). Bottom: Unit 5.2b in Transect 2. Assemblages: Bt+St+Ky,And,Sill (LAR-13-053, blue 

triangle).
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Chlorite + Muscovite à Andalusite + Biotite + H2O (2); and 

Staurolite + Chlorite à Kyanite + Biotite + H2O (3). 

The presence of aluminosilicates in Transect 2 is illustrated on an AFM ternary 

diagram depicting a peak assemblage of biotite+staurolite+kyanite/andalusite/sillimanite 

(Figure 4.32). Textural evidence of sillimanite after biotite and kyanite indicates its appearance 

at peak conditions. Finally, fine-grained muscovite and biotite that has partially replaced 

plagioclase grains appears on the retrograde path. 
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CHAPTER 5 

MINERAL ASSEMBLAGE STABILITY IN A COMPOSITIONALLY  

ZONED FOOTWALL 

 

The overarching aim of this thesis is to test whether phase equilibria modeling may 

represent a viable methodology to develop predictive tools to aid exploration for ore deposits in 

metamorphosed environments. A first step in addressing this aim was to establish and provide 

examples of the relationship between bulk rock composition and mineral assemblages within a 

well-characterized footwall of a metamorphosed VHMS deposit. Chapter 4 presented detailed 

rock composition, mineral assemblage, and textural relationships across two transects within the 

rhyolitic footwall of the LaRonde-Penna deposit. At LaRonde, the footwall to the 20N ore zone 

preserves contrasting mineral assemblages and textures within two volcanic protoliths that are a 

reflection of bulk compositional differences induced during alteration rather than a more 

commonly held misconception of differences in pressure-temperature (P-T) conditions.  

This chapter uses a phase equilibria modeling approach to characterize the P-T conditions 

over which mineral assemblages observed at LaRonde were developed, and to demonstrate how 

progressive compositional changes relate to changing mineral stabilities. The chapter 

demonstrates that pre-metamorphic hydrothermal alteration has distinct effects on the resultant 

mineral assemblages of metamorphosed deposit alteration haloes that can be texturally and 

geochemically quantified. The implications of these outcomes for exploration of VHMS deposits 

in metamorphosed terranes will be discussed in Chapter 6. 

 

5.1 Introduction 

In the LaRonde-Penna 20N footwall, a series of contrasting mineral assemblages and 

textures are displayed within and across two compositionally similar volcanic protoliths. For 

example, Unit 5.1b(d) (rhyodacite) in Transect 1 is characterized by the assemblage muscovite-

chlorite-biotite-garnet, where the modal abundances and grain sizes of key indicator minerals 

(e.g., garnet) change with inferred pre-metamorphic alteration intensity, broadly correlating with 

proximity to ore lenses. In contrast, the unit in Transect 2 preserves varied assemblages where 
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garnet, staurolite, and aluminosilicate minerals are dominant. Compositional changes in Unit 

5.2b (rhyolite) in Transect 1 are reflected as moderately foliated rocks dominated by abundant 

Mn-rich garnet, which is most prominently developed in domains close to the 20N ore lens. 

However, the same unit in Transect 2 is dominated by schistose rocks containing abundant and 

coarse-grained andalusite and kyanite, where garnet may be absent. In addition to contrasting 

mineral assemblages, marked modal abundance and textural differences are observed in each 

transect. In Transect 1, mineral modes (garnet and biotite) gradually increase with proximity to 

ore lenses. However, in Transect 2, grain sizes and assemblage groups alternate on a millimeter- 

to decimeter scale, with an overall increase in grain size and intensity of schistosity with 

proximity to ore lenses. These variations correlate with bulk rock geochemical change, and so 

are interpreted to relate to alteration intensity. Therefore, the distribution of mineral assemblages 

and how they change across the footwall may reflect locally controlled permeability in the pre-

alteration volcanic protolith (coherent vs. volcaniclastic). 

The primary volcanic protolith composition of samples collected from each transect was 

determined using major and trace elements, with possibly alteration influence on primary 

compositions evaluated using Harker, TAS and Zr/Ti diagrams (Chapter 4 of this thesis, Figures 

4.23-4.25). Despite probable changes in SiO2 concentrations (through leaching or addition), 

samples selected for phase equilibria modeling were determined using Zr/Ti ratios to be derived 

from the same petrogenetic source, and therefore the same major element composition prior to 

alteration. This allows for a controlled comparison between mineral assemblages that were 

stabilized across contrasting bulk compositions derived through alteration.  

The mineral assemblage and mineral mode variations in altered footwall rocks of the 

same volcanic protolith can be most easily understood using an equilibrium phase diagram 

(pseudosection) modeling approach that evaluates mineral stability in P-T-X (pressure-

temperature-composition) space. In this chapter, the results of phase equilibria models – 

pressure-temperature (P-T), pressure-compositional (P-X), and temperature-compositional (T-X) 

pseudosections – are presented to illustrate how mineral assemblages for a single bulk rock 

composition change across a range of P-T conditions (P-T pseudosections), or how assemblages 

differ with changing bulk compositions for a range of P and T conditions (P-X and T-X 

pseudosections). These results characterize footwall variations within the context of P-T 

conditions of metamorphism of the deposit, and can be used to better constrain the P-T 
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conditions at LaRonde by demonstrating that similar peak P-T conditions are predicted in 

pseuodsections calculated for several different bulk compositions within the examined footwall. 

This chapter first presents the results of conventional geothermobarometry that provides 

basic estimates of the conditions of equilibration of the dominant assemblage groups seen in the 

footwall transects. These initial estimates were used to aid selection of the parameters used for 

phase equilibria modeling. For generating pseudosections, focus was placed on characterizing 

the transition between weakly-altered and intensely-altered rhyodacitic-rhyolitic rocks of Unit 

5.2b in Transect 1, and weakly-altered to intensely-altered coherent rhyolitic rocks of Unit 5.2b 

in Transect 2. A further, focused comparison was made between alternating centimeter-scale 

composition bands that illustrate very localized differences in mineral stability between 

moderate- to intensely-altered components in Unit 5.1b(d) (fine-grained volcaniclastic 

rhyodacite, Transect 2). 

 

5.2 Geothermobarometry 

Representative samples from Units 5.1b(d) and 5.2b in Transects 1 and 2 that contain 

evidence of textural (and inferred chemical) equilibrium between garnet-chlorite and garnet-

biotite were used for geothermometry calculations. In addition, where textural evidence allowed 

equilibrium to be inferred, the assemblages garnet-biotite-plagioclase-quartz and garnet-

aluminosilicate-plagioclase-quartz were used for geobarometry calculations. Temperature and 

pressure values were calculated for a series of reference P-T conditions that span the greenschist 

and amphibolite facies, which are the generally agreed-upon conditions for the southern Abitibi 

greenstone belt (e.g., Powell et al., 1984, and others). 

Due to pronounced Mn-Fe zoning observed in garnet from most samples (e.g., Figures 

4.29; 4.31) the cores of garnet porphyroblasts are not considered to be in chemical equilibrium 

with minerals in matrix domains. In addition, the absence of zoning in chlorite and biotite 

indicates that the more rapid Fe-Mg diffusion in these minerals at greenschist to amphibolite 

facies conditions allowed complete equilibration with the matrix during prograde metamorphism. 

Therefore, temperature and pressure estimates for equilibration of garnet-bearing assemblages 

were calculated using only compositions of porphyroblastic garnet rims and adjacent chlorite and 

biotite rims. Results are summarized in Tables 5.1a-c. 
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Temperature estimates were made using the calibrations of Grambling (1990), which is 

based on Fe-Mg exchange between garnet and chlorite. Equilibration temperatures estimated 

using this thermometer calibration range from 420-470ºC. Lower temperature estimates 

correspond to garnet and chlorite grains with lower Fe and higher Mg concentrations 

(summarized in Table 5.1a, with full information provided in Appendix C).  

Temperature estimates were also made using the garnet-biotite Fe-Mg exchange 

calibrations of Holdaway (2000), which include mineral solution models that account for non-

ideal mixing of Fe2+, Mg, Ca, and Mn in garnet, and Fe3+, Fe2+, Mg, AlVI, and Ti in biotite. Ferric 

iron in garnet was assumed to be negligible. The proportion of Fe3+ in biotite was calculated 

based on the data presented in Holdaway (2000), and is assumed to account for ~11.6% of total 

Fe. Temperature estimates are equivalent to those estimated using the Grt-Chl calibration, and 

range from 445-470 ºC (summarized in Table 5.1b, with full results provided in Appendix C). 

Table 5.1a. Results of grt-chl geothermometry calculations. 

Protolith 

Transect 

(Sample) Analysis 

Grambling 

(1998) 

Unit 5.1b(d) 

Dacite-rhyodacite 

Transect 1 

LAR-13-009 

grt(rim) adj. chl 

(rim) 
420-425°C

Unit 5.1b(d) 

Dacite-rhyodacite 

Transect 1 

LAR-13-013 

grt(rim) adj. chl 

(rim) 
432-437°C

Unit 5.2b 

Rhyodacite-rhyolite 

Transect 1 

LAR-13-022 

grt(rim) adj. chl 

(rim) 
419-425°C

Unit 5.2b 

Rhyodacite-rhyolite 

Transect 1 

LAR-13-036 

grt(rim) adj. chl 

(rim) 
456-469°C
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Pressure estimates were made using the Grt-Bt-Pl-Qtz geobarometer (GBPQ: Wu et al., 

2004), and where aluminosilicates (Als) were present the Grt-Als-Qtz-Pl geobarometer (GASP: 

Holdaway, 2001). Both calibrations employ the same solution models for garnet and biotite 

proposed by Holdaway (2000), but also include the model for plagioclase developed by Fuhrman 

and Lindsley (1988). Pressure estimates were made at temperatures calculated using Grt-Bt 

thermometry (Holdaway, 2000), and range from 3.2-5.5 kbar (Table 5.1c). This pressure range 

(and the estimates of temperature) straddle the aluminosilicate triple point, which is consistent 

with observed assemblages in Transect 2 (Unit 5.2b).  

 

 

 

 

 

 

 

 

5.3 Phase equilibria modeling 

Mineral assemblage stability in metamorphic rocks is governed by the intersection 

between the primary bulk composition of the protolith, the pressure-temperature conditions 

during metamorphism, and the composition and flux of fluids accompanying metamorphism. In 

Table 5.1b. Results of grt-bt geothermometry calculations. 

Protolith 

Transect 

(Sample) Analysis 

Holdaway 

(2000) 

Unit 5.1b(d) 

Dacite-rhyodacite 

Transect 2 

LAR-13-037 

grt(rim) adj. bt 

(rim) 
446-451°C 

Unit 5.1b(d) 

Dacite-rhyodacite 

Transect 2 

LAR-13-046 

grt(rim) adj. bt 

(rim) 

 

464-469°C 

 

Table 5.1c. Results of geobarometry calculations. 

Protolith 

Transect 

(Sample) Analysis 

GASP 

(Holdaway, 

2000) 

GBPQ 

(Wu et al., 

2004)	

Unit 5.1b(d) 

Dacite-rhyodacite 

Transect 2 

LAR-13-046 

grt(rim) adj. bt 

(rim); plag(rim); 

and 

3.4-3.5 kbar 3.2-5.5 kbar	

Unit 5.1b(d) 

Dacite-rhyodacite 

Transect 2 

LAR-13-053 

grt(rim) adj. bt 

(rim); plag(rim); 

ky 

3.5-3.6  kbar 3.3-4.7 kbar	
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addition to the role that major elements play in determining the mineral assemblage evolution, 

enrichment or depletion in minor elements may influence the P-T conditions at which certain 

minerals will stabilize (“appear”) during prograde metamorphism, and the range over which 

minerals will maintain stability in a given mineral assemblage. 

The use of phase diagrams is a common way to describe the P-T paths experienced by 

metamorphic rocks and to estimate the peak conditions of mineral assemblage equilibration (e.g., 

Powell & Holland, 2010, and references therein). For example, petrogenetic grids calculated for 

simple systems (e.g., FMAS, FeO-MgO-Al2O3-SiO2; Hensen, 1971), or more complex systems 

(e.g., KFMASH: K2O-FeO-MgO-Al2O3-SiO2-H2O; Powell & Holland, 1990), have been used to 

predict reactions and their P-T conditions, which may have been crossed along a P-T path. 

However, petrogenetic grids are limited in their application because they represent all the 

potential reactions within a given chemical system, even though some of these reactions may not 

be “seen” by a specific bulk composition (White et al., 2014a).  

In addition, mineral assemblage changes (mineral appearance/disappearance, modal 

abundances, and compositions) across P-T space may be progressive, and are not well described 

by univariant or other sub-system reactions. One method used to address these issues is through 

the use of equilibrium phase diagrams, or pseudosections, which can be calculated for specific 

bulk compositions to show the mineral stability fields across pressure, temperature, or 

compositional space (Powell & Holland, 2010). These diagrams are bulk composition-specific, 

and provide a more robust method for evaluating phase relationships, particularly in rocks with 

high-variance mineral assemblages (i.e., a low number of minerals within an assemblage 

compared to the number of chemical components to be modeled). The basis of pseudosection 

diagram calculation is the premise that at a specific pressure and temperature, a rock of 

composition ‘X’ will stabilize a mineral assemblage that has the lowest Gibbs free energy. For 

example, in the complex system NCKFMASHTO (Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-

TiO2-Fe2O3) and for a pelitic bulk composition, the following two mineral assemblages at 2.5 

kbars and 700°C have subtly different calculated Gibbs free energy (calculated using the 

software THERMOCALC): 

Assemblage 1: Bt-Kfs-Pl-And-Qtz-Mag-Ilm-Water  G = -1045.767 

Assemblage 2: Bt-Kfs-Pl-And-Qtz-Mag-Ilm-Melt  G = -1045.810 
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Thermodynamics predicts that at 2.5 kbars and 700°C, assemblage 1 will be more stable 

than assemblage 2. However, a change in pressure, temperature, or bulk composition leads to 

changes in Gibbs free energy, which may lead to stabilization of a different mineral assemblage 

with a lower Gibbs free energy (e.g., increasing temperature should stabilize assemblage 2). 

Using this approach, software can be used to predict mineral assemblage stability over a range of 

pressure and temperatures for a fixed bulk composition (P-T pseudosections), or range of 

temperatures (at fixed P), range of pressures (at fixed T), for a variation in composition (T-X and 

P-X pseudosections).  

Many assemblages have restricted stability fields for specific compositions, making a 

pseudosection highly useful when evaluating the stability of minerals with solid solutions, 

especially where minor elements may influence that stability. For example, the first appearance 

of garnet during prograde heating is strongly influenced by the concentrations of Mn, Fe and Mg 

in the bulk composition. The enrichment of Mn and of Fe/(Fe+Mg) in metapelites and meta-

turbidites can decrease the temperature at which garnet appears by ~100ºC (Mahar et al., 1997, 

Pattison et al., 2012). The addition of <0.3 wt% MnO to metapelites has been suggested to widen 

the garnet stability field to temperatures as low as ~490ºC (White et al., 2014b). While 

approximately two-thirds of garnet stabilization is accounted for by increases in Mn, the rest is 

accounted for by increases in Fe (relative to Mg; Pattison et al., 2012). Finally, garnet stability is 

greatly influenced by the addition of components in that it is displaced up-pressure by as much as 

6 kbar as temperature conditions increase (Diener et al., 2008).   

 

5.3.1 Phase equilibria modeling – application to LaRonde metarhyolites 

The vast majority of pseudosection calculations have been carried out on “common” 

metamorphic rock compositions, such as metapelites and metabasites, for which the assemblage 

evolution in typical regional or contact metamorphic environments is well understood. As such, 

the mineral solution models (numerical models used to explain the thermodynamic behavior of 

minerals within a mineral assemblage) used for pseudosection calculation have been refined for 

these rock compositions. However, less work has been done to optimize solution models for the 

rock compositions central to the LaRonde study.  
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Initial pseudosection work demonstrated that the bulk compositions of metarhyolite 

samples from LaRonde were not always compatible with the solution models that are generally 

used in phase equilibria modeling software. However, through iteration, a combination of 

solution models was chosen that together produced P-T pseudosections with mineral 

assemblages that compared well with those observed in the LaRonde rocks. Through experiment, 

it was found that the Perple_X platform produced the most consistent results, although some 

stability field limits were also cross-checked with output from THERMOCALC. Therefore, P-T, 

T-X, and P-X pseudosections presented in this chapter were calculated using Perple_X version 

6.8.1 (Connolly, 2018), using the thermodynamic database of Holland and Powell (2011). The 

extended chemical system chosen for P-T modeling was MnO-Na2O-CaO-K2O-FeO-MgO-

Al2O3-SiO2-H2O-TiO2-O2 (Mn-NCKFMASHTO), with H2O set as the only saturated phase 

component.  

In addition to adding Mn to the model system to account for the increased stability of 

garnet at low temperatures in Mn-rich rocks, TiO2 and Fe2O3 were also required to evaluate the 

stability of ilmenite, rutile, hematite and magnetite, depending on redox and pressure conditions. 

This system also allowed for the inclusion of sphene, which may break down to ilmenite with 

increasing temperature. In addition, the proportion of oxidized Fe in the system (Fe3+ vs Fe2+) 

may influence the stability of garnet and staurolite (White et al., 2000). For  example, in highly 

oxidized bulk rock compositions, staurolite-bearing assemblages are restricted to a small P-T 

window at pressures in excess of 10 kbar, while for non-oxidized compositions, staurolite may 

be stable to as low as 3 kbar. The appearance of garnet-bearing assemblages may also be 

displaced to higher pressures when the bulk composition is oxidized (White et al., 2000). 

No phases were excluded from the solution models utilized, and included: garnet, 

chlorite, staurolite, (Holland and Powell, 1998); plagioclase (Holland and Powell, 2003); biotite 

(Tajcmanova et al., 2009); white mica (Auzanneau et al., 2010); alkali feldspar (Furhman et al., 

1988); and ilmenite (White et al., 2007). Component concentrations were calculated in weight 

percent (wt%). Total bulk rock Fe content was adjusted for sequestration in sulfides (e.g., pyrite, 

chalcopyrite), and Ca content was adjusted to remove the calcium present as late, crosscutting 

calcite veins. 

101



Pseudosections generated for the compositions from LaRonde aimed to track the stability 

fields of the key indicator minerals: muscovite, chlorite, biotite, garnet, staurolite, and the 

aluminosilicates (Figures 5.1-5.4). Focus was placed on characterizing the transition between 

weakly-altered and intensely-altered rocks. For Unit 5.2b (rhyodacite-rhyolite) in Transect 1, 

where garnet abundances correlate with increases with alteration intensity, a garnet-poor sample 

with lower abundance of Mn, Fe, and Mg was used as a proxy for ‘least’ hydrothermal alteration, 

and a garnet-rich sample containing higher abundances of Mn, Fe, and Mg was used as a proxy 

for ‘intense’ alteration. For Unit 5.2b (rhyolite) in Transect 2, where aluminosilicate minerals 

appear correlate with increasing alteration intensity. a white, silica-rich (SiO2 = 88.51 wt%) 

sample lacking in aluminosilicate minerals was used as the ‘weakly-altered’ composition, and 

was compared to an intensely foliated sample containing a high abundance of aluminosilicate 

phases (‘intensely-altered’).  

 

Table 5.2. Bulk compositions used in pseudosection construction. 

 LAR-13-

016 

LAR-13-

022 

LAR-13-

048 

LAR-13-

053 

LAR-13-

037A 

LAR-13-

037B 

wt %       

SiO2 76.05 75.98 85.46 80.91 85.58 69.14 

TiO2 0.52 0.54 0.52 0.47 0.26 0.03 

Al2O3 8.16 8.43 8.89 7.85 4.06 18.16 

FeO 4.04 5.63 0.58 1.84 4.44 4.85 

MnO 0.22 0.63 0.01 0.03 0.37 0.09 

MgO 2.02 2.04 0.53 4.48 1.88 3.62 

CaO 4.54 3.31 0.46 0.93 1.13 0.56 

Na2O 2.38 1.28 0.39 0.36 0.06 0.13 

K2O 0.90 0.98 1.98 1.95 1.03 2.22 

O2 0.01 0.02 0.02 0.02 0.01 0.01 

mol %       

Si 76.45 76.39 86.42 81.60 85.78 73.52 

Ti 0.52 0.54 0.53 0.47 0.26 0.09 

Al 8.20 8.48 8.99 7.92 4.07 14.38 

Fe 4.72 6.31 0.65 2.20 5.41 5.56 

Mn 0.22 0.64 0.01 0.03 0.37 0.14 

Mg 2.03 2.06 0.54 4.52 1.89 3.69 

Ca 4.56 3.33 0.47 0.93 1.13 0.51 

Na 2.39 1.28 0.39 0.36 0.06 0.10 

K 0.91 0.98 2.00 1.97 1.03 2.01 
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Following initial comparison within a single protolith (Unit 5.2b), pseudosections were 

calculated to illustrate the assemblage differences that are possible between closely spaced and 

alternating compositional domains in moderate- to intensely-altered components in Unit 5.1b(d) 

(fine-grained volcaniclastic rhyodacite, Transect 2). See Table 5.2 for the bulk compositions of 

all samples used for thermodynamic modeling.  

 

5.3.2 Transect 1 Unit 5.2b: Garnet-bearing footwall 

Sample LAR-13-016 is characterized by a peak mineral assemblage composed of quartz, 

muscovite, chlorite, biotite, plagioclase, and garnet. Garnet modal abundance does not exceed 

10%. This sample contains a moderate concentration of manganese (MnO = 0.22 wt%) (Table 

5.2) and was designated as the “weakly-altered” end-member for pseudosection generation. 

Sample LAR-13-022 is characterized by the same peak mineral assemblage as LAR-13-016 

(quartz, muscovite, chlorite, biotite, plagioclase, and garnet), but with significantly higher modal 

abundances of garnet (~20-22%). This sample contains the highest MnO content (0.63 wt%) of 

all samples collected from the garnet-bearing footwall, as well as of all samples utilized for 

pseudosection construction (Table 5.2). This sample has been designated as the “highly-altered” 

end-member for pseudosections generated for Transect 1, garnet-bearing footwall. 

 

5.3.2.1 P-T pseudosections: LAR-13-016 and LAR-13-022 

P-T pseudosections for LAR-13-016 and LAR-13-022 were calculated from 250-750ºC  

and 2-7 kbars. Assemblage regions in both pseudosections commonly reflect stability over large 

pressure ranges, but with more restricted temperature ranges.  

Figure 5.1a presents the P-T pseudosection generated for the measured composition of 

sample LAR-13-016. The observed peak mineral assemblage of Mu+Chl+Bt+Grt+Pl+Ilm 

(assemblage 37 in caption, highlighted blue in the figure) occupies a narrow tabular region 

bounded at higher pressure by a chlorite-absent assemblage, at higher temperature by K-feldspar- 

and magnetite-bearing assemblages, and at lower temperature by epidote-bearing assemblages. 

The limits of the mineral stability field provide peak P-T conditions constrained to <5.2 kbar and 

between 510-540ºC (Figure 5.1a).  
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Figure 5.1. P-T, P-X, and T-X pseudosections for weakly altered sample LAR-13-016 and 

intensely altered sample LAR-13-022, collected from the garnet-bearing footwall (Unit 5.2b, 

Transect 1). The fields corresponding to the peak mineral assemblages preserved in each 

sample are shaded in blue. Top left (A): P-T pseudosection of weakly-altered LAR-13-016. Top 

right (B): P-T pseudosection of highly-altered LAR-13-022. Bottom left (C): P-X pseudosec-

tion calculated at 500°C. Bottom right (D): T-X pseudosection calculated at 4.0 kbar. Phase 

assemblage fields are listed below: 

(A) PT-016: 1. Chl Mu Law Sph Rieb Ab Acti Stlp Sp. 2. Chl Mu Law Sph Rieb Ab Acti Sp. 

3. Chl Mu Law Sph Rieb Ab Sp. 4. Chl Mu Law Sph Rieb Ab Sp Grt. 5. Chl Mu Law Sph Rieb 

Ab Grt. 6. Chl Mu Law Sph Rieb Ab Ep Grt. 7. Chl Mu Law Sph Rieb Ab Acti Sp Grt. 8. Chl 

Mu Law Sph Rieb Ab Acti Grt. 9. Chl Mu Law Sph Ab Stlp Sp. 10. Chl Mu Law Sph Ab Grt. 

11. Chl Mu Law Pump Sph Ab Stlp Sp. 12. Chl Mu Law Pump Sph Ab Stlp Sp Grt. 13. Chl 

Mu Law Pump Sph Ab Stlp Grt. 14. Chl Mu Law Pump Sph Ab Grt. 15. Chl Ep Mu Law Pump 

Sph Ab Grt. 16. Chl Mu Law Pump Sph Ab Stlp Sp Pre. 17. Chl Mu Law Pump Sph Ab Sp 

Pre. 18. Chl Mu Law Pump Sph Ab Grt. 19. Chl Mu Law Pump Sph Pre Ab Grt. 20. Chl Mu 

Law Sph Pre Ab Grt. 21. Chl Mu Law Sph Pre Ab Ep Grt. 22. Chl Mu Sph Pre Ab Ep Grt. 23. 

Chl Mu Sph Pre Ab Ep Sp Grt. 24. Chl Mu Law Sph Pre Ab Sp Grt. 25. Chl Mu Law Sph Pre 

Ab Sph Sp Ep. 26. Chl Mu Sph Pre Ab Sp. 27. Chl Mu Sph Pre Ab Sp Ep. 28. Chl Mu Sph Pre 

Ab Sp. 29. Chl Mu Sph Pre Ab Sp Lmt. 30. Chl Mu Sph Ab Sp Ep. 31. Chl Mu Sph Ab Sp Ep 

Grt. 32. Chl Mu Sph Ab Ep Grt Pl. 33. Chl Mu Bt Sph Ab Ep Grt Pl. 34. Chl Mu Bt Ep Grt Pl 

Ilm. 35. Mu Chl Bt Ep Grt Pl Ksp Sph Ilm. 36. Mu Chl Bt Ep Grt Pl Ksp Ilm. 37. Mu Chl Bt 

Grt Pl Ilm. 38. Chl Bt Ksp Grt Ilm. (B) PT-022: 1. Mu Chl Law Sph Stlp Ab Ep Grt. 2. Mu Chl 

Sph Stlp Ab. 3. Mu Chl Sph Stlp Ab Grt. 4. Mu Chl Sph Stlp Ab Heu Grt. 5. Mu Chl Sph Stlp 

Ep Ab Heu Grt. 6. Mu Chl Sph Stlp Ep Ab Grt. 7. Mu Chl Sph Ab Heu Grt. 8. Mu Chl Sph Ab 

Heu Sp Grt. 9. Mu Chl Sph Ep Ab Heu. 10. Mu Chl Sph Ep Ab. 11. Mu Chl Sph Ep Ab Grt 

Ilm. 12. Mu Chl Ep Ab Ilm Grt. 13. Mu Chl Ep Grt Ilm. 14. Mu Chl Ep Grt Ilm Sph. 15. Mu Bt 

Ep Grt Pl Ilm. 16. Mu Bt Ksp Grt Pl Ilm. 17. Mu Bt Ksp Grt St Ilm. 18. Mu Bt Ksp Grt Ilm. 19. 

Mu Bt Ksp Grt Ilm Sill. 22. Mu Chl Ep Grt Sph. 23. Mu Chl Ep Grt Pl Sph. 24. Mu Chl Ab Ep 

Grt Pl Sph. 25. Mu Chl Ab Grt Pl Sph. 26. Mu Chl Grt Pl Sph. 27. Mu Chl Grt Pl Sph Ilm. 28. 

Mu Chl Grt Pl Ilm. 29. Mu Chl Bt Grt Pl Ksp Ilm. 30. Chl Bt Grt Pl Ksp Ilm. 31. Bt Chl Ksp 

Grt Ilm. 32. Bt Chl Ksp Grt St Ilm. 33. Bt Ksp Grt St Ilm Sill. 34. Bt Ksp Grt St Ilm. 35. Bt 

Ksp Grt St Ilm And. 36. Mu Chl Bt Ksp Grt Ilm And. 37. Chl Bt Ksp Grt Ilm St And. 38. Chl 

Bt Ksp Grt Ilm And. (C) PX-016-022: 1. Mu Bt Ep Grt Pl Ilm. 2. Mu Bt Ep Ksp Grt Pl Ilm. 3. 

Mu Chl Bt Ep Ksp Grt Pl Ilm. (D) TX-016-022: 1. Mu Bt Grt Ksp Ilm Sill. 2. Mu Chl Bt Grt 

Ksp Ilm. 3. Mu Chl Bt Grt Pl Ksp Ilm. 4. Mu Chl Bt Sph Ep Ab Grt Pl. 5. Mu Chl Sph Ab Ep 

Grt Pl. 6. Mu Chl Bt Sph Ab Ep Grt. 7. Mu Chl Sph Ab Ep Grt Sp. 8. Mu Chl Sph Ab Law Grt 

Sp. 9. Mu Chl Sph Ab Law Sp. 10. Mu Chl Sph Ab Law Sp Pump. 11. Mu Chl Sph Ab Law Sp 

Pump Stlp. 12. Mu Chl Sph Ab Law Sp Stlp.
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Figure 5.1b presents the P-T pseudosection generated for the measured composition of 

sample LAR-13-022. The observed peak mineral assemblage of Mu+Chl+Bt+Grt+Pl+Ilm 

occupies a slightly wider field compared to that of sample 016, bounded at higher pressure by 

chlorite-absent assemblages, at higher temperature by andalusite- and staurolite-bearing 

assemblages, and at lower temperature by biotite-absent assemblages. The limits of the mineral 

stability field provide peak P-T conditions constrained to <4.5 kbar and ~500-530ºC (Figure 

5.1b), consistent with estimates made for sample LAR-13-016.  

Bulk compositional differences from the garnet-poor sample (016) to the garnet-rich 

sample (022) include an increase in Fe (4.04 wt% FeO to 5.63 wt% FeO), a decrease in Ca (4.54 

wt% CaO to 3.31 wt% CaO), and importantly, an increase in Mn (0.22 wt% MnO to 0.63 wt% 

MnO) (Table 5.2). These compositional differences are reflected by differences in the PT 

stability ranges of garnet, biotite, and clay minerals (Figures 5.1a-b). 

For the composition 016, garnet-bearing assemblages are predicted to stabilize at ~270-

300ºC (red line on Figure 5.1a), with stability broadening to even lower temperatures (~265º) at 

4 kbar. This is similar to that observed in 022, where garnet is stabilized at~270ºC (for ~4 kbars). 

However, garnet stability fields at lower pressures (<3 kbar) are predicted at slightly higher 

temperatures (300-310ºC), despite higher Mn contents (0.63 wt%).  

Biotite-bearing assemblages first appear for the composition of 016 at 350-380-450ºC – 

which is similar to the position of biotite-forming reactions in P-T space for common 

compositions of metapelitic rocks (Spear, 1990; Tinkham et al., 2001; White et al., 2014) or 

metamorphosed altered greywackes (Pattison & Seitz, 2012). Biotite-bearing assemblage 

stability for the composition of 022 has been displaced to higher temperatures (470-500ºC). 

Silica concentrations for these rocks (76.05 wt% for 016; 75.98 wt% for 022) are higher than the 

bulk compositions modeled in previous studies (e.g., Tinkham, 2001; Pattison and Seitz, 2012; 

SiO2 <60 wt% and <58 wt%, respectively). In addition, the K2O compositions for rocks modeled 

from Transect 1 are distinctly lower (1-2 wt%) than those modeled by Tinkham (2001) and 

White (2014). Although it was not pursued within the bounds of this current study, it is probable 

that K2O concentrations influence the stability of biotite, possibly by altering the stability of 

muscovite-bearing assemblages. 
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5.3.2.2 P-X and T-X pseudosections: LAR-13-016 and LAR-13-022 

P-X and T-X pseudosections were calculated using the weakly- and highly-altered 

samples as end-member compositions (LAR-13-016 as X0 and LAR-13-022 as X1). In these 

diagrams, all component concentrations varied linearly along the compositional continuum 

between the two end-members. From weakly- and highly-altered compositions, differences are 

dominated by increases in MnO and FeO (lesser increase in Al2O3), and decreases in CaO and 

Na2O. The P-X pseudosection was calculated over pressures of P = 2-7 kbars (at a fixed T = 

500ºC; Figure 5.1c), while the T-X pseudosection was calculated over temperatures of T = 250-

750 ºC (at a fixed P = 4.0 kbar; Figure 5.1d).  

The calculated P-X and T-X pseudosections predict that the stable peak mineral 

assemblages observed in end-member compositions of samples 016 and 022 will be stable across 

similar temperature conditions for all compositions from X0 to X1. However, peak assemblage 

stability will only increase to P < 2 kbar for compositions greater than X=0.6.  

The P-X diagram calculated for the end-member compositions (Figure 5.1c) 

demonstrates only limited differences in assemblage domains between the two compositions 

with varying pressures. The main differences are seen at higher pressures, where above 5.5 kbabr 

rutile is only stable in compositions close to that of #016, and is replaced by ilmenite with 

increasing FeO (Table 5.2). 

The T-X pseudosection calculated for the end-member compositions (Figure 5.1d) 

demonstrates only minor differences across the diagram. For example, ilmenite is predicted to be 

stabilized to slightly lower temperatures in more altered compositions (down to 380ºC for #022) 

compared with  less altered compositions (e.g., #016 , 450ºC). Other notable features include the 

stabilization of sillimanite in bulk compositions at X > 0.5 and temperatures >550ºC. For less 

altered compositions, sillimanite is only stable at much higher temperatures (T > 750ºC; Figure 

5.2d). This predicts that bulk compositions of weakly altered rocks won’t stabilize sillimanite 

until much higher temperatures, and in all rocks, andalusite will never occur. Finally, muscovite 

is stable to higher temperatures for the intensely-altered composition 022, but finally breaks 

down at the expense of sillimanite at ~560ºC. 

A bulk rock compositional control on biotite stability is apparent at lower temperatures, 

where biotite is stable at lower temperatures (~350ºC) in weakly altered compositions, compared 

107



Bt Grt Pl Ilm

Bt Grt Pl Ilm Sill

Chl Bt Grt Pl Ilm

Mu Chl Ep Ab Sph Mu Chl Grt Ep Ab Sph

Mu Chl Grt Ab Stlp Heu Sph

Mu Chl Grt Ab Law Stlp Sph

Bt Grt Pl St Ilm

Mu Chl Bt Grt Pl Ilm 

2

4

5

7
8

11
9

12101715

1918

22

20

21

16

25

24

28

23 26 27

29
30 31

32 3433 35 Mu Chl Ab Law Stlp Sph 36

T
(°

C
)

Chl Bt Grt

Pl Ilm

14
13

6

250

350

450

550

650

750

0.2 0.4 0.8

Composition (X)

Mn-NCKFMASHTO (+q+H2O)

LAR-13-016

MnO = 0.0 wt%

0.6 1.00.0

T-X @ 4.0 kbar

LAR-13-022

MnO = 0.63 wt%

Figure 5.2. T-X pseudosection calculated to illustrate more clearly the effect of low to moder-

ate Mn concentrations. The pseudosection was calculated based on a modified composition for 

LAR-13-016 where MnO was reduced to zero, maintaining the same compositions for the rest 

of the bulk composition, and the measured composition of LAR-13-022 (MnO – 0.63wt%). 

The fields corresponding to the peak mineral assemblages preserved in each sample are shaded 

in blue. Bulk compositions are listed in Table 5.2. 

Phase assemblages are as follows: 1. Bt Grt Pl St Ilm Sill. 2. Chl Bt Grt Pl St Ilm. 3. Mu Bt Grt 

Pl St Ilm. 4. Chl Bt Pl Ilm. 5. Chl Bt Pl Sph Ilm. 6. Chl Bt Pl Sph. 7. Mu Chl Bt Grt Ilm Sph. 

8. Mu Chl Bt Grt Pl Ilm. 9. Mu Chl Bt Grt Pl Ilm Rut. 10. Mu Chl Bt Grt Pl Ilm Rut Sph. 11. 

Mu Chl Bt Grt Pl Rut Sph. 12. Mu Chl Bt Grt Pl Rut. 13. Mu Chl Grt Pl Sph. 14. Mu Chl Bt 

Grt Pl Sph. 15. Mu Chl Bt Pl Sph. 16. Mu Chl Bt Pl Ep Sph. 17. Mu Chl Bt Grt Pl Ep Sph. 18. 

Mu Chl Pl Ep Sph. 19. Mu Chl Bt Pl Ep Sph. 20. Mu Chl Grt Pl Ep Sph. 21. Mu Chl Grt Pl Ep 

Ab Sph. 22. Mu Chl Pl Ep Ab Sph. 23. Mu Chl Ep Ab Sph Stlp Heu. 24. Chl Ep Ab Sph Stlp 

Heu. 25. Chl Ab Sph Stlp Heu. 26. Mu Chl Ep Ab Sph Stlp. 27. Mu Chl Grt Ep Ab Sph Stlp. 

28. Mu Chl Grt Ab Sph Stlp. 29. Pump Chl Ab Sph Stlp Heu. 30. Chl Ab Sph Stlp Heu. 31. 

Mu Chl Ab Sph Stlp Heu. 32. Pump Law Chl Ab Sph Stlp Heu. 33. Pump Law Chl Ab Sph 

Stlp. 34. Law Chl Ab Sph Stlp.35. Law Mu Chl Ab Sph Stlp Heu. 36. Law Mu Chl Ab Grt Sph 

Stlp Heu.

3

1

Garnet-in Staurolite-inBiotite-in Aluminosilicate-inChlorite-out

108



to more altered compositions (~440ºC). This control on the stability of biotite may relate to the 

stabilization of chlorite in the more Fe-rich composition (022; Table 5.2).  

Of particular importance to this study is the behavior of garnet-bearing assemblages 

(appearance of garnet is indicated by the red line on all pseudosections, except the P-X section 

where garnet is stable across all conditions). In Figure 5.1d, modeling predicts that at 4 kbar, 

garnet will appear at slightly higher temperatures in the highly-altered sample compared to the 

weakly-altered sample, although the difference is minimal. This result is significant as the 

compositional transition between weakly- and highly-altered appears to be primarily 

characterized by modal abundance differences, but not by the appearance of new minerals or by 

differences in the temperature at which key indicator minerals (e.g., garnet) appear. 

Because the garnet-in stability line for Mn-bearing 016 and 022 showed little variation, 

the influence of Mn on the stability of garnet was investigated further by creating a weakly-

altered bulk composition (based on the composition of 016) that contains 0.0 wt% MnO. Using 

this composition, a revised T-X pseudosection was calculated using the Mn-absent 016 

composition as X0 and the 022 composition (MnO = 0.63 wt%) as X1. The section was 

calculated from 250-750ºC at a fixed pressure of 4.0 kbar and is presented in Figure 5.2. The T-

X pseudosection predicts that with MnO = 0.0 wt%, the stabilization of garnet-bearing 

assemblages will not occur until temperatures as high as ~575ºC (Figure 5.2). For the 

temperature conditions equivalent to those experienced at LaRonde (~450-500ºC), the minimum 

Mn concentration in the weakly-altered rhyolite required for garnet to stabilize is ~0.03 wt% 

MnO. As previously predicted, for garnet to be stabilized at even lower temperatures (e.g., in 

outer domains of contact aureoles or low-T regional metamorphic terrains) a higher amount of 

Mn is required (for example, at 300ºC, we require 0.07 wt% MnO, and at 250ºC, we require 0.15 

wt% MnO). 

 

5.3.3 Transect 2: Aluminosilicate-bearing footwall 

Sample LAR-13-048 is a white, silica-rich sample that serves as a representation of  

“least-altered” rocks from Unit 5.2b, Transect 2. This sample contains relatively low FeO (0.53 

wt%; Table 5.2), and is characterized by an assemblage lacking aluminosilicate minerals and 

containing only minor abundances of biotite, with retrograde chlorite. In contrast, sample LAR-
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13-053 contains 1.84 wt% FeO and is characterized by a near-peak mineral assemblage of 

biotite, kyanite, staurolite, plagioclase, and quartz, with texturally earlier andalusite. Fine-grained 

sillimanite fringes occur on biotite and kyanite, informing peak temperature conditions. This 

“highly-altered” sample is characterized by coarse, abundant aluminosilicate phases.  

 P-T pseudosections for LAR-13-048 (Figure 5.3a) and LAR-13-053 (Figure 5.3b) were 

calculated from 250-750ºC and 2-7 kbars. Similar to P-T pseudosections calculated for the 

Transect 1 samples, assemblage regions in both pseudosections calculated for the 

aluminosilicate-bearing footwall (Unit 5.2b; Transect 2) commonly reflect stability over large 

pressure ranges.  

In the P-T pseudosection calculated using the composition of LAR-13-048, the stable 

mineral assemblage is characterized by Mu+Ctd+Chl+Rut, and aluminosilicate minerals are 

absent. In the P-T pseudosection this assemblage is predicted to be stable over a wide and tabular 

field, bounded at higher temperatures by aluminosilicate-bearing assemblages and at lower 

temperatures by chlorite-absent assemblages. Pressure is not constrained for this assemblage 

stability field over the pressure range of the model (Figure 5.3a). With the absence of andalusite, 

peak temperature conditions are constrained to <450ºC, which is lower than that predicted by 

pseudosections for samples from Transect 1, but consistent with conventional thermobarometry. 

It is also possible that andalusite was present within the sample crushed for geochemical 

analysis, but not observed in the single thin section made. The presence of andalusite would 

allow peak temperature conditions as high as ~480-500°C.  

Logging of drill core and observations in thin section also failed to identify any garnet-

bearing assemblages in the least-altered samples, and garnet is not predicted to stabilize (Figure 

5.3a) in contrast to that observed in unit 5.2b from the garnet-footwall transect. This is likely 

explained by the very low MnO (0.01 wt%) and FeO (0.58 wt%) contents for this sample (Table 

5.2). In the P-T for composition 048, biotite appears at temperatures consistent with common 

values (e.g., Spear, 1993).  

In sample LAR-13-053, the peak mineral assemblage is characterized by 

Mu+Bt+Rut+Sill, which in the calculated P-T pseudosection occupies a narrow and lenticular 

stability field, bounded by K-feldspar-bearing assemblages at higher temperatures, and by 

chlorite-bearing assemblages at lower temperatures (Figure 5.3b). P-T conditions constrained by 

110



Mu Chl 

Law Kao

Rut

2

3

4

5

6

7

400 500 700

Mn-NCKFMASHTO (+q+H2O)

600300

Mu
Law

Ctd
Rut

Mu

Kao

Lmt

Ctd

Rut

Mu Ctd Rut

Mu

Ctd

Ky

Rut

Mu

Bt

Ky

Ilm

Rut

Mu

Ctd

Clin

Ky

Rut

Mu

Bt

Sill

Ilm 

Rut

Mu
Bt

Pl
Sill

Ilm
Rut

Mu Bt

Pl Ksp

Sill Ilm

Rut

Bt Pl Ksp

Sill Ilm Rut
Mu

Bt

Ksp

Sill

Ilm

Rut

Mu Bt

Ksp And

Ilm Rut

Mu
Ctd
Clin
And
Rut

1

2

3

4

5

6
7

Mu

Ctd

Rut

10

8

9

12

11 13
14

15

16

18

19

20
21

22
23

P
(k

b
a
r)

  

Mu Chl

Law Sph

Mu Chl

Ep Sph

Mu

Chl

Law

Sph

Ab

Mu Chl Ab Ep Sph

Mu Chl

Ab Sph

Heu

Mu Chl

Bt Pl Mt

Mu

Chl

Ab

Pl

Rut

Mu

Chl

Bt

Rut

Mu
Bt
Rut
Ky

Mu
Bt

Ksp
Rut

Sill

Mu
Bt
Ksp
Sill

Bt Ksp Sill

Mu Bt

Ksp And

Rut

Bt Ksp And

Mu

Chl

Ep

Sph

Pl

Mu

Chl

Ep

Ab

Pl

Sph

1

2

3
4

5

6

7

8

9

10

11

12

13

14

15

16

17 18

19

20

Mu 

Chl

Bt

Ep

Pl

Rut

Mu
Chl
Bt
Rut
Ky

Mu
Bt

Ksp
Rut

Ky

Mu
Bt

Rut
Sill

(B): LAR-13-053

Mu Bt

And 

Ilm

Rut17

Mu Ctd

Clin Rut

(A): LAR-13-048

T(°C)

Figure 5.3. P-T pseudosections of samples collected from the aluminosilicate-bearing footwall 

(Unit 5.2b, Transect 2). The fields corresponding to the peak mineral assemblages preserved in 

each sample are shaded in blue. Top left (A): P-T of weakly-altered LAR-13-048. Top right 

(B): P-T of highly-altered LAR-13-053. Approximate peak assemblage regions are shaded in 

blue. Bulk compositions are listed in Table 5.2. Phase assemblages are as follows: 

(A) PT-048: 1. Mu Ctd Law Prl Rut. 2. Mu Ctd Prl Rut. 3. Mu Ctd Law Kao Lmt Rut. 4. Mu 

Ctd Law Lmt Rut. 5. Mu Ctd Lmt Rut. 6. Mu Ctd Rut. 7. Mu Ctd Wrk. 8. Mu Bt Crd Ky Rut. 

9. Mu Bt Crd Ky Ilm Rut. 10. Mu Bt Ctd Clin Ky Rut. 11. Mu Ctd Clin Sill Rut. 12. Mu Bt 

Ctd Clin Sill Rut. 13. Mu Bt Ctd Sill Mt. 14. Mu Bt Ctd Sill Ilm Mt. 15. Mu Bt Ctd Clin And 

Rut. 16. Mu Bt Ctd And Rut. 17. Mu Bt Crd And Ilm Rut. 18. Mu Bt Ksp Sill Ilm Rut. 19. Bt 

Ksp Sill Ilm Rut. 20. Mu Bt Pl Ksp And Ilm Rut.21. Mu Bt Pl Ksp And Rut. 22. Bt Ksp Pl 

And Rut. 23. Bt Ksp Pl And Ilm Rut. (B) PT-053: 1. Mu Chl Ep Law Sph. 2. Mu Chl Ab Ep 

Law Sph. 3. Mu Chl Ab Law Sph Heu. 4. Mu Chl Ab Sph. 5. Mu Chl Ab Ep Sph Pl. 6. Mu Chl 

Ep Bt Sph Pl. 7. Mu Chl Bt Ep Pl Sph Rut. 8. Mu Chl Bt Ab Ep Sph Pl. 9. Mu Chl Bt Sph Pl. 

10. Mu Chl Bt Sph Pl Rut. 11. Mu Chl Ab Pl Sph. 12. Mu Chl Ab Pl Sph Rut. 13. Mu Chl Ab 

Sph. 14. Mu Chl Bt Ab Pl Rut. 15. Mu Chl Bt Pl Rut And. 16. Mu Bt Pl Rut And. 17. Mu Bt Pl 

Ksp Rut And. 18. Bt Ksp Rut And. 19. Bt Ksp Sill Crd. 20. Bt Ksp And Crd. 

2

3

4

5

6

7

400 500 700

T(°C)

Mn-NCKFMASHTO (+q+H2O)

600300

Mu
Chl
Bt 
Sill
Rut

Garnet-in Staurolite-inBiotite-in Aluminosilicate-in

Chlorite-out Muscovite-out

111



the peak mineral assemblage are 3.5 to 6.0 kbar and ~550-625ºC. While pressures are consistent 

with those estimated from other samples, estimated temperatures are comparatively high.  

Although staurolite was locally seen as part of the assemblage in thin section from 

sample 053, staurolite was not predicted to occur as a stable phase in any assemblages across the 

full P-T range of the pseudosection. Despite the moderate- to high-Mg contents of the analyzed 

rock (4.48 wt% MgO), the comparatively low Fe content (1.84 wt% FeO) may explain why the 

pseudosection did not predict the mineral to stabilize. Therefore, it is possible that the piece of 

rock crushed for geochemistry did not adequately reflect the composition of the rock cut for thin 

section analysis. Due to limitations on the time and scope of this study, only a quick evaluation 

of the role of Fe was permitted. A limited T-X pseudosection was produced showing that an 

increase in Fe can stabilize staurolite (total FeO = 4.5 wt%), but that stable staurolite-bearing 

fields only occur over a limited and high temperature range, and that peak conditions for the 

observed assemblage of Mu+Bt+Rut+Sill stabilize at even higher temperatures than in the 

original pseudosection (~560-590°C). Without further work, the temperature estimate for peak 

conditions based on this sample should be considered unreliable.  

 

5.3.4 Transect 2: Compositional banding 

The P-T and P-/T-X pseudosections presented above for Unit 5.2b (Transects 1 and 2) 

demonstrate that changes in mineral stability can be directly correlated with increasing alteration 

intensity proximal to ore, and characterized across P-T-X space. In this section, the results of 

pseudosections are presented for mineralogical and bulk compositional variations that occur at 

centimeter scales in Unit 5.1b(d). Sample LAR-13-037, taken from Transect 2, contains 

alternating bands or domains of garnet-bearing (+Chl+Bi) and staurolite-bearing (+Mu±Bi) 

assemblages. These domains were subsampled for geochemistry and are defined as domains 

LAR-13-037A and LAR-13-037B. Garnet-bearing bands (037A) are elevated in MnO (0.37 

wt%) and SiO2 (85.58 wt%) compared to staurolite-bearing bands (037B), which are lower in 

MnO (0.09 wt%) and SiO2 (69.15 wt%). Staurolite-bearing bands (037B) also contain markedly 

higher Al2O3 contents (037A = 4.06 wt%, 037B = 18.16 wt%; Table 5.2).  
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5.3.4.1 P-T pseudosections: LAR-13-037A and LAR-13-037B 

 P-T diagrams for composition 037A (Figure 5.4a) and 037B (Figure 5.4b) were 

calculated from 250-750ºC and 2-7 kbars. In the P-T pseudosection for composition 037A, the 

observed peak assemblage (Chl+Bt+Grt+Pl+Ilm+Mt) occupies a broad tabular region at 

moderate to high pressures (>3.5 kbars, unconstrained >7 kbars) and moderate temperatures 

(450-550ºC). The peak assemblage domain is bounded at higher temperatures by chlorite-absent 

assemblages, and at lower temperatures by epidote-bearing assemblages. The minimum pressure 

constraints are provided by the presence of K-feldspar-bearing assemblages at low pressures, 

which are not observed in samples. Garnet appears at low temperatures (~270°C at 2 kbar) with 

slightly higher temperatures at higher pressure (~290°C at 7 kbar). The displacement to low 

temperatures of garnet-bearing assemblages is interpreted to be related to relatively high MnO 

contents (0.37 wt%; Table 5.2), which is consistent with analysis conducted on the garnet-

footwall samples (Transect 1). For the composition of 037A, biotite is stabilized at slightly lower 

temperatures (280-325°C across 2-7 kbar) compared to other compositions modeled from 

Transect 1, although the composition does not have higher FeO (4.44 wt%). The breakdown of 

muscovite is predicted to occur at approximately 375°C from 2-4 kbar. Finally, chlorite is not 

predicted to remain stable at temperatures above ~550-575°C. Notably, andalusite and kyanite do 

not stabilize in this composition, but sillimanite is predicted to be stable at temperatures 

exceeding 650°C (Figure 5.4a). 

In the P-T pseudosection for composition 037B, the observed peak mineral assemblage 

(Mu+Chl+Bt+St+Ilm) occupies a short tabular region at low to moderate pressures (~2.3-4.5 

kbar) and moderate temperatures (~480-520ºC). The mineral assemblage stability field is 

bounded at higher temperatures by garnet-bearing assemblages, at lower temperatures by 

staurolite-absent assemblages, and at higher pressures by chloritoid-bearing assemblages. For 

this bulk composition, garnet-bearing assemblages do not appear until temperatures >500ºC (at 

medium pressures), or slightly lower (~525°C) temperatures at lower pressures. Critically, 

staurolite is only stable over a narrow temperature range (~480-530ºC), providing somewhat 

tighter constraints on the peak temperatures for metamorphism at LaRonde.  

The P-T pseudosection for composition 037B is markedly different in overall topology in 

comparison to that of composition 037A. Biotite-bearing assemblages are only stable above 
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Figure 5.4. P-T, P-X, and T-X pseudosections of compositional bands in Unit 5.1b(d), Transect 

2. (A): Grt-bearing compositional layer 037A. (B): St-bearing compositional layer 037B. (C): 

P-X pseudosection calculated at 500°C. (D): T-X pseudosection calculated at 4.0 kbar. Bulk 

compositions listed inTable 5.2. Phase assemblages: (A) PT-037A: 1. Mu Chl Law Sph Stlp. 2. 

Mu Chl Stlp Ab Law Sph. 3. Mu Chl Law Sph Ab Rieb Stlp. 4. Mu Chl Grt Law Sph Ab Stlp. 

5. Mu Chl Bt Grt Sph Rieb Stlp. 6. Mu Chl Sph Ab Stlp. 7. Mu Chl Law Sph Ab Stlp Pre. 8. 

Mu Chl Sph Ab Stlp Pre. 9. Mu Chl Sph Ab Stlp Pre Grt. 10. Mu Chl Sph Ab Stlp Grt. 11. Mu 

Chl Sph Ab Stlp Grt Hed. 12. Mu Chl Sph Stlp Grt Hed. 13. Mu Chl Sph Stlp Grt Hed Rieb. 

14. Mu Chl Ab Sph Stlp Grt Hed Rieb. 15. Mu Chl Ab Sph Stlp Pre Grt Hed. 16. Mu Chl Sph 

Ab Stlp Pre Hed. 17. Mu Chl Ab Sph Stlp Hed Grt. 18. Mu Chl Sph Grt Hed Rieb. 19. Mu Chl 

Bt Grt Sph Hed Rieb. 20. Mu Chl Bt Grt Sph Hed. 21. Mu Chl Ab Grt Sph Hed. 22. Mu Chl Bt 

Ab Grt Sph Hed. 23. Mu Chl Bt Ab Grt Sph. 24. Mu Chl Rieb Grt Sph. 25. Mu Chl Bt Ep Grt 

Sph. 26. Mu Chl Bt Rieb Grt Sph. 27. Mu Chl Bt Ab Rieb Grt Sph. 28. Mu Chl Bt Ab Grt Sph. 

29. Mu Chl Bt Ep Ab Grt Sph. 30. Mu Chl Bt Ep Grt Sph. 31. Mu Chl Bt Rieb Sph Ep Grt Ilm. 

32. Mu Chl Bt Rieb Ep Grt Ilm. 33. Mu Chl Bt Rieb Ep Grt Pl Ilm. 34. Mu Chl Bt Rieb Sph Ep 

Grt Ilm. 35. Mu Chl Bt Sph Ep Grt Ilm. 36. Chl Bt Ep Grt Pl Ilm. 37. Chl Bt Ep Grt Pl Ilm Sph. 

38. Chl Bt Grt Pl Ilm. 39. Chl Bt Ep Grt Pl Ksp Ilm. 40. Chl Bt Ep Ksp Grt Ilm Mt. 41. Chl Bt 

Grt Pl Ilm. 42. Chl Bt Grt Ksp Pl Ilm. 43. Bt Grt Pl Ksp Ilm Mt. 44. Bt Grt Ksp Ilm Mt Crd. 45. 

Bt Grt Ksp Ilm Mt Sill Crd. 46. Bt Grt Ksp Ilm Sill. 47. Bt Grt Ksp Pl Ilm Sill Crd. 48. Bt Grt 

Ksp Ilm Crd. 49. Bt Grt Ksp Pl Ilm Crd. (B) PT-037B: 1. Mu Ctd Law Rut. 2. Mu Ctd Ep Ctd 

Law Rut. 3. Mu Chl Wrk Rut Ep. 4. Mu Chl Wrk Rut. 5. Mu Chl Ep Ctd Ilm Rut. 6. Mu Chl Ep 

Ctd Ilm. 7. Mu Chl Ctd Rut. 8. Mu Chl Ctd Ilm Rut. 9. Mu Chl Grt Ilm. 10. Mu Chl Bt Grt Ilm. 

11. Mu Chl Feld Ilm. 12. Mu Chl Bt Feld Ilm. 13. Mu Chl Bt Grt St Ilm. 14. Mu Bt St Grt Feld 

Ilm. 15. Bt St Grt Feld Ilm Sill. 16. Mu Chl Bt Ctd St Ilm. 17. Mu Bt Grt St Ilm Mt. 18. Mu Bt 

Grt Ksp Ilm Mt. 19. Mu Chl Bt Grt St Ilm. 20. Mu Chl Bt Grt Feld St Ilm Mt. 21. Bt Grt Feld 

Ilm Mt. 22. Bt Grt St Feld Ilm Mt. 23. Mu Chl Bt Ilm. 24. Mu Chl Bt Grt Ilm Mt. 25. Mu Chl 

Bt Ilm And. 26. Mu Chl Bt Feld Ilm And. 27. Mu Chl Bt Grt Feld Ilm And. 28. Chl Bt Grt Feld 

Ilm And. 29. Chl Bt Grt Feld Ilm And Mt. 30. Chl Bt Grt Feld Ilm And Mt. 31. Chl Bt Grt Feld 

Ilm And Sill Mt. 32. Bt Pl Feld Ilm Sill Crd. 33. Pl Feld Sill Ilm Crd. 34. Pl Feld Ilm Sill Crd 

Rut. 35. Bt Feld Ilm Sill Mt. (C) TX 037A-07B: 1. Bt Ksp Grt Sill. 2. Bt Ksp Grt Ilm Sill Mt. 

3. Bt Ksp Grt Ilm Sill. 4. Bt Ksp Grt Ilm. 5. Mu Bt Grt Ilm Sill. 6. Mu Bt Grt St Sill Ilm. 7. Mu 

Bt St Grt Ilm. 8. Mu Bt Grt Sill Ilm. 9. Mu Bt Grt St Sill Ilm. 10. Mu Bt St Grt Ilm. 11. Mu Chl 

Bt St Grt Sill Ilm. 12. Mu Bt Grt Sill Mt. 13. Mu Bt Grt St Sill Mt. 14. Mu Chl Bt St Grt. 15. 

Mu Chl Grt St Ilm. 16. Mu Chl Bt St Grt Sill Ilm. 17. Mu Chl Bt St Sill Ilm. 18. Mu Chl St Sill 

Rut Ilm. 19. Mu Chl St Sill Rut. 20. Mu Chl St Ky Sill Rut. 21. Mu Chl St Rut Ilm. 22. Mu Chl 

St Rut. 23. Mu Chl St Ky Rut. 24. Mu Chl Ky Rut. 25. Mu Chl Ky Prl Ctd Rut. 26. Mu Chl Ilm 

Rut. 27. Mu Chl Bt Ep Grt Ilm. 28. Mu Chl Bt Ep Grt Pl Ilm. 29. Mu Chl Bt Ep Grt Pl Ilm Sph. 

30. Mu Chl Bt Ep Grt Pl Sph. 31. Mu Chl Bt Ep Grt Pl Sph. 32. Mu Chl Ep Grt Pl Sph. 33. Mu 

Chl Ep Grt Sph. 34. Mu Chl Ep Grt Ilm Sph. 35. Mu Chl Ep Ilm. 36. Mu Chl Ep Ilm Rut. 37. 

Mu Chl Ep Ilm Sph. 38. Mu Chl Ep Sph Rut Ilm. 39. Mu Chl Ep Grt Sph. 40. Mu Chl Sud Rut 

Ctd. 41. Mu Chl Ep Sph. 42. Mu Chl Ep Rut Sph. 43. Mu Chl Ep Rut Sph Law. 44. Mu Chl Ep 

Rut Law. 45. Mu Chl Ep Law Sph Rut. 46. Mu Chl Ep Sph Law. 47. Mu Chl Law Sph. 48. Mu 

Chl Ep Sph Sp. 49. Mu Chl Sph Sp Law Ep. 50. Mu Chl Ep Ab Sph Sp. 51. Mu Chl Ep Law 

Ab Sp Sph. 52. Mu Chl Ab Law Sp Sph. 53. Mu Chl Sp Law Sph. 54. Mu Chl Law Sp Sph 

Rut. 55. Mu Chl Law Sp Rut. 56. Mu Chl Crd Law Kao Rut Sud. 57. Mu Chl Ctd Law Sud 

Rut. 58. Mu Chl Ctd Sud Rut. 59. Mu Chl Ctd Kao Sud Rut.
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~430°C (at 2 kbar) and ~490°C (at 7 kbar), possibly due to a higher Mg-Fe ratio (Table 5.2), 

where Chl+Bt assemblages are stabilized to higher temperatures until crossing the 

Grt+ChlàSt+Bt reaction, thereby stabilizing the assemblage of St+Chl+Bt (Spear, 1990).  

Chlorite remains stable to temperatures as high as ~600°C, although kinks in the stability 

field boundaries create lower-temperature stability limits at 3 and 4 kbar (~550°C). These 

temperatures are equivalent to the upper greenschist to amphibolite facies boundary for 

metabasic rocks (Spear 1990) and are slightly higher than typically expected. This is likely due 

to bulk Mg content, which is higher compared to that of 037A (3.62 wt% in 037B compared to 

1.88 wt% MgO in 037A). 

Although assemblages for composition 037A provide poor upper pressure constraints, 

and those for composition 037B provide weak lower pressure constraints, the overlap between 

fields from both bulk compositions narrows P-T estimates to between 3.5 and 4.5 kbars, and 500-

550°C. These estimates are consistent with the peak P-T conditions estimated based on 

assemblages in the garnet-bearing footwall of Transect 1 (~4.5 kbar; 500-550ºC; Figures 5.1; 

5.3). 

 

5.3.4.2 T-X pseudosections: LAR-13-037A and LAR-13-037B 

A T-X pseudosection was calculated using the two samples as end-member compositions 

(LAR-13-037A as X0 and LAR-13-037B as X1), where component concentrations varied linearly 

along the compositional continuum. Compositional differences are dominated by a major 

increase in Al2O3, a lesser increase in MgO and FeO, and a decrease in SiO2 towards the X1 

composition. The T-X pseudosection was calculated over temperatures of T = 250-750ºC (at a 

fixed P = 4.0 kbar; Figure 5.4c).  

The appearance of garnet (red line in Figure 5.4c) shows the earlier predicted relationship 

to bulk Mn and Fe composition. At X=0.1 (MnO ~0.34 wt%), the temperature at which garnet is 

stabilized rapidly rises from ~290°C to 380°C. This rise stabilizes at X=0.8 (MnO ~0.15 wt%) at 

a temperature of ~550°C. Staurolite stability across the end-member compositions shows 

significant variation, and is predicted to be stable above ~520°C and below ~590ºC for the 

composition of 37B, but not predicted at all for the composition of 037A. The T-X pseudosection 
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calculated for these samples is a good illustration of the major assemblage differences that can 

result from slight variations in bulk composition.  

 

5.4. Alteration intensity as reflected by phase equilibria modeling 

The results of conventional geothermobarometry and phase equilibria modeling were 

used to quantify the geochemical effects that pre-metamorphic hydrothermal alteration has on the 

resulting metamorphic mineral assemblages of the footwall rocks of the LaRonde-Penna deposit. 

Geothermobarometric calculations estimated equilibration temperature and pressure ranges of 

dominant assemblage groups to be from 445-470ºC and 3.2-5.5 kbar, conditions that span the 

aluminosilicate triple point. These ranges are consistent with the observed assemblages in both 

the garnet-bearing footwall (Transect 1) and aluminosilicate-bearing footwall (Transect 2).  

Pseudosections were calculated for samples representative of the transition between 

weakly- and intensely-altered rhyodacitic-rhyolitic rocks of the 20N footwall. Results indicate 

that the presence of Mn in garnet-bearing footwall rocks has increased the stability of garnet to 

temperatures as low as ~270ºC, at times nearly 100ºC below the biotite-in line. For the end-

member samples in this study, the influences of geochemical variations in the garnet-bearing 

footwall are represented by modal abundance differences, and not by the appearance of new 

minerals or by differences in the temperature at which indicator minerals appear.  

Phase equilibria modeling of weakly and highly altered rocks in the aluminosilicate-

bearing footwall illustrates the increased stability of aluminosilicates in highly altered rocks, as 

well as the increased stability of staurolite with the addition of Fe. Lower Mn concentrations 

(<0.03 wt% MnO) in these rocks are reflected by the absence of garnet-bearing stable 

assemblage fields in the calculated pseudosections. In addition, the narrow temperature stability 

range of staurolite provides tighter constraints on the peak temperatures for metamorphism at 

LaRonde. 

The compositional controls on mineral assemblage stability in the LaRonde-Penna 20N 

footwall rocks is interpreted to be the direct result of varying intensities of pre-metamorphic 

hydrothermal alteration. Highly altered rocks from both transects contain either decreased or 

elevated Si, and variably increased Fe and Mg (and Mn), and variably decreased Na, K, and 

sometimes Ca contents. Results of phase equilibria modeling show that garnet stability is most 
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prominently controlled by Mn content, but also influenced by Fe:Mg ratio, and that biotite and 

staurolite stability appears to be controlled by Fe, Mg, and Al contents.  

Staurolite was observed in samples and predicted by pseudosections for the 037B bulk 

composition. However, staurolite, while observed in sample 053 was not predicted using the 

composition of that sample. When the bulk composition of 053 is compared with the 

composition of staurolite-bearing rocks, it is apparent that 053 has lower Fe (e.g., difference of 

3.01 wt% with 037B), higher Mg (difference of 0.86 wt%), and much lower Al (difference of 

10.31 wt%). The stabilization of staurolite in 037B is possibly the result of higher Al and Fe. For 

example, the lower Fe:Mg ratio means that despite the rocks crossing the following reaction: 

Staurolite + Chlorite + Muscovite  à  Aluminosilicate + Biotite 

(where the aluminosilicate mineral will be andalusite or kyanite depending on pressure), 

staurolite will not stabilize. Instead, the assemblage following this reaction will be Als+Bt+Chl. 

The results of phase equilibria modeling have implications for the P-T conditions of 

metamorphism experienced at LaRonde, as well as for the exploration of VHMS deposits in 

metamorphosed terranes. These implications will be further discussed in Chapter 6. 
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CHAPTER 6 

DISCUSSION AND IMPLICATIONS OF THE STUDY 

 

The current understanding of the effects of metamorphism on VHMS deposits is limited 

by the lack of a clear correlation between protolith bulk composition, the P-T conditions of 

metamorphism, and the mineral assemblages that result from the metamorphism of alteration 

halo rocks. This limited understanding hinders exploration for deposits where metamorphism not 

only changes the mineralogy of alteration haloes, but is typically associated with extensive 

changes in geometry due to deformation. The aim of this study was to better develop our 

understanding of how hydrothermal alteration intensity relates to the resulting metamorphic 

mineral assemblages through an integration of detailed petrographic and geochemical 

characterization, geothermobarometry, and phase equilibria modeling.  

In this thesis, the distribution of key indicator minerals and mineral assemblages were 

described in detail for a range of rock compositions representing different intensities of pre-

metamorphic hydrothermal alteration in the footwall to the LaRonde VHMS deposit. The 

relationships between geochemical variations and the mineral assemblages that stabilize during 

metamorphism were characterized using a combination of P-T and P/T-X pseudosections and 

compared with previous studies that also investigated major and minor element controls on 

mineral development in ore-deposit environments. For example, the effect of Mn on garnet 

stability has been well-demonstrated using empirical and phase diagram approaches (Mahar et 

al., 1997; Tinkham et al., 2001; White et al., 2014b), and the additional influence of Fe and Ca 

contents further demonstrated in a study of vein-related hydrothermally altered rocks (Pattison 

and Seitz, 2012). Because these effects are well known, work in this study focused on variations 

in the stability of garnet, biotite, chlorite, staurolite, and the aluminosilicate minerals, as well as 

other potentially relevant minerals, by focusing on comparisons between natural rock 

compositions (instead of single components) from the LaRonde-Penna footwall.  

In addition to improving our understanding of mineral assemblage development in 

metamorphosed equivalents of altered footwall rocks at LaRonde-Penna, the outcomes from this 
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research have implications for the P-T conditions of metamorphism at LaRonde and how these 

conditions may relate to the evolution of the southern Abitibi greenstone belt. Results also have 

broader implications for exploration of metamorphosed VHMS deposits. The results contribute 

to the future development of predictive P-T-X models that allow the relationships between bulk 

compositions and mineral assemblages to be used to discriminate rocks from metamorphosed 

alteration haloes associated with VHMS deposits from “background” regional metamorphic 

rocks. 

 

6.1 The mineralogical reflection of alteration intensity following metamorphism 

The LaRonde-Penna 20N footwall provides an interesting illustration of contrasting 

mineral assemblages and textures developed in rocks where variations in bulk composition are a 

function of pre-metamorphic hydrothermal alteration style and intensity within an originally 

homogeneous volcanic protolith. The garnet-bearing footwall (Transect 1) developed in altered 

rhyodacite is characterized by garnet-bearing assemblages where the modal abundance and grain 

size of assemblage minerals increase with proximity to ore and inferred pre-metamorphic 

alteration intensity. This increase in inferred alteration intensity is correlated with an increase in 

Mn, Fe, Mg, and K, and a decrease in Ca and Na content of the rocks. In contrast, the 

aluminosilicate-bearing footwall (Transect 2) developed in altered rhyolite is characterized by 

more variable and complex mineral assemblages, the distribution of which do not conform to 

ideal models for VHMS deposits, where proximity to ore should be reflected in alteration 

intensity. On the meter- and decimeter-scale, proximity to ore in Transect 2 is indicated by a 

general coarsening of porphyroblast size, the appearance of aluminosilicate minerals, and 

increasing schistosity. In contrast, on the centimeter-and-below scale significant assemblage 

heterogeneity may represent different levels of alteration intensity that do not systematically 

change with proximity to ore lenses. However, because geochemical variations in footwall 

alteration intensity is reflected mineralogically, they may be evaluated through a study of the 

relationships of mineral assemblage stability across a range of P-T conditions and bulk 

compositions. 
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6.1.1 Compositional variations within altered VHMS footwalls  

The geometries of alteration zones in a VHMS footwall are typically more varied and 

complex than those predicted by the simplified “footwall alteration pipe” model (e.g. Gifkins et 

al., 2005). For example, the compositional changes within and between alteration zones in the 

LaRonde-Penna footwall display heterogeneity down to the millimeter-scale, especially within 

rocks studied in Transect 2. In this case, alteration intensity may mimic localized areas of pre-

alteration permeability, a factor that may not systematically vary throughout the footwall nor 

systematic with respect to the location of ore lenses. Instead these relate to pre-alteration textural 

heterogeneities. For example, at LaRonde where flattening during deformation is estimated to 

have resulted in clast aspect ratios of 1:1:6 (Mercier-Langevin et al., 2007b) millimeter- and 

centimeter- scale mineral assemblage heterogeneity may easily be the result of deformation and 

metamorphism of altered breccias.  

 In a typical VHMS alteration footwall, increasing alteration intensity is predicted to occur 

toward the central upflow zone and toward the locations of ore deposition (closest to 

hydrothermal fluid flow), and is represented by a leaching of Na and Si and an addition of Fe, 

Mg and K (Gifkins et al., 2005). As part of this model, Mn may also be enriched in the 

immediate footwall to the ore lens(es). However, even when complexities associated with syn-

metamorphic deformation are accounted for, the geochemical transitions observed within 

Transects 1 and 2 do not systematically reflect the predictions made by this model. For example, 

while Fe content is higher in the garnet-bearing and aluminosilicate-absent zone (Transect 1), 

reflecting elevated hydrothermal alteration intensities, Mg content does not consistently increase 

in these zones.  

Additional deviations from the simplified VHMS deposit models also exist in the 

currently accepted model for hydrothermal alteration at LaRonde (Dubé et al., 2007), which 

suggests that differences in geochemistry should exist between rocks sampled from the same 

volcanic units in Transects 1 and 2. The Dubé et al. (2007) model suggests that differences in 

mineral assemblages reflects two different altered protoliths: 1) garnet-rich assemblages 

developed in rocks altered by neutral, low- to intermediate temperature fluids, and 2) aluminous 

assemblages developed in rocks that experience advanced argillic (acidic) alteration.  
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In this study, some differences in geochemistry are observed that correlate with 

assemblage differences. For example, SiO2 and K contents are generally lower on average in 

Transect 1 rocks compared to aluminosilicate-bearing Transect 2 rocks. While Fe concentrations 

are also higher in Transect 1 rocks, Mg content is not consistently higher. In addition, Na 

contents are higher in Transect 1 (Table 5.2; Appendix B). However, most notable is the general 

similarity in total Al2O3 content across samples collected from both transects, which rarely 

exceeds 15 wt%. These values are consistent with average values for altered rhyolites presented 

in Dubé et al. (2007) and similar or lower than typical “unaltered” rhyolite compositions. 

Therefore, the presence of aluminosilicate minerals in Transect 2 rocks, but their absence in 

Transect 1 rocks, must reflect other compositional differences. The use of phase diagrams allows 

the links between footwall rock chemistry and variations in mineral assemblages to be explored. 

 

6.1.2. Relationships between bulk composition and mineral assemblages 

Phase equilibria modeling was used to show how bulk compositional variations are 

expressed in the contrasting assemblages of Transects 1 and 2. Bulk compositions representative 

of key assemblage domain and geochemical variations that were selected for modeling included: 

garnet-bearing, aluminosilicate-absent assemblages from Unit 5.2b in Transect 1; 

aluminosilicate-bearing, garnet-absent assemblages in Unit 5.2b in Transect 2; and domains 

composed of Grt+Bt and St+Chl assemblages that are intimately interlayered on millimeter- and 

centimeter-scales in Unit 5.1b(d) in Transect 2. Using calculated pseudosections, the predicted 

stabilities of key indicator mineral-bearing assemblages over a range of P-T conditions that 

include those experienced at LaRonde were demonstrated to be controlled by bulk geochemical 

variations.  

The influence of Mn-Mg-Fe contents on garnet stability has been well-documented 

(Mahar et al 1997; Tinkham et al., 2001; White et al., 2014a; 2014b). Previous studies show that 

the presence of Mn stabilizes garnet to higher and lower pressures (up to 7 kbar) and 

temperatures over a wide range of bulk compositions. Addition of Mn also leads to a predicted 

and significant increase of garnet stability, lowering the temperature of garnet-forming reactions 

in metapelitic rocks by more than 100°C (Mahar et al., 1997; White et al., 2014b). White (2014b) 

suggests that the temperature of garnet-in reactions could be lower than the biotite isograd where 
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MnO contents exceed 0.3 wt%, which is less than half of the Mn content measured in some 

garnet-rich rocks analyzed from intensely altered portions of Transect 1 (0.63 wt%). Garnet 

stability may also be influenced by Fe content, with higher Fe:Mg ratios also stabilizing garnet to 

lower temperatures (Tinkham et al., 2001; Pattison and Seitz, 2012). Additionally, Ca has been 

suggested to stabilize garnet to lower temperatures, but to a lesser extent than Mn and Fe (Mahar 

et al., 1997). 

Results from this study correlate with previously published results. The temperature at 

which garnet becomes stabile in compositions modeled from Transects 1 and 2 is also strongly 

influenced by Mn content and Fe:Mg ratio. Also observed in some compositions are garnet-

bearing assemblages stabilized to lower temperatures than biotite-bearing assemblages, with 

garnet-bearing assemblage fields stabilizing to as low as ~270°C (Transect 1; Figures 5.1a; 5.1b) 

and ~260°C (Transect 2; Figure 5.4a). Garnet-absent assemblages in Transect 2 are consistently 

low in Mn content (~0.01-0.09 wt%) and high in Fe:Mg ratio (Table 5.2). While these rock 

composition-mineral assemblage variations may reflect gradual changes in alteration intensity 

with proximity to ore zones, an important observation is that compositions that allow 

stabilization of garnet may be interlayered on less than centimeter scales with compositions that 

don’t (Transect 2; Figure 5.4b). This observation demonstrates how even minor variations in Mn 

and Fe contents in whole rocks, and therefore minimal differences in alteration intensity, may 

result in significantly contrasting mineral assemblages. 

 In most cases in the rocks modeled using pseudosections, the temperatures at which 

biotite-bearing assemblages stabilize is consistent with that seen in many rock types (e.g., 

metapelites; Spear, 1993; White et al., 2014). However, in garnet-bearing rocks from Transect 1, 

biotite-bearing assemblages stabilize to lower temperatures for compositions with higher Fe and 

Ti contents (Figures 5.1b). Similar trends are noted in compositional bands from Transect 2, 

where biotite is stable at <300°C for garnet-bearing bands with higher TiO2 contents (037A = 

0.26 wt% TiO2) (Figure 5.4a) but is restricted to temperatures above 400°C for staurolite-

bearing, garnet-absent bands with lower TiO2 (037B = 0.03 TiO2). The latter observation is 

consistent with some previous studies (e.g. White, 2000).  

In addition to the effect of total-Fe and Ti contents on biotite stability, the effects of Fe3+ 

on biotite have also been documented and show biotite to be stabilized to lower temperatures in 
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more oxidized rocks (White et al., 2000; 2014a; 2014b). While the phase equilibria diagrams 

calculated in this study did not incorporate changes in Fe3+ between the modeled compositions, 

and the overall Fe3+ content in these modeled rocks is negligible (Table 5.2), this concept may 

have important implications for understanding where biotite may be stable in different parts of 

the alteration system that may be more or less oxidized. For example, stringer zones that contain 

higher amounts of sulfide minerals are likely to have reduced compositions, with the resulting 

metamorphic biotite possibly reflecting higher temperature conditions than biotite in a more 

oxidized zone.  

 Chlorite in assemblages across both transects is not particularly more stable at higher 

temperature conditions than what has been documented in typical pelitic and greywacke-

composition rocks (e.g., White et al., 2014a), or for altered basaltic rocks (Diener et al., 2008), 

where chlorite can be stable to temperatures greater than 600°C. The persistence of chlorite-

bearing assemblages to higher-grade conditions is controlled by elevated Mg (Tinkham et al., 

2001). At LaRonde, elevated Mg concentrations are reflected in pseudosections by an increase in 

the upper temperature stability limits of chlorite ~50°C (at pressures between 2-4 kbar), 

especially for St+Chl compositional bands in Transect 2 rocks (Figure 5.4b). 

Although staurolite was observed in a number of mineral assemblages from Transect 2 

rocks, pseudosections for aluminosilicate-bearing, garnet-absent rocks (Figure 5.3b), failed to 

predict the presence of staurolite-bearing assemblages. One explanation for this is could be the 

presence of zinc in staurolite, which is suggested to affect the stability limits. However, the 

absence of experiments describing the thermodynamic behavior of Zn-bearing staurolite 

currently precludes inclusion in pseudosection calculations. Despite this, the measured zinc 

values in the aluminosilicate-bearing, garnet-absent rocks in Transect 2 used for PT modeling are 

very low (Zn in 053 = ~0.007 wt%) (Appendix A), and the composition of staurolite in these 

rocks is also typically Zn-poor (<0.2 wt% ZnO). Additionally, rock compositions in which 

staurolite was successfully modeled to occur at the P-T window corresponding to metamorphism 

at LaRonde (e.g. staurolite-bearing compositional bands in LAR-13-037B; Figure 5.4b) contain 

almost three times more Zn (0.038 wt%) (Appendix A), indicating that zinc content may not be 

the only influencing factor.  
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Although time limited a full exploration of compositions that may control staurolite 

stability in metarhyolites, limited modeling was attempted. Preliminary results suggest that with 

the addition of  ~2.5 wt% FeO to composition 053 (to a total of ~4.5 wt%), staurolite 

assemblages were stable over a narrow range of temperatures, indicating a probable dependence 

of staurolite stability on Fe content in the bulk rock. The stability of staurolite may also be 

dependent on the P-T trajectory during metamorphism. For example, for higher Mg rock 

compositions, when crossing the staurolite-in reactions, Bt-Chl-And assemblages may be stable 

at the expense of staurolite.  

This effect of Fe:Mg on the stabilization of staurolite has previously been documented 

(Tinkham et al., 2001), and shows that staurolite stability is restricted to lower XMg compositions 

at lower amphibolite-facies conditions. Staurolite- and andalusite-bearing assemblages from 

Transect 2 (represented by composition 053) contain a much higher XMg (0.70) than for the other 

staurolite-bearing composition modeled (037B: XMg = 0.42), which may have resulted in 

restricted staurolite stability for the Mg-rich composition of 053. 

 Both aluminosilicate-bearing and aluminosilicate-absent assemblages contain similar 

bulk rock Al2O3 compositions. Moreover, for the rock composition modeled with the highest 

bulk Al2O3 (037B = 18.16 wt%), aluminosilicate minerals have restricted stability ranges 

(temperatures higher than the triple point ; Figure 5.4b), and are not predicted for temperatures 

experienced at LaRonde during regional metamorphism. An important implication is that Al 

content is not a major control on the presence of aluminosilicates in the observed mineral 

assemblages at LaRonde. Instead, other major and minor elements influence the location of 

alumninsilicate-forming reactions, or the mineral assemblages that result from these common 

metamorphic reactions. Where andalusite and kyanite are predicted to stabilize, stability fields 

are restricted until temperature conditions much higher than experienced at LaRonde. Similar 

behavior has been previously been noted (Tinkham et al., 2001; Tinkham and Ghent, 2005). 

 

6.1.3 Relating mineral assemblages to alteration zones 

The typical mineral and compositional zoning predicted by simple VHMS models 

involves Fe-Mg-chlorite-rich central alteration zones and Na-K-rich sericitic and albitic outer 

zones. This compositional zoning was predicted to correlate with mineral assemblages on a 
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broad scale in metamorphosed deposits. Results from this study initially indicate that for 

rhyolitic protoliths, biotite- and Mn-garnet-bearing assemblages will define zones that correlate 

with central Fe-Mg-rich alteration zones, and garnet-poor, possibly aluminosilicate-bearing 

assemblages will result from the metamorphism of sericitic intermediate and albitic outer 

hydrothermal domains. However, this broad correlation is not consistent on a smaller 

(centimeter-and-below) scale, where contrasting mineral assemblages reflect the phenomenon of 

small differences in protolith bulk composition (and alteration intensity) that result in major 

differences in peak mineral assemblages.  

 

6.2 Implications for conditions during metamorphism at LaRonde 

The conditions of peak metamorphism at LaRonde suggested by Grt-Bt, Grt-Chl, and 

GASP/GBPQ thermobarometry range from 420 – 470°C and 3.2 – 5.5 kbar (Tables 5.1a-c; 

Figure 6.1). These estimates overlap with the lower temperature ranges predicted for stable 

mineral assemblages in calculated P-T pseudosections, which are mostly suggesting slightly 

higher peak temperatures. For example, the garnet-bearing assemblages in Transect 1 (samples 

016 and 022) are constrained in P-T pseudosections to be stable from 470 – 540°C and 2 – 4.6 

kbar. In rocks from Transect 2 that preserve alternating bands of Grt+Bt and St+Chl-bearing 

assemblages (037A and 037B, respectively), stability fields overlap for a narrower P-T range of 

~500-550°C  and ~3-4.5 kbar, consistent with estimates from the garnet-bearing footwall 

assemblages. The P-T conditions constrained for the aluminosilicate-absent (048) and 

aluminosilicate-bearing (053) samples from Transect 2 straddle the upper and lower limits of the 

other assemblages. For the aluminosilicate- and staurolite-absent assemblages (048), lower 

estimated temperatures (370 – 490°C) overlap with estimates from conventional 

thermobarometry. However, conditions estimated based on aluminosilicate-bearing, garnet-

absent assemblages (053) are somewhat higher than other estimates, and range between 550 – 

610°C (for 3.2 – 6 kbar). Reliable upper temperature limits for metamorphism are provided by 

the observation that sillimanite is not stabilized in garnet-bearing rocks from Transect 1 (e.g., 

016 and 022), and magnetite is not stabilized in garnet-bearing compositional domains in sample 

037A, which together imply that peak conditions remained below ~600°C for P = 4 kbar.  
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Important to this study is that conditions predicted for most stable mineral assemblages 

overlap with the aluminosilicate-triple point. This broad overlap not only provides confidence in 

the pseudosections themselves, but is in general accordance with the conventional 

thermobarometric estimates. In contrast, conditions predicted for the stable mineral assemblages 

of 048 and 053 do not overlap with estimates from other peak assemblage domains, and the 

estimates from 053 do not overlap with conventional thermobarometric estimates. As previously 

discussed in Chapter 5, these pseudosections did not replicate the assemblages observed, and 

attempting to force the predicted stability fields to represent observed assemblages may provide 

false estimates for P-T conditions. Therefore, less emphasis has been placed on the P-T results of 

these samples.  

 

 

Figure 6.1. P-T diagram with an inferred clockwise prograde path for the LaRonde-Penna 

deposit, with peak P-T assemblage domains from calculated pseudosections displayed. 
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An inferred prograde P-T path for the regional metamorphic evolution at LaRonde-Penna 

can be derived by integrating peak conditions from mineral assemblages with textural 

relationships preserved in the rocks. Andalusite is abundantly present within Transect 2 rocks, 

despite restricted stability in calculated pseudosections. Andalusite porphyroblasts preserve 

foliated inclusion trails aligned with an external matrix foliation that also locally wraps around 

andalusite. In addition, kyanite is commonly aligned within this dominant foliation. This 

suggests that the prograde P-T path proceeded first within the andalusite stability field before 

crossing into the kyanite field with a shift to slightly higher pressures. Sillimanite is rare, but 

where seen (e.g., 053), is fibrous or occurs as fine-grained prisms, and forms fringes on biotite 

and locally on kyanite. The low abundance and fine-grained nature of sillimanite in Transect 2 

(Unit 5.2b) rocks, in combination with the absence of sillimanite from all Transect 1 rocks, 

suggests a limited excursion into P-T conditions favorable for the stabilization of sillimanite.  

The overlapping peak stability fields for each P-T pseudosection along with textural 

evidence indicate a prograde clockwise P-T loop typical of orogenic belts (pictured in Figure 

6.1). Peak P-T conditions at LaRonde-Penna likely reached the lower amphibolite-facies, 

probably at approximately 510 – 530ºC and 3.8 – 4.2 kbar (Figure 6.1). Absolute maximum 

temperature conditions of ~600°C are indicated by the absence of sillimanite in the garnet 

footwall. Textural evidence that records progressive growth of multiple phases within a layer-

parallel foliation supports the interpretation that metamorphism was regional in nature. In 

addition, the lack of assemblage zoning that reflects a thermal gradient generated by nearby 

intrusions argues against a contact metamorphic origin.  

 

6.3 Exploration for VHMS deposits in metamorphosed terranes  

The results of this study have direct implications for understanding the assemblages that 

develop within metamorphosed VHMS alteration halos. While assemblage stability limits are not 

the same across all bulk compositions, the transitions between assemblage domains are a direct 

reflection of bulk compositional changes. Therefore, variations in alteration intensity within and 

between primary protoliths (in this case, rhyodacitic-rhyolitic volcanic rocks) can lead to varying 

mineral assemblage stabilities across a compositional gradient in the same footwall, or between 
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intimately layered domains over short length scales. This variation will be exacerbated in 

volcaniclastic rocks where alteration intensities could vary widely. 

The solution to understanding the extreme heterogeneity present within metamorphosed 

alteration halos is to understand the geochemical controls on mineral assemblage stabilities. For 

example, bulk compositions with elevated MnO, FeO, and CaO are more likely to stabilize 

garnet-bearing assemblages, and bulk compositions with elevated MgO and depleted Na2O are 

more likely to stabilize staurolite-bearing, and locally aluminosilicate-bearing, assemblages.  

Despite issues with modeling the stability behavior of Zn-bearing staurolite in 

pseudosections constructed for the aluminosilicate-bearing rocks at LaRonde (e.g., sample LAR-

13-053), the approach used in this study provides a useful approach and methodology for 

characterizing the alteration patterns of VHMS deposits in metamorphosed terranes. Using the 

approach employed in this study, pseudosections could be calculated for the compositions of a 

range of hydrothermally altered rocks expected to be intersected in drill core, at the P-T 

conditions of the metamorphic terrane in which the deposit is located. The mineral assemblages 

predicted to stabilize by P-T and P/T-X pseudosections could be used as a context to interpret 

those mineral assemblages observed in core, and aid with developing a link between minerals 

observed in core and the pre-metamorphic hydrothermal footprint. The intersection of a 

predicted mineral assemblage in drill core, and equally as important a sequence of mineral 

assemblages, can then be used to develop a more robust framework of hydrothermal alteration 

intensity, and so proximity to lenses with a high probability of ore. This framework is especially 

important where deposit alteration haloes are deformed, changing the original alteration halo and 

ore zone geometries. Exploration for VHMS deposits is challenging in metamorphic terranes 

where there is uncertainty with predicting the expected mineral assemblages following 

metamorphism. In these deposits, the mineralogy reflects the alteration but is not a direct product 

of alteration, and the transitions between assemblage domains is an important context in which to 

view the transitions between alteration zones, and therefore the inferred proximity to ore. 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

 

 The aim of this project was to address two key questions relating to the development of 

mineral assemblages in metamorphosed VHMS deposits: 1) How are variations in protolith bulk 

composition (major and minor element chemistry) across an alteration halo reflected in 

metamorphic mineral assemblages over a range of P-T conditions? And 2) If phase equilibria 

models can effectively describe the relationships between pre-metamorphic alteration zone and 

mineral assemblages, can robust predictive models be developed that allow for a relationship to 

be established between alteration halo compositions from unmetamorphosed deposits to 

assemblage domains in their metamorphosed equivalents? 

 The study focused on rocks sampled from two transects through different parts of the 

altered footwall to the LaRonde-Penna Au-rich VHMS deposit, and integrated field relationships 

with petrologic and geochemical investigations to characterize metamorphic mineral 

assemblages and textures, metamorphic mineral chemistry, and bulk rock geochemistry of the 

rocks. These characterizations served as the basis to select key mineral assemblages and 

assemblage transitions to develop phase diagrams that related bulk compositions to metamorphic 

mineral assemblages over a range of P-T-X conditions. 

 

7.1 Conclusions 

 Key conclusions of this study include: 

• The garnet-bearing footwall (Transect 1) developed in altered rhyodacite-rhyolite is 

characterized by garnet-bearing assemblages where the modal abundance and grain size of 

assemblage minerals increase with proximity to ore and inferred pre-metamorphic alteration 

intensity. This increase in inferred alteration intensity is correlated with an increase in Mn, Fe, 

Mg, and K, and a decrease in Ca and Na content of the rocks. 

• Enrichment of Mn and Fe in garnet-bearing footwall rocks has increased the stability 

window of garnet-bearing assemblages, lowering temperature at which garnet first forms to as 

low as ~270ºC, at times nearly 100ºC below the first appearance of biotite in these rock 

compositions. The influences of whole-rock geochemical variations in the garnet-bearing 
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footwall are represented initially by the appearance of the assemblage Grt-Bt-Mu-Chl in weakly 

altered rocks. However, once this assemblage appears in the drill core, increasing alteration 

intensity and proximity to ore lenses is not recorded by the stabilization of new mineral 

assemblages, but by an increase in the modal abundance and size of porphryoblastic phases.  

• The aluminosilicate-bearing footwall (Transect 2) developed in altered dacite-

rhyodacite preserves varied assemblages where garnet, staurolite, and aluminosilicate minerals 

are dominant. Heterogeneities are observed from the meter-scale, with an overall increase in 

grain size and intensity of schistosity with proximity to ore lenses, down to the millimeter-scale, 

where intimately layered and alternating bands of Grt+Bt and St+Chl assemblages illustrate 

original heterogeneities in the footwall.  

• In the aluminosilicate-bearing footwall, compositions that allow stabilization of garnet 

(high Mn and Fe:Mg ratio) versus those that do not (low Mn and Fe:Mg ratio) may be 

interlayered on scales of less than a centimeter. This observation demonstrates that even minor 

variations in whole rock Mn and Fe contents, which reflect only minimal differences in alteration 

intensity, may result in significantly contrasting mineral assemblages. 

• Although staurolite was present in aluminosilicate-bearing, garnet-absent rocks in 

Transect 2, initial pseudosections calculated for these rocks failed to produce staurolite-bearing 

assemblages. Preliminary results suggest that with the addition of FeO to the composition of 053 

(from 1.84 wt% to a total of ~4.5 wt%), staurolite assemblages were stable over a narrow range 

of temperatures, indicating a probable dependence of staurolite stability on Fe content in the bulk 

composition. 

• A major conclusion of this study is that aluminum content of the rocks analyzed is not a 

major influence on the presence or absence of aluminosilicate minerals in the LaRonde footwall. 

Total Al2O3 content is essentially the same for aluminosilicate-bearing and aluminosilicate-

absent assemblages (from both transects), rarely exceeding 15 wt%,. This is similar to, or lower 

than, typical “unaltered” rhyolite compositions, and also consistent with average values for 

altered rhyolites presented in Dubé et al. (2007). An important implication of this is that major 

and minor elements other than aluminum control the appearance of aluminosilicate minerals in 

rocks from Transect 2. 

• A combination of conventional geothermobarometry and phase equilibria modeling 

indicates that peak P-T conditions at LaRonde-Penna are constrained at 510-530ºC and 3.8-4.2 

131



kbar. Textural evidence including abundant andalusite in Transect 2 rocks, sillimanite fringes on 

biotite and kyanite within a foliation, and the presence of sillimanite in only a small portion of 

the footwall rocks indicates regional metamorphism and clockwise P-T path typical of orogenic 

belts.  

• Within the context of simplified models for VHMS footwall alteration in rhyolitic 

protoliths, biotite- and Mn-garnet-bearing assemblages will define zones that correlate with 

central Fe-Mg-rich alteration zones, and garnet-poor, possibly aluminosilicate-bearing 

assemblages will result from the metamorphism of sericitic intermediate and albitic outer 

hydrothermal domains. However, inconsistencies between mineral assemblage and inferred pre-

metamorphic alteration zone imply that the mineralogical differences within metamorphosed 

VHMS deposit footwalls may not be obvious reflections of bulk rock geochemistry. For 

example, while Fe content is higher in the garnet-bearing and aluminosilicate-absent zone 

(Transect 1), reflecting elevated hydrothermal alteration intensities, Mg content does not 

consistently increase in these zones.  

• Phase equilibria modeling allows the links between footwall rock chemistry and 

variations in mineral assemblage to be explored. Mineral stability across geochemically 

contrasting zones in an altered VHMS footwall can be predicted and correlated to observed 

assemblages. Despite issues with predicting staurolite stability in some assemblages, predictive 

phase equilibria modeling is determined to be a robust tool to understand and describe the 

relationship between pre-metamorphic alteration zone mineral assemblages and their 

metamorphosed equivalents. 

 

7.2 Recommendations for future work 

The research presented in this thesis confirmed that phase equilibria modeling, and the 

use of P-T-X pseudosections represents a viable method to develop predictive tools that aid 

exploration for VHMS deposits in metamorphosed terranes. Further work should include: 

• An evaluation of the effects of individual chemical components on mineral stability, 

particularly for indicator minerals that serve to locate exploration geologists within a 

metamorphosed alteration halo. For example, Fe controls on the stability of staurolite and K and 

Fe3+ controls on the stability of biotite need to be further explored and integrated within real rock 

compositions. In addition, further constraints are needed on the role of Mg:Fe ratio in dictating 
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the appearance of staurolite and andalusite, as well as the relative importance of Al and K 

contents in stabilizing aluminosilicates. 

• Further testing of the modeling approach by carrying out similar studies on other well-

characterized VHMS deposits, in particular those developed within different volcanic protoliths 

(mafic versus felsic) and within terranes with different metamorphic histories, expanding 

knowledge about how protolith bulk compositions are reflected in metamorphosed equivalents.  

• The construction of P-T-X pseudosections based on bulk rock compositions from 

unmetamorphosed or weakly metamorphosed deposits, where increased confidence in the 

original “altered” protolith compositions exist, in particular the possible presence of carbonate 

alteration minerals. The assemblages predicted by these pseudosections could be then compared 

directly to those observed in known metamorphosed deposits (e.g., Izok Lake, LaRonde). 

Combining this with modeling of existing metamorphosed deposits could then be used to 

develop a framework of predictive models that cover a range of compositions and metamorphic 

settings, including contact metamorphism. 
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APPENDIX A 

SUPPLEMENTAL ELECTRONIC FILE FOR WHOLE-ROCK GEOCHEMICAL ANALYSES 

 

Data File File containing whole-rock geochemical 

analyses. Appendix A is in Microsoft 

Excel (2018) format.  

Appendix_A_Whole-

RockGeochem 

Whole-rock geochemical analyses 
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APPENDIX B 

SUPPLEMENTAL ELECTRONIC FILES FOR ELECTRON MICROPROBE MINERAL 

ANALYSES 

 

Data Files Files containing chemical mineral analyses. 

Appendices B-1 and B-2 are in Microsoft Excel 

(2018) format.  

Appendix_B-

1_EMP_Data 

Electron microprobe (EMP) mineral analyses 

Appendix_B-

2_Staurolite_EMP_Data 

Electron microprobe (EMP) mineral analyses of 

staurolite, including zinc calculations 
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APPENDIX C 

SUPPLEMENTAL ELECTRONIC FILE FOR ELECTRON MICROPROBE MINERAL 

ANALYSES USED IN GEOTHERMOBAROMETRIC CALCULATIONS 

 

Data File File containing chemical mineral analyses 

used for geothermobarometry. Appendix C 

is in Microsoft Excel (2018) format.  

Appendix_C_EMP_for_PT Electron microprobe (EMP) mineral 

analyses used in geothermobarometric 

calculations 
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