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Abstract 

 

This field, petrographic, and geochemical study examines mingling of 

compositionally similar rocks at multiple scales. Evidence of complex magma mingling in 

a multi-component crystal mush reservoir is preserved at Wild Cove East, located along 

the northeast shoreline of Fogo Island, Newfoundland. The irregular contacts and lack of 

chilled margins between units, the back-intrusion of younger units by older units, the 

similar composition of units, and an overlap in U/Pb zircon ages suggest all units 

interacted as viscous crystal mushes at similar temperatures in the shallow crust. 

Abundant rounded to ellipsoidal magmatic enclaves, of which there are at least three 

different populations based on composition and crystallinity, appear to represent 

separate magmas that were entrained either as earlier mush material or crystal-poor 

intrusions that experienced break-up at depth. Evidence of exchange of liquid at deeper 

levels is preserved both in the field and at the mineral-scale, where it is highlighted by 

abrupt compositional spikes in traverses across early forming minerals such as plagioclase 

and pyroxene. Heterogeneity in textures and composition of both major minerals 

(plagioclase and pyroxene) and an accessory mineral (zircon) suggest processes such as 

crystal exchange and capture affected mush host rocks, enclaves, and other intrusions in 

the study area earlier in their histories at deeper levels.   
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Chapter 1 – Introduction and Background 

 Fogo Island, located off the northern coast of Newfoundland, is underlain by a 

Silurian-Devonian magmatic body called the Fogo batholith along with several volcano-

sedimentary sequences (Baird, 1958; Currie, 2003; Kerr, 2013). The Fogo batholith is 

comprised of plutonic rocks ranging from gabbro-diorite to granite and is interpreted to 

represent an amalgamation of multiple plutonic bodies as suggested by limited 

geochronological data including a 411 +/- 13 Ma Rb-Sr isotopic age on northern granites 

(Sandeman and Malpas, 1995), a 420 +/- 2 Ma U-Pb age from a monzogranite of the 

Sandy-Wild Cove Suite (Aydin, 1994) and a 408 +/- 2 Ma U-Pb age from a quartz diorite 

Sandy-Wild Cove Suite (Aydin, 1994). These ages are consistent with multiple Appalachian 

orogenic events that affected much of Newfoundland during the end Silurian to early 

Devonian. 

The goal of this chapter is to provide the reader with the necessary information 

regarding the previous work done on both Fogo Island geology along with modern ideas 

concerning magma chamber processes that are relevant to this study. The chapter will 

begin by briefly discussing the tectonic setting of the Fogo batholith relative to the 

Newfoundland Appalachians. Following this, previous work done on Fogo Island will be 

described including a detailed description of the geological units and a discussion of the 

proposed models of emplacement for the batholith. The final section of this chapter will 
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discuss modern ideas regarding magmatic processes that occur in shallow crustal magma 

chambers. 

1.1. Tectonic Setting 

The North American Appalachians represent a complex orogenic cycle that 

involved the opening and subsequent closure of the Iapetus and Rheic oceans during the 

Early to Late Paleozoic. One popular tectonic model suggests the Appalachians comprised 

six separate and successive events (Penobscotian, Taconic, Salinic, Acadian, Neo-Acadian, 

and Alleghanian orogenies), each of which involved the orthogonal closure of marginal 

seaways within the Iapetus and Rheic Oceans (Williams et al, 1988; van Staal and Barr, 

2012; Figure 1.1). A different model by Murphy et al (2010) suggests the Appalachians 

represent a three-plate orogenic event involving the collision of Laurentia, Baltica, and 

Gondwana. Both models agree that, over the course of the Paleozoic, the tectonic style 

of the Appalachians changed from an accretionary orogeny to an oblique strike-slip 

collisional orogeny after the terminal closure of the Iapetus and Rheic Oceans.  

The tectonic history of the Newfoundland Appalachians is dominantly represented 

by the opening and closure of the Iapetus Ocean, whereas the effects of the Rheic Ocean 

closure are limited compared to other parts of eastern North America (Murphy et al, 

2010). In the model by van Staal and Barr (2012), it is suggested Newfoundland rocks 

experienced multiple orogenic events during the closure of Iapetus due to the collision of 

multiple arcs and microcontinents with the eastward expanding Laurentian margin. These 
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events include the Late Cambrian to Late Ordovician (500-460 Ma) Taconic orogeny, the 

Early Silurian (440-423 Ma) Salinic orogeny, and the Late Silurian to Early Devonian (421-

400 Ma) Acadian orogeny. A different tectonic model by Murphy et al (2010) suggests that 

Iapetus closure similarly involved arc-back-arc accretionary events but complete closure 

was achieved by the Mid Silurian due to the collision of Laurentia and Baltica to form 

Laurussia. In this model, the collision of Gondwana and Laurussia in the Carboniferous 

resulted in the closure of the Rheic Ocean. 

  The effects of both the Early Silurian Salinic and the Late Silurian-Early Devonian 

Acadian orogenies are pronounced in the rocks of Central Newfoundland and are 

interpreted to have been particularly important with respect to the emplacement of the 

Fogo batholith. The tectonic model by van Staal and Barr (2012) suggests the Salinic 

orogeny (440-423 Ma) and Acadian orogeny (421-400 Ma) represent the collision of the 

peri-Gondwanan Ganderia and Avalonia microcontinents, respectively, with the 

Laurentian margin. Their model suggests that immediately prior to the main phase of 

Salinic orogenesis, the Popelogan-Victoria Arc, representing the leading edge of the 

Ganderia microcontinent, collided with the eastern margin of Laurentia (Figure 1.3). The 

Popelogan-Victoria Arc was separated from the rest of Ganderia by the Tetagouche-

Exploits back-arc basin and its closure is represented by a major strike-slip fault in Central 

Newfoundland called the Dog Bay Line, along which the Fogo batholith currently lies 

(Williams et al, 1993; Pollock et al, 2007; Figure 1.2). In a different model by Murphy et al 

(2010), Ganderia and Avalonia were part of a single large composite terrane that had 
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separated from Gondwana in the Late Cambrian to form the Rheic Ocean and accreted to 

Baltica by the Early Silurian, and to Laurussia by the Middle Silurian. In this model, the 

Salinic orogeny is interpreted to have taken place during the collision between Laurussia 

and the Ganderia/Avalonia composite terrane in the Mid-Silurian. 

During the Silurian-Devonian the Appalachians experienced another tectonic 

event, called the Acadian orogeny. Due to the heterogeneity of Silurian-Devonian 

tectonics, magmatism, and sedimentation, a variety of interpretations have been made 

regarding regional-scale Acadian kinematics. Popular models relate Acadian tectonism 

primarily to Late Silurian – Early Devonian convergent motion between Laurentia and 

Avalonia resulting in the closure of the Acadian Seaway (Bradley, 1983; van Staal, 2005; 

Valverde-Vaquero et al, 2006; 3rd panel of Figure 1.3). Other workers have suggested 

Acadian tectonism involved a considerable component of transcurrent motion between 

Laurentia and Avalonia (Williams and Hatcher, 1982; Ferrill and Thomas, 1988; van der 

Pluijm and van Staal, 1988).  A separate model by Murphy et al (2010) characterizes the 

Acadian orogeny as a tectonothermal event reflecting the northward shallow subduction 

of Rheic oceanic lithosphere beneath amalgamated Avalonia-Laurussia during the Late 

Silurian – Late Devonian.  

Much of the Acadian record has been erased, particularly in the central and 

southern Appalachians, due to modification by post-Devonian deformation and erosion 

(ver Straeten, 2010). Except for parts of Nova Scotia, the Acadian Orogeny affected much 

of Newfoundland and the timing best constrained by the inversions of the Mascarene and 
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La Poile basins at 421 Ma (O’Brien et al, 1991; Fyffe et al, 1999). Dextral shear overprinting 

sinistral shear has been documented along the Dover Fault of eastern Newfoundland and 

indicates a significant rotation of shortening axes to a more E-W direction (Holdsworth, 

1991; Hibbard, 1994). Similarly found along the Cape Ray Fault, located in southwest 

Newfoundland, is overprinting of early oblique sinistral structures of amphibole grade 

metamorphism by later dextral motion and greenschist mineral assemblages interpreted 

to represent Salinic and Acadian deformation, respectively (Dube et al, 1992).  

Acadian deformation affected rocks in each of the four tectonic zones of 

Newfoundland: Humber, Dunnage, Gander, and Avalon zones (Williams, 1993; Figure 1.2). 

The westernmost Humber Zone is interpreted to represent the east margin of Laurentia 

in the Early Paleozoic and is characterized by west-directed allochthons that were thrust 

over carbonate-dominant shelf succession during the Middle Ordovician Taconic orogeny 

(Williams and Hiscott, 1987; Waldron and Milne, 1991; van Stall and Barr, 2012). In central 

Newfoundland, accreted Ordovician oceanic and arc material of the Dunnage Zone 

represent vestiges of the Iapetus Ocean, which existed between Laurentia and Gondwana 

from the Neoproterozoic to the Mid-Paleozoic (Williams et al, 1988). The Dunnage Zone 

is divided by the Red Indian Line into the Notre Dame and Exploits Subzones representing 

peri-Laurentian and peri-Gondwanan affinities, respectively (Williams et al, 1988). The 

Gander Zone and Avalon Zones are interpreted to represent remnants of the Gondwana-

derived Ganderia and Avalonia microcontinents, respectively (Williams, 1979; van Staal). 

Acadian-related deformation and metamorphism was most influential in the Gander Zone 
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and generally decreases towards the Avalon Zone and west of the Red Indian Line (Van 

Staal et al, 2014).  

It is suggested that Acadian plutonism affected much of Newfoundland, with 

Silurian-Devonian ages having been obtained for approximately thirty percent of exposed 

plutons on the island (Williams, 1993). Large granitic and bimodal plutons of Late Silurian-

Devonian age occur in all parts of both the Dunnage and Gander zones, the eastern 

Humber zone, and the westernmost Avalon zone. These rocks are usually marked by a 

pre-tectonic or syn-tectonic fabric (Williams, 1993). Examples of early Acadian intrusions 

in central Newfoundland include the 408+/-2 Ma Loon Bay intrusive suite, a 424 +/- 2 Ma 

gabbro phase of the Mount Peyton Batholith, and 422+/- 2 Ma granitic to diabasic 

composite dykes that intrude the Llandoverian Botwood Group on the Port Albert 

Peninsula (Elliot et al, 1991; McNicoll et al, 2006; Figure 1.4). The bimodal nature of these 

intrusions is interpreted to represent crustal weakening and magma underplating 

beneath the Ganderian continental crust (Van Staal et al, 2014; Figure 1.3). Based on U/Pb 

ages of 420 +/- 2 Ma and 408 +/- 2 Ma and its proximity to the Dog Bay Line, it is 

interpreted that the Fogo batholith was emplaced during dextral-slip reactivation of the 

Dog Bay Line due to Acadian related orogenesis in the Late Silurian – Early Devonian (van 

Staal and Barr, 2012; Kerr, 2013).   
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1.2 Fogo Island Geology 

 

1.2.1 Previous Work 

 

 Relatively little geological research has been done on Fogo Island apart from 

thorough work by a handful of individuals from both the Geological Survey of 

Newfoundland and Memorial University of Newfoundland. The first geological maps of 

Fogo Island were produced by Baird (1958) and are still considered to be the most 

accurate maps of the region. Another major mapping project was carried out by Currie 

(1997) of the Geological Survey of Canada and offered some different interpretations of 

the geology than those of Baird (1958).  

Both authors interpreted the geology of Fogo Island to represent a section through 

a bimodal magma chamber, called the Fogo batholith, based on the position of gabbroic 

rocks in the south-east and granitic rocks in the north-central parts of the island (Currie, 

2003). The major gabbroic and granitic units were originally defined by Baird (1958) as the 

Seldom Gabbro and Shoal Bay Granite, respectively. Both Baird (1958) and Currie (1997) 

acknowledged the presence of hybridized intermediate rocks located between the granite 

and gabbro units. However, Currie (1997) defined them as a separate mixed unit whereas 

Baird (1958) did not. This is summarized in the modified geological map of the island by 

Kerr (2003) in Figure 1.5. 

Two volcanoclastic sequences appear on the northwest part of the island and were 

named by Baird (1958) as the Fogo Harbour and Brimstone Head Formations. The Fogo 
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Harbour Formation is composed of a mixture of sandstone and siltstone interlayered with 

felsic tuff units whereas the Brimstone Head Formation is made of felsic volcanic and 

pyroclastic material (Kerr, 2003). The sedimentary Fogo Harbour Formation is interpreted 

as the country rock into which plutons of the Fogo Batholith were intruded. A U-Pb zircon 

age of 421 +/- 0.6 Ma from a basal rhyolite of Brimstone Head Formation suggests it may, 

at least partially, represent an extrusive component to the Fogo Island intrusion (Hamilton 

and Kerr, 2016).  

The configuration of gabbroic rocks overlain by granitic rock has led researchers 

to model the island as a section through a bimodal magma chamber where dense mafic 

magma once underlay buoyant felsic magma.  Currie (2003) suggested crustal anataxis 

above mantle-derived underplated mafic magma produced the granitic rocks which make 

up the upper part of the batholith followed by the emplacement of intermediate magmas 

along fractures related to dextral strike-slip movement along the Dog Bay Line. 

 

1.2.2 Geological Units 

 

 The Seldom Gabbro unit, found in southern Fogo Island, is characterized by 

plutonic rocks of gabbro-diorite composition that are composed of Ca-rich plagioclase and 

clinopyroxene along with minor hornblende and sodic plagioclase (Baird, 1958; Kerr, 

2013). Igneous textures such as subtle cumulate layering and magmatic fabric have been 

observed in many outcrops (Kerr, 2013). Close to the southern town of Seldom, swarms 
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of bimodal diabase-rhyolite dykes are found that intrude the Seldom Gabbro. These dykes 

are interpreted to represent conduits that transported magma to higher stratigraphic 

levels within the magma chamber (Kerr, 2013). A contact between the Seldom Gabbro 

and the underlying sedimentary Fogo Harbour Formation, interpreted to be the country 

rock through which the Seldom Gabbro intruded, is seen on the south side of the island. 

The boundary between the Seldom Gabbro and the overlying Shoal Bay Granite is a 

complicated region of hybridized rocks that has been called both an intrusion breccia by 

Baird (1958) and a separate diorite unit by Currie (1997). 

 Most of the granitic rocks of northern Fogo Island are included in the Shoal Bay 

Granite unit, which is defined as homogeneous, medium- to coarse-grained white-pink 

monzogranite to granite (Baird, 1958; Kerr, 2013). There are small magmatic enclaves 

scattered throughout this unit, with most being found along to the coastline (Baird, 1958; 

Currie, 2003; Kerr, 2013). The enclaves exist in a variety of different axial styles and are 

interpreted to have formed due to mingling between separate mafic and felsic magmas 

that occurred at various stratigraphic levels within the Fogo batholith. Hornfelsed 

metasedimentary xenoliths, interpreted to have been derived from the Fogo Harbour 

Formation, are found within localized “intrusion breccia zones” of the Shoal Bay Granite 

which are located primarily along the coast (Baird, 1958; Kerr, 2013). Two minor granitoid 

units were also defined by Baird (1958) include: 1) the Hare Bay Granite: an orange-red K-

feldspar-rich granite containing miarolitic cavities that outcrops just south of Fogo town, 
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and 2) the Rogers Cove Granite: a fine-grained granitoid rock that outcrops near the town 

of Rogers Cove in southwest Fogo Island.   

The northwestern part of the island, proximal to the town of Fogo, is characterized 

by grey siltstone/sandstone belonging to the Fogo Harbour Formation, along with massive 

ignimbrites and pyroclastic breccia of the Brimstone Head Formation (Baird, 1958). 

Features such as soft-sediment deformation in thin beds, sand dykes, current ripples, and 

intraformational breccias are present in the Fogo Harbour Formation (Kerr, 2013). The 

conformable transition from the Fogo Harbour Formation to the Brimstone Head 

Formation is recognized by matrix-supported conglomerates and is located near the town 

of Fogo (Kerr, 2013). Rocks suggested to be equivalents of both the Fogo Harbour and 

Brimstone Head Formations have been mapped by Currie (1997) on the Change Islands, 

located 5km west of Fogo Island.  

A small ultramafic layered intrusion, called the Tilting Layered Suite (TLS), occurs 

near the town of Tilting, located in eastern Fogo Island. A study by Aydin (1994) focused 

on characterizing the TLS, but little is known about how it relates to surrounding plutonic 

rocks (Kerr, 2013). Aydin (1994) identified two main crystallization sequences within the 

TLS: one characterized by early crystallization of cumulus orthopyroxene and the other by 

late crystallization of cumulus orthopyroxene. The variation in crystallization order has 

been explained by the presence of multiple different primitive liquids, magma recharge, 

varying degrees of fractionation and wall-rock assimilation, or the presence of a significant 

chemical and thermal gradient within the magma chamber (Aydin, 1994). 
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 The TLS is surrounded by two high-level granitoid units defined by Aydin (1994) 

as: 1) the Fogo Suite (FS) composed of monzogranite and minor granodiorite, and 2) the 

Wild-Sandy Cove Suite (W-SCS) comprising diorite to quartz diorite. The FS is generally 

free of inclusions compared to the W-SCS which contains numerous country rock xenoliths 

and magmatic enclaves (Aydin, 1994). The W-SCS is further subdivided into three zones 

of distinct lithology: the Pigeon Island Unit, Sandy Unit, and Wild Unit. This study will focus 

on the Wild Unit, where the highest concentrations of magmatic enclaves are located, and 

build on previous observations made by Aydin (1994).  

 

1.3. Magma Chamber Processes 

 

1.3.1 Crystal-rich magmas (“Crystal Mushes”) 

There has been a push in recent years to differentiate the term “crystal mush” 

from “magma” because the rheological properties of magma change significantly as they 

cool below liquidus temperatures. It has been suggested that even at low crystallinities in 

magmas, a strong framework is formed between crystals and the relative motion between 

liquid and crystals becomes inhibited, forming a “mush-like” fluid that is commonly 

regarded as a “crystal-mush” (Irvine et al, 1998). Mush zones form in the shallow crust 

and behave as sponge-like rigid crystal networks with roughly 40-60 % crystallinity along 

with interstitial melt (Ruprecht et al, 2012). Combined geochemical and geophysical 
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observations suggest shallow magma reservoirs exist as crystal mushes for large portions 

of their existence (Bergantz et al, 2015).  

The viscosity of a magma increases drastically during crystallization and the biggest 

change occurs when the proportion of crystals to melt becomes nearly equal (Marsh, 

2002). Above this rheological “lock-in” point, crystals form an interlocking network with 

enough rigidity to prevent the relative movement of crystals and interstitial liquid. 

Plagioclase-rich melts tend to form strong crystal networks at crystallinities as low as 25% 

(Philpotts and Carol, 1996; Marsh, 2002). During reheating events, such as mafic recharge 

or underplating, crystals in a mush can become “unlocked” and are once again free to 

move independently within the melt (Burgisser and Bergantz, 2011). At very low 

crystallinities (10-15%), crystals are weakly suspended in the melt and can be removed 

from the magma entirely due to processes such as forceful injection of new magma or by 

strong thermal convection in the chamber (Marsh, 2002; Figure 1.6).  

Field relationships and textures that indicate crystal mushes include: (1) high 

concentration in schlieren of magmatic minerals that would have existed in the magma 

flow before deposition; (2) gradation of some layers into the host magma; (3) back-

intrusion of host magma into intruding structures, suggesting both components were 

above solidus temperatures; and (4) partial overprinting of structures by late magmatic 

fabric (Paterson et al, 2009). 
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1.3.2 Magmatic Processes in Crystal Mushes 

 Recent ideas concerning silicic magma production suggest that magma chambers 

are assembled incrementally in batches fed by conduits or dykes and can generate 

eruptible magma over short timescales (e.g. Clemens and Mawer, 1992; Petford et al, 

2000; Paterson et al, 2011). This is evidenced in volcanic and plutonic rocks that display a 

mixture of crystals with different chemistry, zoning patterns, or ages (Storm et al, 2011; 

Bergantz et al, 2015). For example, the wide range in zircon ages from rhyolites in the 

Tarawera Volcano, New Zealand are interpreted to represent remobilization and 

remelting of near-solidus crystal-rich magma due to periodic intrusion of mafic dykes 

(Storm et al, 2011). 

Numerous studies of magma chamber processes have suggested that the 

intermittent injection of mafic magmas at the base of shallow magma chambers may 

supply heat and energy to extend the thermal lifetime of crystal mushes (Smith, 1979; 

Wiebe ,1994) It is interpreted that in bimodal magma chambers mafic magma is 

preferentially injected along the crystal-rich floor below a more liquid-rich felsic 

component (Vogel, 1982; Wiebe, 1994). Evidence of this process can be seen by flame and 

load structures on the base on some mafic sheets along with the presence of mafic 

magmatic enclaves (MMEs) above an otherwise unchilled upper margin (Wiebe and 

Collins, 1998). The underlying felsic rocks generally show evidence of compaction, with 

leucocratic veins intruding the mafic material due to filter pressing of the interstitial liquid 

in the underlying mush. There is usually evidence of mechanical mixing between the 
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unchilled top of the mafic sheets and the overlying granite, such as an increased 

abundance of leucocratic minerals towards the top of the sheet (Wiebe, 1994). 

 It is suggested that a strong rheological transition occurs in lower portions of 

mafic-silicic intrusions where mafic sheets pond and flow across a granitic crystal mush 

and beneath crystal-poor silicic magma (Wiebe et al, 2007). These rheological transition 

zones preserve structures that are interpreted to be the physical record of magmatic 

processes (eg. mafic schlieren and magmatic tubes/ladder dikes; Wiebe, 2017).  Such 

structures are well preserved in parts of the Tuolumne batholith in the Sierra Nevada, 

California, although their origin is still debated. Paterson et al (2009) described two types 

of steeply-dipping structures in the Tuolumne batholith, magmatic tubes and magmatic 

pipes, which are interpreted to have been vertically-oriented when they formed. Tubes 

are defined as cylindrical, schlieren-bounded structures that contain layering that is 

compositionally distinct compared to the host rock and that occur in two general types: 

migrating tubes in which the tube axis moves laterally with time, and stationary tubes that 

lack migration (Paterson, 2009; Figure 1.7). Pipes consist of a homogeneous mineralogy 

in contrast to the repeated layering seen in tube structures. Other researchers argue that 

these structures are shallow-dipping and therefore reflect downward flow of an intrusion 

due to erosion of structural weaknesses in the underlying granitic crystal mush (Glazner 

et al, 2012; Wiebe, 2017). 
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1.3.3 Models of Emplacement of Mafic Magmatic Enclaves (MMEs) 

 

  The term “enclave” was originally proposed by Lacroix (1890) to describe 

fragments of rock that are enclosed in a homogenous igneous host. However, there has 

been debate over the correct terminology for describing rounded to ellipsoidal mafic 

inclusions contained within a granitoid host. The term “mafic microgranitoid enclave” was 

proposed by Vernon (1984) to describe the granitoid composition of inclusions. Barbarin 

(1988) suggested that although enclaves are always finer-grained than their hosts, they 

can contain minerals that have grain sizes of up to 2 or 3 mm, and thus preferred the term 

“mafic magmatic enclave (MME)” to describe them. Since the terms are used 

interchangeably in the literature, for the remainder of this thesis I will use the term 

“enclave” to describe rounded to ellipsoidal igneous bodies that are more mafic and finer-

grained than their enclosing igneous hosts.  

There are multiple proposed mechanisms by which enclaves can form. It is 

suggested that crystal-poor mafic dykes, upon intrusion into a more viscous felsic magma, 

will experience break-up and form enclaves due to the difference in rheological properties 

between the two magmas (Frost and Mahood, 1987; Wiebe et al, 1997). Recurrent dyke 

injections can result in compositionally distinct enclave populations that can be randomly 

distributed throughout a magma chamber by processes such as thermal convection. It is 

suggested that enclaves can also form due to the disruption of intermediate layers in 

compositionally stratified magma chambers. The compositions of these intermediate 

layers would be dependent on the relative volumes of mafic and silicic magma in the 
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chamber, the rate of recharge by mafic injections, and fractional crystallization (Wiebe et 

al, 1997). Thus, the hybridization of enclaves formed in this manner will be related to 

processes that occurred at depth, rather than due to chemical exchange between the 

enclave and enclosing granite host (Wiebe et al, 1997). Another proposed mechanism for 

enclave formation involves the break-up of cumulate material near the margin of a pluton 

(Wiebe et al, 1997).  

  While enclaves can be irregularly distributed throughout a pluton, localized 

accumulations are common and are referred to as “enclave swarms” (Pabst, 1928; Didier, 

1973; Fernandez and Barbarin, 1991; Tobisch et al, 1997). The most common sites for 

enclaves to accumulate are along pluton margins, within fractures, or near the pluton roof 

(Pabst, 1928; Tobisch et al, 1997). Processes that would encourage the formation of 

enclave swarms include: 1) velocity-gradient flow sorting, 2) gravitational sorting, and 3) 

break-up of heterogeneous dykes (Tobisch et al, 1997). The likelihood of enclave 

deposition can increase due to either an increase or decrease in flow velocity. In a 

divergent flow regime, where flow velocity decreases systematically in the flow direction, 

enclave accumulation can occur when the velocity of the host magma reaches a critical 

minimum. Accumulation of enclaves can also occur in a convergent flow regime when an 

increase in magma flow velocity through a small volume, causes enclaves to be trapped 

due to “log-jamming” (Tobisch et al, 1997). Any vertically-oriented irregularities along 

chamber walls may also serve as traps for enclave accumulation (Tobisch et al, 1997).  
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Fernandez and Barbarin (1991) studied enclaves in granitic hosts. Due to enclaves 

being more mafic and therefore denser than their hosts, they argued that a high yield 

strength must be present in the granites to prevent enclaves from sinking during ascent.  

They estimated that a granite crystal mush of around 30% crystallinity is necessary to 

prevent the sinking of diorite-composition enclaves.  However, this percentage can be less 

if the compositions and density of the two magmas are similar. In addition to composition 

and density, the rheological properties of magmas also vary with crystallization, as the 

viscosity of a magma will increase steadily as it moves towards its solidus temperature. 

Viscosity in both enclave and host magmas is highly dependent on the sizes, shapes, and 

distribution of crystals (Fernandez and Barbarin, 1991). 

 

1.3.4 Mixing and Mingling of Magmas 

There are three different styles of interaction that can take place between coeval 

felsic and mafic magmas: mixing, mingling, and chemical exchange (Fernandez and 

Barbarin, 1991). Magma mixing typically results in a homogeneous “hybrid” magma 

whereas mingling refers to magma interaction that has resulted in physically distinct 

magmas with heterogenous compositions (Johnson and Barnes, 2006). The type of 

interaction is dependent on multiple variables including initial temperatures of the 

magmas, their relative viscosities, the degree of crystallization, and their compositions. 

Ultimately, the difference in rheology between two coexisting magmas is responsible for 

whether mixing or mingling will take place: low rheological contrasts favor mixing and 
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higher contrasts prevent mixing and only mingling occurs (Huppert et al, 1984; Fernandez 

and Barbarin, 1991). In general, mixing takes place at depth where magmas have lower 

viscosities whereas mingling takes place at shallower levels. 

Mafic magma can be introduced into felsic magma at various times over the 

duration of pluton construction. The rheological properties of both the injecting and 

ambient magmas will change over the plutons evolution and, similarly, the rheological 

gradient between host and intruding magmas will also change. This will result in different 

types of interactions depending of the crystallinity and rheology of both magmas at the 

time of injection (Fernandez and Barbarin, 1991). At low crystallinities in the felsic host, 

the injection of mafic magma can result in the hybridization of the two magmas and early 

crystals will either be dissolved or incorporated as xenocrysts in the new mixed magma 

(Fernandez and Barbarin, 1991). As crystallization increases in the felsic host, mafic 

injections will begin to break up into enclaves due to the rheological difference between 

the two magmas. If mafic magma is injected into a nearly solid felsic host, only localized 

interaction will take place and lead to the formation of fragmented synplutonic dykes 

(Fernandez and Barbarin, 1991). 
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Fig 1.1. Interpretation of the Iapetus Ocean with respect to lithotectonic 

elements of the Appalachians in Canada. The closure of Acadian Seaway 

between Avalonia and the Laurentian margin in the Mid Devonian is 

interpreted by van Staal and Barr, 2012 to represent the onset of Acadian 

orogenesis. 
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Figure 1.2. Geological map displaying different tectonic zones of 

Newfoundland: Humber Zone, Dunnage Zone, Gander Zone, and Avalon Zone. 

Major Sutures include the Baie Verte Line, Red Indian Line, Gander River, 

Dover Fault, and Dog Bay Line. Map Compiled by Hayes (1987) and modified 

by Williams (2004). 
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Figure 1.3. Interpretation of the tectonic setting of Iapetus Ocean in the 

Middle Ordovician – Early Devonian by van Stall and Barr, 2012. 
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Figure 1.4. Location of several Silurian-Devonian plutons in northern 

Newfoundland: 507+/- 3 Ma Twillingate pluton, 408 +/- 2 Ma Loon Bay 

batholith, 440 Ma Long Island batholith, and 422+/-2 composite dykes (Elliot 

et al, 1991). 
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Fig 1.5. Modified geological map of Fogo Island and Change Islands by Kerr 
(2013) after Baird (1958) and Currie (2003). 
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Figure 1.6. Model of the formation of a crystallization stability front in a 

magma chamber. At crystallinities as low as 50%, a rigid crystal network is 

formed and the relative movement of crystals and melt is strongly inhibited. 

Crystals are held until a crystallinity falls below a critical point (~30%), below 

which crystals are suspended in the melt and can be displaced from the 

stability front by processes like convection or forceful injection of new magma 

(Marsh, 2002). Crystallization rate, except in basaltic magmas, does not 

increase linearly with decreasing temperature (Bachmann and Huber, 2016). 
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Figure 1.7. Magmatic structures observed in the Tuolumne Batholith, Sierra 
Nevada, California: A) Stationary tube, B) Migrating tube, C) Pipe, D) Trough 
(Paterson et al, 2009). 
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Chapter 2 - Field Area and Relationships 

 The study area is located along the north-eastern shore of Fogo Island, at Wild 

Cove East, and makes up part of the Wild Unit defined by Aydin (1994). A map showing 

the location of the field area relative to Fogo Island and eastern Newfoundland is shown 

in Figure 2.1.  Accessing the field area can be done by following the Turpin’s Trail hiking 

path located outside the town of Tilting until the coastline is reached. The rock units of 

Wild Cove East contain structures and relationships that suggest mingling of 

compositionally similar magmas took place at shallow level in the crust. A list of sample 

locations is provided in Table A.1 of Appendix A. This chapter will describe the field work 

that was done for this project including a report of the mapping techniques and a detailed 

description of the map units. The evidence for magma mingling in the study area will then 

be presented followed by a discussion of the associated implications for magma chamber 

processes.  

 

2.1 Methods  

 Due to the small scale of this study, existing air photos had inadequate resolution 

and remote imaging specialists CloudBreakerTM were hired to produce a basemap of the 

field area. Over the course of one day, 735 high-resolution ortho-rectified images were 

taken at both 25 meter and 50 meter altitudes using a drone helicopter. These photos 
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were subsequently stitched together into a photo mosaic basemap by CloudbreakerTM 

personnel using digital imaging software.  

Mapping was conducted with the aid of the basemap in addition to thorough 

examination, discussion, and interpretation of the rocks. The mapping team included 

myself, Greg Dunning, and Alison Leitch along with assistance from Emily Gorner and 

Roberta Hicks from the Earth Science Department at Memorial University of 

Newfoundland. Due to surface weathering, staining, shadows, and the overall similarity 

of the rock types, “boots-on-the-ground” mapping was required for accurate 

interpretation of the units. After careful discussion, the major map units were drawn on 

a sheet of mylar placed over the basemap. The map was later digitized by myself into 

ArcMap, as shown in Figure 2.2.  

A significant amount of time was spent mapping in detail a small location found in 

the central part of the study area (yellow box in Figure 2.2) which displayed some of the 

most complicated mingling relationships (Figure 2.3). Hand-drawn maps were produced 

of this area by setting up a 10x20 meter grid divided into 200 1x1 meter units, which is 

referred to as “Grid 1” in Appendices A and B. These maps were later digitized into 

ArcMap, as illustrated in Figure 2.4. 
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2.2 Map Units 

Apart from a biotite granite unit, all host rocks in the study area are intermediate 

and have a narrow compositional range from quartz diorite to tonalite. The intermediate 

rocks are divided into two main groups based on the abundance of enclaves, with 20-30% 

of the surface area of one unit being represented by enclaves whereas they are absent to 

highly scarce in the second unit. Three major host rock units are thus defined in the map 

represented by Figure 2.2: enclave-poor tonalite, enclave-rich tonalite, and biotite 

granite. Although the name tonalite is used for both intermediate units and is the most 

common composition in each, they both span a narrow compositional range from quartz 

diorite to tonalite.  In the field study, however, these slight variations in rock type could 

not be differentiated. The boundaries between all three units are consistently irregular 

and chilled margins are absent.  

The intrusive history of the units can be inferred based on the relationships 

observed in the detailed map area of Figure 2.4. Since blocks of the granite unit appear in 

both the enclave-poor tonalite and enclave-rich tonalite units, it is inferred that the 

granite is the oldest unit in this area. The enclave-poor tonalite unit later intruded the 

granite in this area and caused it to be displaced in an approximately north-south 

direction. The enclave-rich tonalite unit is interpreted to be the youngest unit based on 

the termination of a broken-up dyke against it, which is otherwise seen cutting the granite 

and enclave-poor tonalite. Both the enclave-poor tonalite and granite were displaced in 

an east-west direction due to the intrusion of the enclave-rich tonalite in this area. 
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Inclusions of both the granite and enclave-poor tonalite are found within the enclave-rich 

tonalite. In the following section, a detailed description of each map unit from oldest to 

youngest will be provided. 

 

2.2.1 Biotite Granite 

 The most silicic unit is a biotite granite that outcrops in the form of irregular bodies 

and, based on the relationship with other units, appears to represent the oldest rocks in 

the study area. The unit is composed of medium-grained potassium feldspar, quartz, 

plagioclase, and biotite. It is a homogenous, medium- to coarse-grained biotite granite 

that displays compositional similarity to monzogranite of the Fogo Suite defined by Aydin 

(1994), located several hundred meters inland from the Figure 2.2.  The unit is fully 

enclosed in both intermediate host units and commonly shares an irregular boundary with 

each. The blocky shape of the unit suggests it was solid and brittle when the younger 

intermediate units intruded. The biotite granite in the map area represented by Figure 2.4 

displays a shallow dipping contact with the overlying enclave-poor tonalite unit (318/21 

NE).  

Fine-grained sedimentary xenoliths are common in the biotite granite unit. The 

angular inclusions range in size from several centimeters to 3 meters in size and 

presumably represent material that was stoped from the country rock during the 

emplacement of the granite (Fig 2.5B). While observed locally in the western part of the 
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study area, the highest accumulation of metasedimentary xenoliths is contained within a 

10-meter-wide granite in the central part of the field area (21N, 709807m E, 5511578m 

N; a in Figure 2.2).  

 

2.2.2. Enclave-poor tonalite 

 The enclave-poor tonalite unit is composed of medium-grained biotite quartz 

diorite to biotite tonalite and contains scarce enclaves. Despite having an orange 

appearance due to surface weathering, the rocks are dominantly composed of medium-

grained plagioclase, quartz, biotite, minor pyroxene and hornblende, along with 

magnetite, ilmenite, apatite, and zircon  (Fig 2.6A). The unit commonly shares an irregular 

boundary with both the enclave-rich tonalite and biotite granite units. Enclaves range in 

composition from diorite to tonalite and are generally small (5-30 cm), making up less 

than 5% of the surface area of this unit. Rounded to ellipsoidal enclaves are most 

abundant in the north and easternmost parts of the unit whereas large parts in the 

southwest lack enclaves entirely. Scarce metasedimentary xenoliths are contained within 

the enclave-poor tonalite unit in the northern part of the study area. 

 A faint flow foliation, defined by the preferred alignment of elongate plagioclase, 

is seen in all parts of the unit, but does not display a clear trend, suggesting there are 

variable flow directions in the mush. Evidence of crystal mush movement in the enclave-

poor tonalite is also suggested by schlieren, which are formed by the alignment of mafic 
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minerals (biotite and hornblende) due to the deformation of crystal-rich material during 

pluton construction (Wiebe et al, 2007).  Miarolitic cavities, defined by small (5-10 cm-

wide) pockets of coarse potassium feldspar and quartz, are also common in this unit (Fig 

2.6B). 

 

2.2.3. Enclave-Rich Tonalite 

 The enclave-rich tonalite unit is characterized by a surface area that ubiquitously 

contains around 20-30% enclaves of diorite to tonalite composition (Figure 2.7A). Apart 

from the higher abundance of enclaves, the unit looks identical to the enclave-poor 

tonalite unit and is quartz-diorite to tonalite in composition. A wide range is observed in 

the size of the enclaves, with the smallest being only a few centimeters wide and the 

largest being nearly a full meter in length. Enclaves are rounded to ellipsoidal and 

generally display a greater degree of stretching compared to the enclave-poor tonalite 

unit (Figure 2.7B). Rounded to angular inclusions of enclave-poor tonalite are found within 

the unit suggesting the enclave-rich tonalite is the youngest unit in the study area (Figure 

2.8). The unit shares an irregular boundary with adjacent units and commonly outcrops 

along the coastline except for in the northwest where, at areas of recessed outcrop 

elevation, it is found beneath the enclave-poor tonalite. A faint magmatic foliation, 

defined by the alignment of elongate plagioclase, is observed in all areas and is always 

parallel to the elongation direction of the enclaves. Schlieren are usually curved and are 
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commonly associated with the enclaves themselves. Miarolitic cavities, like those 

observed in the enclave-poor tonalite, are observed in this unit.  

 

2.3. Dykes and Sills 

A wide variety of dyke-like structures that range in both size and composition are 

observed throughout the study area. In general, dykes displaying the sharpest margins are 

those that are the most compositionally distinct from their immediate hosts and 

represent late intrusions through highly crystalline rock. These late dykes are found in all 

parts of the study area and generally strike to the north and dip steeply to the east.  Dykes 

that display compositional similarity to their intermediate hosts, however, often have 

irregular margins suggesting intrusion occurred earlier when the host was less crystalline 

and more mobile. Some of these intermediate dykes contain enclaves and intrude 

enclave-poor tonalite host, suggesting they acted as a conduit for enclave transport (Fig. 

2.9A).  

The following section will begin by describing minor intrusions located within the 

study area and then will describe several of the most prominent intrusions including: a 

dislocated tonalite dyke in the detailed map area Grid 1 (tonalite dyke in Figure 2.4), a pair 

of quartz diorite dykes displaying evidence of enclave formation (A in Figure 2.2), a 30-

meter wide diorite sill (B in Figure 2.2), and a mafic layered intrusion bordering the eastern 

end of the study area (C in Figure 2.2).  
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2.3.1. Minor Intrusions 

Thin (5-20 cm wide) mafic and felsic dykes are abundant throughout all parts of 

the study area and display a variety of different styles. Some of these structures have 

straight margins with slight brittle offset and appear to be related to minor mafic or felsic 

injections into nearly solid intermediate host (Figure 2.9B). Others have curved margins 

and were likely intruded into a mobile mush (Figure 2.9C). In a few cases, these boundaries 

are associated with late oblique vertical fault movement as evidenced by the 

displacement of enclaves and blocks along it. Thin felsic intrusions in the west are 

composed of fine-grained aplite in the centre and pegmatite along the margins 

(plagioclase, quartz, and K-feldspar) (Figure 2.9D). A small ~20-meter-wide chilled diorite 

dyke is found in the eastern part of the study area, adjacent to the mafic layered intrusion 

(dark blue unit in Figure 2.2). This dyke is the only unit to display a straight chilled margin 

and is thus interpreted to be among the youngest units in the study area. 

Several meters away to the north from the diorite sill is a large (5 meter-wide) 

angular inclusion that is compositionally similar in mineralogy/grain size to the sill (Figure 

2.8B). However, no chilled margin is observed on the inclusion therefore ruling out its 

association with the sill. Proximal to this inclusion are a relatively high abundance of 

sedimentary xenoliths and miarolitic cavities. Multiple orders of magnitude of inclusion 

sizes occur close to the diorite sill and may reflect varying degrees of disaggregation of 

both the country rock and the tonalite crystal mush.  
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2.3.2. Dislocated Tonalite Dyke 

Evidence of movement within the crystal mush units is provided by the 

displacement of a 20-cm wide tonalite dyke that cuts across both the enclave-poor 

tonalite and granite units in Figure 2.4. Despite being broken-up, the original path of the 

intrusion can be easily inferred. Pieces of the dyke can be identified in the host tonalite 

units due to being darker, finer-grained, and more angular than nearby enclaves (Figure 

2.10A). The existence of this dyke suggests that the both host units must have been 

sufficiently crystalline to sustain brittle deformation at the time of dyke intrusion. After 

the dyke cooled, however, movement in the still-mobile hosts caused the dyke to be 

pulled-apart, displaced, and back-intruded by host material. This re-intrusion often 

involved only the more felsic phenocryst-free component of the host, particularly in the 

granite, but in other cases phenocryst-bearing material is seen re-intruding the dyke 

(Figure 2.10B). The dyke displacement is noticeably higher in the quartz diorite unit 

compared to the granite suggesting that the granite was more coherent at the time of 

intrusion. Based on the above field evidence, it seems likely that these units co-existed as 

crystal-rich magmas when dykes were intruded and subsequently displaced due to 

movement within the mush units. Another possibility, based on the appearance of 

rounded pieces within the granite host (Figure 2.10B), is that this section represents a 

later intrusion of a deeper part of the dyke where it had mingled with tonalite and broken 

up.   
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2.3.3. Quartz Diorite Dykes 

The most prominent feature in the westernmost part of the cove is a pair of dykes 

that, while appearing dark on the weathered surface, are quartz diorite in composition 

(Figure 2.11A; A in Figure 2.2). Locally, the dykes are seen pillowing into rounded globules 

due to interaction with host material, representing a potential mechanism by which 

enclaves were formed (Wiebe et al, 1997; Figure 2.11B). Progressively more globules are 

seen within the margins of the dyke moving along strike towards the shoreline. The 

globules are contained within the boundaries of the dyke suggesting that parts of the dyke 

began breaking-up due to rheological instability between the injecting and ambient 

magmas (Wiebe et al, 1997). 

 

2.3.4. Diorite Sill 

A 30-meter-wide diorite sill of unknown thickness (B in Figure 2.2) displays distinct 

magmatic structures that are not observed elsewhere in the field area. The sill shares an 

irregular margin with the surrounding enclave-poor tonalite unit. The composition grades 

from diorite at the margins towards quartz diorite in the middle of the intrusion. The 

nearly horizontal bottom of the sill can be observed in the limited vertical relief of the 

outcrop and a vertical way-up direction is determined by the occurrence of steeply 

dipping magmatic pipe structures within the intrusion (Paterson et al, 2009). Small mm-
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sized rounded felsic segregations or pipes are collected along faint internal contacts 

within the sill (Figure 2.12). 

 

2.3.5. Mafic Layered Intrusion 

 Bordering the eastern end of the study area is a compositionally layered intrusion 

(location C, green unit in Figure 2.2.) that grades from enstatite hornblende troctolite at 

the bottom to biotite hornblende quartz diorite at the top (Figure 2.13A). The intrusion is 

roughly 300 meters across and shares an irregular chilled boundary with the adjacent 

enclave-rich tonalite at its western end. In the east, the intrusion grades towards a 

composition that is nearly identical to the enclave-poor tonalite and a clear boundary 

between them is not visible. However, the intrusion can be distinguished from 

surrounding rocks, at both the top and bottom, by the presence of coarse hornblende 

oikocrysts. A hornblende pegmatite differentiate is located towards the center of the 

intrusion (Figure 2.13B).  

 

2.4 Field Evidence for Mingling and Movement of Crystal Mushes 

 Evidence for both magma mingling and movement of crystal mushes in the study 

area include: 1) the irregular nature of boundaries between units, 2) absence of chilled 

margins between units, 3) high abundance of elongate enclaves, and 4) schlieren 

occurring both in regions where enclaves are present and in areas where they are absent. 
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The following section will describe each of these elements and discuss their implications 

for magmatic processes.  

 

2.4.1 Irregular Boundaries Between Units 

The boundaries between all units in the study area are consistently irregular and 

lack chilled margins, suggesting the units coexisted at similar temperatures between their 

respective liquidus and solidus. The contact between the enclave-rich tonalite and 

enclave-poor tonalite is clearly visible in many parts of the field area, but must be inferred 

in some areas based on the relative change in enclave abundance. An example of a visible 

contact region is presented in Figure 2.14A, where enclaves are terminated against a 

steeply-dipping boundary and are noticeably more abundant on one side than the other. 

Defining this boundary is a thin (5-10 cm thick) anastomosing dark contact that is primarily 

composed of clinopyroxene. A smooth margin is seen on the enclave-poor tonalite side 

whereas a more irregular or cuspate boundary is seen on the enclave-rich tonalite side, 

suggesting a strong rheological gradient across these units (Figure 2.14B). A possible 

explanation for these structures is that they are related to the settling and deposition of 

early forming crystals preferably along the boundary between the two tonalite units. 
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2.4.2 Enclaves 

The high abundance of enclaves represents the most immediately striking 

evidence of magma mingling in the study area. Both the enclaves and the rocks that 

enclose them are medium to fine grained and are ubiquitously intermediate in 

composition. The enclaves were divided into three main types based on hand sample-

scale textures: 1. Fine-grained dark enclaves containing feldspar phenocrysts, 2. Fine-

grained dark enclaves that lack phenocrysts, 3. Medium-grained equigranular 

intermediate enclaves.  

 

In many parts of the study area, particularly in the central and eastern regions of 

the enclave-rich tonalite, enclaves of different mineralogy are observed close to and, in 

some cases, are impinged against each other. This suggests the enclaves reflect multiple 

injections that occurred at deeper levels in the magma chamber that were later stirred 

and transported together to the current interpreted shallow level, possibly by thermal 

convection (Wiebe et al, 1997). However, it is possible that some of the enclave-forming 

injections occurred close to the current erosional depth based enclaves occurring as 

elongated “trains” in certain parts of the study area. The largest of these regions occurs 

in the enclave-rich tonalite on the eastern side of the study area, where enclaves are 

elongated in an approximately east-west direction (average strike = 263) (21N, 709980m 

E, 5511555m N; b in Figure 2.2). This region also hosts the largest enclaves in the entire 

study area, with several exceeding lengths of three meters. 
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2.4.3 Magmatic Pipes and Tubes/Ladder Structures 

Magmatic pipes, defined as steeply-dipping cylindrical shaped leucocratic 

structures that are mineralogically distinct from surrounding rock, occur within the diorite 

sill (B in Figure 2.2). Examples of these structures were observed both in cross-sectional 

view (Figure 2.15A) and as rounded leucocratic “tops” on the surface of the sill. 

Immediately outside the sill margin exist magmatic tube-like structures that are seen 

protruding through the host tonalite material. A single magmatic tube is also found within 

the sill, which is of similar composition to the host material but is distinguished by trail of 

rounded schlieren (Paterson et al, 2009; Figure 2.15B). Due to limited vertical relief of the 

outcrop, the dip of the tube structures could not be measured. Thus, it is unknown 

whether they best fit the steeply-dipping “tube” model or the shallow-dipping “ladder 

dyke” model of Glazner et al (2012). 

 

2.4.4 Schlieren 

Schlieren are defined as fine-grained mafic bands that record the presence of 

deformable crystal-rich material during pluton construction (Wiebe et al, 2007). Different 

styles of schlieren are observed in the enclave-rich tonalite compared to the enclave-poor 

tonalite unit. Schlieren in the enclave-rich tonalite are curved and commonly related to 

the enclaves themselves. In several cases, schlieren were observed “tailing-behind” 

individual enclaves suggesting they formed due to the differential movement between 
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the enclave and host mush (Wiebe et al, 2007; Figure 2.16). In another example, the 

chilled outer margin of an enclave appeared to be “peeled off” as it moved against the 

host mush, which subsequently filled in the void space left behind by the enclave (Figure 

2.17). Although these associations between schlieren and enclaves suggest differential 

movement between the separate magmas, field observations alone cannot determine 

whether the schlieren represent sinking, rising, or lateral migration of the enclaves within 

their host.  

Schlieren in the enclave-poor tonalite occur as straight planar sets up to one meter 

wide and consist of thin layers of biotite and hornblende. The structures appear to have 

formed due to shear induced in the mush during movement. In localized parts of the unit, 

variably dipping schlieren structures are observed suggesting magmatic flow and current 

deposition (Figure 2.18). The shape of the schlieren suggests a more consistent flow 

direction within the enclave-poor tonalite compared to its enclave-rich counterpart and 

their orientation is approximately north-south ([176/80 W] and [172/80 W]). 

 

2.5 Discussion 

 Despite its small areal extent, Wild Cove East presents ample evidence for mingling 

of compositionally similar magmas. The occurrence of enclaves with different 

compositions suggest mingling not only took place at the current interpreted shallow level 

but also at deeper levels in the crust. Structures such as metasedimentary xenoliths and 
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miarolitic cavities are abundant, the latter of which develop in granitic melts at lithostatic 

pressures lower than 2-1.5 kbar, and together imply reservoir storage occurred close to 

the walls or roof of a pluton at depths not much greater than 1-km (Burnham and Ohmato, 

1980; Peretyazhko, 2010).  

Apart from the biotite granite unit and the mafic layered intrusion bordering the eastern 

end of the study area, all units are diorite to tonalite in composition. The compositional 

similarity most of the intermediate units in the study area (host rocks, enclaves, and 

dykes), along with the lack of chilled margins, suggest they first interacted at similar 

temperatures. The irregular margins shared between the quartz diorite-tonalite host 

rocks and dykes suggest these units were contemporaneously intruded either as crystal-

free liquids or as crystal mushes. An exception is the biotite granite which, based on its 

blocky shape, appears to have been solid but was partially molten at its boundaries during 

the intrusion of the younger intermate units. The large temperature interval between 

liquidus and solidus for intermediate rocks, along with a continuous heat supply by the 

injection of new magmas at depth, likely kept the intermediate units in a mushy state for 

a prolonged period. 

 

A broken-up tonalite dyke in the detailed map area suggest a smaller rheological 

gradient between injected and ambient magmas. The sequence of dyke intrusion, 

quenching, dislocation, displacement, and then back-intrusion from the host suggests the 

dyke was intruded during periods of mobility in the enclave-poor tonalite and biotite 
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granite hosts. In addition, the occurrence of thin (5-15 cm wide) mafic and felsic dykes 

that display sharp chilled contacts suggest injections also occurred after complete 

solidification of the host rock. Based on the different styles of intrusions in the study area, 

it appears injection occurred throughout the crystallization history of the reservoir as 

ambient magmas evolved towards a crystal mush and eventually solid rock.    

 Features such as schlieren, stretching of enclaves, and magmatic pipes/tubes 

suggest significant movement of crystals and melt occurred within the units. Schlieren 

appear to be related to both flow in the mush (planar schlieren in enclave-poor tonalite) 

and differential motion between enclaves and hosts (curved schlieren in enclave-rich 

tonalite). Evidence of independent movement of melt within a diorite sill are preserved 

via magmatic tubes and pipes. The tube structures are interpreted to have formed by 

buoyant rise and lateral migration of crystals and melt within the underlying crystal mush 

due to processes such as filter pressing or compaction (Paterson et al, 2009). Magmatic 

pipes found in the diorite sill similarly suggest the underlying host was a crystal mush at 

the time of intrusion and, being more felsic, buoyantly rose through the denser sill 

(Paterson et al, 2009).  

 Wild Cove East preserves evidence of complex interactions between partially 

crystallized magmas and intrusions including dykes, sills, and enclaves. Unlike previous 

studies where mingling occurred between compositionally distinct magmas like the 

granite and basalts of the Cadillac Mountain Granite (Wiebe and Collins, 1998), 

interactions at Wild Cove East are primarily between units of intermediate composition. 
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The details of these interactions will be further investigated in Chapter 3 (petrography) 

and Chapter 4 (geochemistry). 
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Figure 2.1. Map displaying location of study area. Left) Location of Fogo Island relative to the Avalon Peninsula 

and St. John’s (red box), Newfoundland. Right) Location of study area (Wild Cove East) with relation to Fogo 

Island geological map (Baird, 1958; pink = Shoal Bay Granite, blue = Seldom Gabbro, grey = Hare Bay Granite, 

light purple = Fogo Harbour Formation, dark purple = Brimstone Head Formation). 
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Figure 2.2. Geological map of Wild Cove East produced in ArcMap. Digitital basemap produced by 

CloudbreakerTM drone imagery. Yellow box denotes the location of the detailed map area described in Figure 

2.3. The locations of three prominent intrusions are represented by: A (quartz diorite dykes; Figure 2.12), B 

(broken-up tonalite dyke; Figure 2.11), and C (mafic layered intrusion; Figure 2.14). The location with the 

highest abundance of metasedimentary xenoliths is repsented by (a) and the location with the largest enclaves 

is represented by (b). 
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Figure 2.3. Photos of detailed map area. Above) Drone aerial photo (25-meter elevation) of detailed map area. 
Below) Digital map of area produced in ArcMap. In addition to hand-drawn grid based maps, the drone aerial 
photo (above) was used as an aid during digitization of data into ArcMap.  
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Figure 2.4. Geological map of detailed map area produced in ArcMap. Granite (pink) is interpreted to represent 

the oldest unit in the map area since it is intruded by both the enclave-poor tonalite (purple) and the enclave-

rich tonalite (blue) units, the latter representing the youngest unit in unit in this map. A broken-up synplutonic 

dyke (black) intrudes both the enclave-poor tonalite and terminates against the enclave-rich tonalite, thus it is 

interpreted that this dyke intruded before the intrusion of the enclave-rich tonalite but after the enclave-poor 

tonalite and granite units. 
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Figure 2.5. Field photographs of boudaries along biotite granite. A) Contact between biotite granite (bottom) 

and enclave-rich tonalite (top). The irregular nature suggests the biotite granite was partially melting along its 

contact due to the intrusion of the enclave-rich tonalite. B) Fine-grained angular metasedimentary xenoliths 

contained within biotite granite suggest a shallow setting for the study area close to walls or roof of the pluton.   
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Figure 2.6. Field photographs of enclave-poor tonalite unit. A) Enclave-poor tonalite defined by homogeneous 

medium-grained plagioclase, quartz, and biotite, with minor pyroxene and hornblende. B) 5-10 cm wide 

miarolitic cavities are commonly observed in enclave-poor tonalite unit; composed of coarse-grained potassium 

feldspar, quartz, plagioclase, biotite, and hornblende.  
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Figure 2.7. Field photographs of enclaves. A) Population of rounded enclaves within enclave-rich tonalite unit 

in the detailed map area. B) Near vertical elongation direction of enclaves within the enclave-rich tonalite unit 

in the detailed map area. Multiple populations of enclaves appear to be represented in this region based on 

differences in mineralogy and grain-size. The nearly vertical stretching direction of enclaves in consistent with 

other observations suggesting the enclave rich tonalite unit intruded vertically through the enclave-poor 

tonalite unit in this part of the study area.  
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Figure 2.8. Field photographs of enclave-poor tonalite inclusions within enclave-rich tonalite host. A) Small 

inclusion of coarse-grained tonalite within medium-grained enclave-bearing tonalite. B) Large 3 meter wide 

angular “block” of coarse-grained tonalite within enclave-bearing tonalite on west side of study area (21N, 

709660m E, 5511697m N). Both (A) and (B) may represent examples of stoping of enclave-poor tonalite by 

encalve-rich tonalite and suggest the enclave-rich tonalite is younger. 
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Figure 2.9. Examples of minor dykes located throughout the study area. A) Enclave-bearing tonalite intruding 

enclave-free tonalite. May represent the intrusion of enclave-bearing magma into a crystal solidification front 

at the roof of the chamber (Wiebe et al, 1997). B) Thin mafic intrusion into enclave-bearing tonalite host rocks. 

Slight brittle offset observed in the dyke may represent quenching. C) Thin curved mafic intrusion which likely 

intruded when the host crystal mush was still mobile. D) Felsic intrusion displaying aplitic cores and pegmatitic 

rims. May be relatated to partitioning of fluids a separate phases and being concentrated towards the rim of 

the intrusion. 
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Figure 2.10. Field photographs of broken-up tonalite dyke in the detailed map area (Tonalite Dyke unit in Figure 

2.4) that evidence of a relatively high rheological contrast between injecting and host magmas. A) Tonalite 

dyke pulled apart in quartz diorite unit whereas it is relatively coherent in granite unit. The dislocation of the 

dyke suggests the quartz diorite was a mobile mush at the time of intrusion that pulled the dyke apart after it 

quenched. B) Closer examination of same dyke in granite. Liquid from the granite mush has back-intruded the 

tonalite dyke after quenching and dislocation. This suggests the granite was also not completely crystalline at 

the time of dyke intrusion. 
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Figure 2.11. Field photographs of a quartz diorite dyke (A in Figure 2.2) that displays evidence of low rheological 

contrast between intruding and host magmas. A) Dark 2-meter wide quartz tonalite dyke intruding enclave-

poor tonalite host on the northern end of the field area. The irregular shared boundary suggests the host was 

a mush at the time of intrusion. B) Evidence of localized breakup of quartz tonalite dyke into rounded globules, 

possibly representing a mechanism by which some enclaves were formed.   
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Figure 2.12. Photographs of structures suggesting pulsed input during intrusion of the diorite sill (B in Figure 

2.2). A) Subhorizontal surface of the diorite sill (B in Figure 2.2) marked by small felsic segregations occuring 

along internal boundaries within the sill body. The appearance of felsic segrations suggest incremental pulse-

like assembly of the sill. B) Close-up of line of felsic segregations along internal boundary.  
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Figure 2.13. Photographs of mafic layered intrusion bordering the eastern end of the study area. A) Mineralogy 

defined by coarse hornblende oikocrysts. B) Hornblende pegmatite differentiate located towards center of 

mafic layered intrusion. 
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Figure 2.14. Field photographs of a visible contact between the enclave-poor tonalite and enclave-rich tonalite 

found in parts of the field area. A) Dipping irregular contact between enclave-rich tonalite (right) and enclave-

poor tonalite. Contact is located to the left of the yellow line in photo. B) At the boundary (A) clinopyroxene 

crystals have accumulated as a layer. This layer has a sharp contact against the enclave-poor tonalite, whereas 

the other contact is cuspate. A mafic magmatic enclave is seen impinging on the cuspate edge. 
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Figure 2.15. Structures suggestive of the movement of liquid and crystals within a mush are observed in the 

diorite sill (B in Figure 2.2). A) Magmatic pipes interpreted to form by buoyant rise of felsic magma through a 

more mafic host (Patterson et al, 2009); defines vertical way-up direction in this part of study area (hand lens 

for scale). B) Migrating magmatic tube structure defined by the buoyant rise of liquid and crystals through a 

mineralogically similar crystal mush due to processes such as compaction or filter pressing (Patterson et al 

2009). 
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Figure 2.16. Schlieren defined by the alignment of mafic minerals that arise during the movement of crystal-

rich magmas, are commonly observed in the enclave-rich tonalite unit. Left) Curved schlieren located near an 

enclave hosted in the enclave-rich tonalite. The schlieren appears to have formed due to differential motion 

(sinking, ascension, or lateral motion) between the enclave and host mush). Right) Field sketch depicting 

original interpretation.  
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Figure 2.17. Left) Schlieren “tail” partially dragging behind enclave in enclave-rich tonalite mush. The schlieren 

in this example is abnormally thick and may represent the outer margin of the enclave being separated from 

the interior during its movement within mush. Right) Field sketch depicting original interpretation. 
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Figure 2.18. Field photograph of schlieren observed in the enclave-poor tonalite unit but are planar. Left) ~1-

meter wide planar schlieren set observed in enclave-poor tonalite. The planar geometry and variably dipping 

beds may be indicative of erosion and deposition of minerals occurring within the host mush. Right) Field sketch 

depicting original interpretation. 
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Chapter 3 - Petrography  

This chapter reports the results of petrographic examination of rocks from the 

study area. Various host rocks, enclaves, and dykes were sampled based on size, 

mineralogy, texture, and location. The general petrographic characteristics of host rock 

and enclave units are outlined in Table 3.1 at the end of this chapter. A total of eighty-five 

thin sections were examined (Table B.1 of Appendix B).  Most samples were gathered 

using a hammer and chisel but, due the limited vertical relief of outcrop in some locations, 

a portable diamond drill was used to obtain 2-inch diameter core samples of ~3-4-inch 

length at key locations that occur along flat outcrop. The diamond core drill uses a 

modified STIHL MS260 chainsaw engine and was invaluable for sampling across important 

unit contacts, many of which occur along flat outcrop. This chapter is divided into four 

sections reporting petrographic results for host rocks, enclaves, major dykes/sills, and 

important contacts. These results will be reported in order of oldest to youngest units. 

 

3.1 Estimating Percentage of Early-Forming Euhedral Crystals 

A rough estimate for the crystallinity of key units was obtained by point counting 

the number of euhedral early-forming crystals in representative thin sections. Plagioclase 

and clinopyroxene, based on petrographic relationships, are interpreted to be the earliest 

forming minerals in almost all units. Photomicrographs across the entirety of a thin 

section were stitched together using Adobe Photoshop. The most euhedral plagioclase 
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 and pyroxene crystals were then outlined and the percent area of the thin section they 

represent was determined. This technique was applied to the enclave-poor tonalite host 

(Figure 3.1), the enclave-rich tonalite host (Figure 3.2), and two enclave samples (Figure 

3.3 and Figure 3.4).  

 

3.2 Host Rock Petrography 
 

Sampling of host rocks was distributed along the entire length of the field area. A 

total of thirty-two host rock samples were collected, eighteen of which were thin 

sectioned. The host rocks are comprised of three main rock types: granite, quartz diorite, 

and tonalite. Due to high degrees of surface weathering and their overall similarity in 

appearance, it was not possible to differentiate quartz diorite from tonalite in the field. 

Instead, intermediate rocks were characterised by the relative abundance of mafic 

enclaves. As such, two intermediate host units are defined: enclave-rich tonalite (5-20% 

enclaves) and enclave-poor tonalite (<5% enclaves). All host rocks are lighter in colour and 

coarser-grained than the MMEs they contain. This lighter colour is attributed to host rocks 

generally containing lower modal abundances of hornblende compared to the enclaves. 

In this section, the petrography of three major host rock units will be described: biotite 

granite, enclave-poor tonalite, enclave-rich tonalite.  
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 3.2.1 Biotite Granite 

 

 The biotite granite unit outcrops locally in both the central and easternmost parts 

of the study area. In the east, the unit occurs as a 20-30-meter-wide dyke that cuts the 

enclave-rich tonalite and locally cuts between the two major tonalite host units. The unit 

also occurs as a thin gently-dipping sheet in the detailed map area of Figure 2.4. The major 

minerals comprising this unit are quartz (~40%), potassium feldspar (35-40%), plagioclase 

(20-25%), and minor biotite (<5%). Quartz, potassium feldspar, and plagioclase are 

generally anhedral and rounded suggesting the bulk of crystallization occurred at the 

same time. Quartz generally occurs in coarse-grained clusters and are commonly 

embayed along shared boundaries with potassium-feldspar and other quartz (Figure 

3.5A). Like quartz, both feldspars are commonly rounded and lack euhedral faces (Figure 

3.5B).  

 

3.2.2 Enclave-Poor Tonalite 

 

The enclave-poor tonalite unit ranges in composition from biotite quartz-diorite 

to biotite tonalite. It generally has lower SiO2 contents and a considerably higher 

proportion of euhedral plagioclase than the enclave-rich tonalite unit (yellow outline in 

Figure 3.1). In addition to being in the groundmass, plagioclase occur as phenocrysts that 

are subhedral and tabular (Figure 3.6A). Many crystals display complicated zoning and 

resorption patterns (Figure 3.6B). However, there is variability in the amount of resorbed 

plagioclase between thin sections taken from different parts of the unit. The most 
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 common crystals to display internal mottling are plagioclase phenocrysts, which typically 

contain abundant inclusions of acicular apatite. Groundmass plagioclase is subhedral 

elongate to tabular and is commonly embayed. Quartz occurs as late interstitial grains or 

as medium to coarse grained rounded amoeboid crystals. Some quartz display undular 

extinction suggesting stress after crystallization. The percentage of euhedral early-

forming crystals, represented by the resorbed cores in plagioclase, is estimated to be 

between 15-20% (red outline in Figure 3.1). 

Mafic minerals in the enclave-poor tonalite represent approximately 30% of the 

total modal abundance. Biotite is the most abundant mafic mineral (15%) followed by 

hornblende (~10%) and clinopyroxene (~5%). Biotite is subhedral elongate and commonly 

occurs within mafic clusters with hornblende and pyroxene. Biotite commonly contain 

sagenitic rutile/titanite inclusions and is often found mantling pyroxene or hornblende. 

Chloritization affects nearly all biotite regardless of sample location Clinopyroxene is 

generally anhedral elongate or rounded; some have corroded cores mantled by 

hornblende and/or biotite whereas others are unaltered. In general, altered 

clinopyroxene occur in clusters with other clinopyroxene and mantled by hornblende 

and/or biotite. 

 

3.2.3 Enclave-Rich Tonalite 

 

The enclave-rich tonalite is defined by a high abundance of mafic enclaves that 

represent 5-20% of the exposed surface area. Petrologically, the unit contains the same 
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 minerals in similar relative abundances to the enclave-poor tonalite. The unit is texturally 

distinct from the enclave-poor tonalite, particularly in plagioclase, as crystals are generally 

anhedral and rounded.  The dominant minerals include plagioclase and quartz in addition 

to biotite (~10%), clinopyroxene (<5%), and hornblende (<5%). Using the technique 

explained in section 3.1, the percentage of euhedral early-forming crystals is estimated to 

be approximately 20% (see Figure 3.2). 

Plagioclase occurs as medium to coarse grained (20-50 µm) crystals that are 

generally rounded and lack well-defined crystal faces (Figure 3.7A), as opposed to the 

euhedral plagioclase in the enclave-poor tonalite. The most euhedral crystals generally 

display a preferred alignment. Patchy zoning and mottled cores are common in 

plagioclase crystals (Figure 3.7B). Multiple stages of resorption/overgrowth are observed 

in some plagioclase whereas others show none. Minor clinopyroxene and stubby apatite 

crystals occur as inclusions in some crystals. Quartz occurs interstitially to larger 

plagioclase crystals and commonly displays undulose extinction (Figure 3.7C).  

The relative abundances and textures of mafic minerals observed in the enclave-

rich tonalite are nearly identical to those seen in the enclave-poor tonalite unit. Biotite, 

pyroxene, and hornblende generally occur together in clusters at low abundances with 

biotite being the most abundant (~10%). The timing of biotite crystallization appears to 

be coeval with late plagioclase based on shared anhedral crystal faces. Inclusions in biotite 

include sagenitic rutile/titanite and rounded Fe-Ti oxides. Minor clinopyroxene occurs as 
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 rounded to elongate anhedral crystals, some of which display a thin hornblende and/or 

biotite rim (Figure 3.7D).  

 

3.3 Enclave Petrography 

Twenty-two enclave samples were thin sectioned to estimate the range in enclave 

compositions. Samples were chosen based the range of mineralogy and textures that 

were observed across the entirety of the study area. Samples were initially divided into 

three groups based on field observations: a) fine-grained dark enclaves with feldspar 

phenocrysts (Group 1), b) fine-grained dark enclaves that lack feldspar phenocrysts 

(Group 2), and c) medium-grained enclaves that are similar in colour to surrounding host 

rock (Group 3). These groupings are consistent with the petrography and each exhibit 

different mineralogy, textures and grain size. 

 

3.3.1 Group 1 Enclaves 

Group 1 enclaves are fine-grained, rounded/ellipsoidal, and are considerably 

darker than their host rocks. Enclaves are generally stretched in a direction that is parallel 

to flow foliation in surrounding host rocks.  Boundaries between Group 1 enclaves and 

host rocks are sharp and unchilled. Samples of Group 1 enclaves were obtained in the 

enclave-rich tonalite in both the central and easternmost part of the field area.  
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 Petrographically, they are characterized by a fine- to medium-grained groundmass 

containing anhedral rounded plagioclase along with zoned plagioclase phenocrysts. Other 

distinguishing features include a high abundance of hornblende-mantled clinopyroxene 

and comparatively low amounts of apatite/Fe-Ti oxide inclusions. The major minerals seen 

in this group include: quartz (~35%), plagioclase (~30%), hornblende (15%), biotite (10%), 

clinopyroxene (~5%), and minor orthopyroxene (<5%). Accessory minerals include: 

apatite, rutile, titanite, zircon, epidote, hematite, ilmenite, and magnetite. Like most 

intermediate rocks in the study area, enclaves belonging to this group vary slightly in 

composition from quartz diorite to tonalite. Using the technique described in section 3.1, 

percentage of euhedral crystals in this group of enclaves is estimated to be between 10-

20% (Figure 3.3).  

Plagioclase phenocrysts (~1000 µm diameter) are abundant and noticeably larger 

than groundmass plagioclase (100-250 µm diameter). Phenocrysts commonly contain tiny 

round clinopyroxene inclusions that are otherwise not found in groundmass plagioclase 

(Figure 3.8A). The phenocrysts commonly contain irregular mottled cores. Clinopyroxene 

inclusions are generally restricted to the resorbed regions of plagioclase phenocrysts, and 

may have crystallized from trapped liquid after plagioclase resorption. (Wiebe, 1968). The 

unaltered nature of the clinopyroxene inclusions suggests plagioclase shielded them from 

later hydrous reactions that affected other clinopyroxene in the rock. In some cases, a 

similar extinction orientation is shared between different clinopyroxene inclusions within 

the same plagioclase phenocryst, suggesting the inclusions may represent corroded 
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 remnants of originally coarser contiguous crystals. Large embayments occur between 

phenocrysts and groundmass implying that the latest phase of phenocrysts growth was 

roughly coeval with groundmass crystallization. 

 Matrix plagioclase grains are generally rounded to subhedral and do not display 

obvious elongate habit. Normal and reverse zoning is seen in both the matrix grains and 

in phenocrysts. Normal zoning likely represents the incomplete reaction between growing 

crystals and fractionating melt in a cooling magma (Wiebe, 1968). Reverse zoning, 

however, is related to temperature and pressure increases under water-saturated 

conditions due to ascent or mafic recharge (Blundy et al, 2006; Streck, 2008). Quartz 

commonly occurs as anhedral interstitial grains, representing the last phase of 

crystallization, and commonly display undulose extinction (Figure 3.8B).  

In order of decreasing modal abundance, the mafic minerals that make up Group 

1 enclaves are: hornblende (~15%), biotite (~10%), clinopyroxene (~5%), and 

orthopyroxene (<5%). Pyroxene are rounded or elongate but are commonly corroded and 

mantled by hornblende due to hydrous reactions. In general, the thickness of the 

hornblende mantle increases with grain size of the original pyroxene. Several pyroxene 

crystals display distinct zonation patterns reflecting complicated growth histories (Figure 

3.8C). Biotite occur as pale brown subhedral crystals that contain moderate degrees of 

subsolidus chlorite alteration. Euhedral faces are usually observed against quartz whereas 

faces are generally embayed against plagioclase and orthopyroxene. Inclusions of acicular 

apatite along with rounded epidote, quartz, and ilmenite/magnetite are commonly seen 
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 in biotite. Grains oriented perpendicular to {001} commonly display sagenitic rutile and 

titanite inclusions, indicating that biotite is oversaturated in Fe and Ti (Figure 3.8D).   

 

3.3.2 Group 2 Enclaves 

 

Group 2 enclaves are rounded/ellipsoid shaped blobs that are finer-grained and 

darker than their hosts and contain unchilled cuspate boundaries. This second group of 

enclaves is characterized by a high abundance of euhedral elongate plagioclase, higher 

combined modal percentages of hydrous minerals (biotite and hornblende), and larger 

amounts of apatite/Fe-Ti oxide inclusions in comparison to Group 1 enclaves. Enclaves 

belonging to this group represent the most common type and are found in both enclave-

poor tonalite and enclave-rich tonalite throughout the entire study area. Like Group 1 

enclaves, this group exhibits a limited compositional range from quartz diorite - tonalite. 

Using the technique described in section 3.2, the percentage of euhedral early-forming 

crystals in Group 2 enclaves is between 25-35%, which are higher than average Group 1 

values (see Fig 4.)  

Plagioclase and quartz are, as in Group 1, the most common minerals in this group 

and display the most complicated textures. Plagioclase occurs both in a medium grained 

groundmass (25-100 µm) and as coarse phenocrysts (200-500 µm). The phenocrysts 

generally display textures suggestive of disequilibrium crystallization. For example, the 

phenocryst illustrated in Figure 3.9A displays patchy zoned faces that are cut-off by a non-
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 zoned twin. Relict euhedral faces can be seen within the interior of coarse plagioclase, but 

a late anhedral rim usually occurs suggesting the latest phases of plagioclase 

crystallization occurred at the same time as other minerals in the rock (biotite, 

hornblende, and orthopyroxene). Like Group 1, many plagioclase phenocrysts contain 

mottled internal zones that show evidence of resorption (Figure 3.9B). Apart from the 

rims, plagioclase phenocrysts generally contain fewer clinopyroxene and apatite 

inclusions than groundmass plagioclase. The groundmass is composed of hypidiomorphic 

plagioclase that generally display a preferred alignment suggesting flow of the enclave 

magma.  

The enclaves of the Group 2 contain similar modal proportions of mafic minerals 

to Group 1: hornblende (~20%), biotite (~10%), clinopyroxene (~5%) and orthopyroxene 

(<5%). All four minerals generally occur in clusters with each other. Hornblende commonly 

mantles clinopyroxene cores suggesting clinopyroxene was among the earliest forming 

minerals (Figure 3.9C, 3.9D). Where not mantled by hornblende, clinopyroxene occurs as 

small round crystals. Clinopyroxene commonly occurs as corroded inclusions in biotite, 

suggesting it was amongst the earliest phases to crystallize in the enclave magma. 

Magnetite, ilmenite, and apatite commonly occur as inclusions in clinopyroxene. 

 Large biotite (up to 3mm) are generally “broken-up” by other minerals including 

plagioclase, quartz, clinopyroxene, and hornblende. Biotite are generally anhedral but 

elongate crystals do occur. Crystals are commonly embayed against plagioclase but, in 

some cases, share euhedral crystal faces. This suggests two generations of biotite 
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 crystallization: the first occurring at the same time as plagioclase (euhedral boundaries) 

and the second occurring after plagioclase crystallization (anhedral boundaries). Biotite 

inclusions include: magnetite, titanite, rutile, ilmenite, and apatite commonly occur as 

inclusions in biotite. Chlorite alteration occurs as a jagged-teeth pattern on some grains. 

Some crystals contain sagenitic titanite and rutile inclusions.  

Hornblende commonly occurs as reaction rims around clinopyroxene but many 

crystals are solitary and display euhedral crystal faces against biotite and quartz. The 

solitary crystals are generally more euhedral than those mantling clinopyroxene 

suggesting the solitary crystals formed first and/or represent complete hydrothermal 

replacement of clinopyroxene by hornblende. Acicular apatite, ilmenite, and magnetite 

commonly occur as inclusions. Many crystals have been affected by patchy subsolidus 

chlorite alteration. 

 

3.3.3 Group 3 Enclaves 

 

The most distinct of the enclave groups is the third group, which is characterized 

by equigranular unaltered rounded clinopyroxene (Figure 3.10A), low abundances of 

hornblende, a preferred alignment of euhedral groundmass plagioclase laths, and very 

high amounts of apatite and Fe-Ti oxide inclusions. This group represents the most mafic 

(diorite – quartz diorite) enclaves and contain the highest amount of euhedral plagioclase. 
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 Despite being darker, this group is the closest in grain-size to surrounding host rocks when 

observed in the field and enclaves are generally round. 

Groundmass plagioclase display hypidiomorphic elongated habit whereas 

euhedral phenocrysts are generally tabular. As in the other enclave groups, plagioclase 

phenocrysts commonly display oscillatory zoning, mottled cores, and embayed margins 

(Figure 3.10B). In addition, some phenocrysts have rims that are texturally distinct from 

their cores. For example, pyroxene, Fe-Ti oxide, and apatite inclusions are commonly 

restricted to the rims of some phenocrysts (Figure 3.10C, 3.10D). Groundmass elongate 

plagioclase laths commonly display a preferred alignment.  Acicular apatite inclusions 

within groundmass plagioclase occur in much higher abundance than in the other enclave 

groups.  

 

3.4 Dyke and Sill Petrography 

 

Across the study area exist several dykes and sills that, based on their field and 

petrographic characteristics, intruded at various times throughout the rheological 

evolution of the tonalite crystal mush reservoir.  This section will examine the 

petrographic nature of the most prominent dykes and sills in the map area including: a 

dislocated tonalite dyke in the detailed map area (“Tonalite Dyke” in Figure 2.4), a pair of 

quartz diorite dykes displaying evidence of enclave formation (A in Figure 2.2), a diorite 

sill in the west (B in Figure 2.2), and a mafic layered intrusion in the east (C in Figure 2.2). 
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 3.4.1 Dislocated Tonalite Dyke 

In the detailed map area of Figure 2.4, a broken-up tonalite dyke is seen that had 

been dislocated after quenching due to movement in the host mush magmas (Figure 

2.11A). The dyke is primarily composed of plagioclase, clinopyroxene, quartz, and 

potassium feldspar. In general, grain size is very fine (15 µm) and equigranular between 

plagioclase, quartz, and clinopyroxene (Figure 3.11A). Plagioclase and clinopyroxene 

occur as subhedral rounded to elongate grains. Euhedral faces are most commonly seen 

against quartz. Both quartz and sparse potassium feldspar occur interstitially between 

plagioclase and clinopyroxene. Interstitial potassium feldspar may indicate back-intrusion 

of liquid from the biotite granite through which the sampled part of the dyke is intruding 

(Figure 3.11B).  

 

3.4.2 Quartz Diorite Dykes 

A pair of quartz diorite dykes in the northernmost part of study area show local 

break-up into rounded globules (Figure 2.12A), suggesting a mechanism by which enclaves 

were formed. The dykes are composed primarily of plagioclase, quartz, biotite, 

hornblende, and clinopyroxene. Plagioclase occurs both in the groundmass (100-250 µm) 

and as phenocrysts (1000-1500 µm). The phenocrysts are highly euhedral with elongate 

or tabular habit and ubiquitously display oscillatory zoning and resorbed cores. Inclusions 

of clinopyroxene, apatite, and Fe-Ti oxides are commonly seen restricted to the rims of 

phenocrysts. Some phenocrysts, however, have large core regions that are full of 
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 inclusions (clinopyroxene, Fe-Ti, and apatite), a middle region containing no inclusions, 

and an inclusion-rich rim. Core regions appear mottled in cross polarized light in 

comparison to the middle inclusion-free zone (Figure 3.12A). Fe-Ti oxide inclusions in the 

rim region are fine and generally only found immediately adjacent to the boundary with 

the core region. The elongate plagioclase phenocrysts display a preferred orientation. 

Groundmass plagioclase are anhedral and occur within interstitial quartz. High amounts 

of acicular apatite inclusions are contained within groundmass plagioclase.  

The most abundant mafic minerals in dykes are biotite, hornblende, and 

clinopyroxene. Subhedral biotite is highly abundant in the groundmass is generally found 

in clusters with other biotite or with hornblende (Figure 3.12B). Crystals are anhedral 

elongate or rounded and all are at least partially chloritized. Rounded Fe-Ti oxide 

chadacrysts are commonly found and occasionally occur as “stringer-like” exsolutions 

along the c-axis in clinopyroxene. Zoning is seen in some of the larger rounded 

clinopyroxene crystals. Simple twinning is observed in many clinopyroxene crystals. 

 

 

3.4.3 Diorite Sill 

 

One of the few units in the study area to display a chilled margin is a small diorite 

sill in the eastern part of the study area (grey unit in Figure 2.2). The sill is composed of 

primarily of plagioclase and clinopyroxene, some of which are compositionally zoned. The 

most striking feature of this rock is the very high abundance of opaque minerals 
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 (magnetite, ilmenite, pyrite) which comprise at least 10 % of its modal abundance. The 

opaque minerals range from rounded to elongate and occasionally display symplectite 

textures in plagioclase. A very high abundance of acicular apatite is also seen, particularly 

in the chilled margin of the intrusion, and likely represents quenching of the sill against its 

host. The center of the sill appears to be slightly more differentiated with higher modal 

abundances of quartz and lower abundances of clinopyroxene. There are several locations 

near-circular areas within the section which lack oxide minerals entirely and are 

composed of quartz and plagioclase. Apatite inclusions are abundant in the center of the 

sill but generally occur as stubby coarse crystals rather than acicular grains seen in the 

chilled margin.   

 

3.4.4 Mafic Layered Intrusion 

Four samples were taken from the mafic layered sill at the east end of the study 

area. The base of the intrusion is of troctolite composition and is chiefly composed of 

olivine, orthopyroxene, and plagioclase (Figure 3.13A). Accessory minerals include 

clinopyroxene and biotite. Serpentinized disseminated olivine is contained within 

orthopyroxene and hornblende oikocrysts, suggesting olivine was the earliest mineral to 

crystallize. Both orthopyroxene and plagioclase commonly occur as coarse euhedral 

crystals, but plagioclase also occurs interstitially to both olivine and orthopyroxene. 

Biotite and clinopyroxene both display orange/red colouring in plane polarized light 

suggesting high Fe and Ti content. 
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  Approximately 50 meters up from the base of the intrusion the textures of the 

rocks start to become more gabbroic. The cumulate textures in pyroxene and plagioclase 

at the base of the intrusion are no longer present. Instead, pyroxene occurs as small 

rounded crystals whereas plagioclase occurs as euhedral elongate laths (Figure 3.13B). 

Olivine becomes finer-grained, more disseminated, and displays higher degrees of 

serpentinization. Plagioclase similarly is more altered but still occurs interstitially to 

olivine. Both biotite and clinopyroxene lose the orange/red colouring seen in the base of 

the intrusion, suggesting they are not Ti-rich.   

 

 

3.5 Unit Contact Petrography 

 

Samples were collected across contacts between units to analyze the petrographic 

nature of mingled boundaries between: 1) enclaves and hosts, 2) dykes and hosts, 3) 

major host units.  Consistent with field observations, the mingled contacts are almost 

always irregular at the thin section scale and chilled margins are absent in all examined 

samples (Figure 3.14A). In samples of contacts between enclaves and hosts, the following 

recurring observations were made: 1) enclaves are always finer-grained than their 

enclosing hosts with the exception of plagioclase phenocrysts which are approximately 

the same size, 2) major minerals like plagioclase are generally more rounded/anhedral in 

enclaves compared to hosts, 3) hornblende is more abundant in enclaves compared to 
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 hosts, and higher amounts of hydrous minerals (biotite and hornblende) in enclaves occur 

proximal to the boundary with hosts (Figure 3.14B).  

In addition to the grain size distinction, enclave-host rock boundaries in thin 

sections can usually be defined by the appearance of fine-grained inclusions (apatite and 

Fe/Ti oxides) on the enclave side of the contact but not the host side. Individual minerals 

that crystallized along this mingled contact can therefore be identified such as biotite that 

contain abundant titanite, rutile, and apatite inclusions on one side of the crystal but 

noticeably less on the other side (Figure 3.14C, 3.14D). Coarse-grained minerals such as 

plagioclase and biotite are generally elongated parallel to the contact itself.   

In rare cases, crystals may have been displaced from one unit and incorporated 

into the other. Evidence of this is seen in the boundary between the enclave-poor tonalite 

and biotite granite, where interstitial potassium-feldspar is observed on the tonalite side 

of the boundary proximal to the boundary. Since potassium-feldspar is not observed in 

any samples taken from the interior of the enclave-poor tonalite unit, a possible 

explanation is that it was derived from the liquid from the granite during mingling of the 

two units. In addition to potassium-feldspar, fine-grained muscovite is seen in the tonalite 

near the mingled contact whereas it is otherwise absent in the rest of the enclave-poor 

tonalite unit.  
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3.6 Discussion 

Petrographic examination of enclaves, host rocks, and dykes reveals a multi-stage 

crystallization history for many of these rocks. In nearly all units, early crystals such as 

plagioclase and clinopyroxene display textures suggesting changing liquid environments 

including: resorption/overgrowth sequences, patchy zonation, and inclusions being 

restricted to particular zones of a crystal (Chen et al, 2009). These textures indicate that 

both enclaves and host rocks experienced mixing earlier in their magmatic histories. 

Resorbed cores in plagioclase reflect rapid changes in temperature during crystallization. 

The variability in the amount of resorbed plagioclase within the enclave-poor tonalite may 

reflect heterogenous heat distribution throughout the crystal mush after mafic recharge 

(Burgisser and Bergantz, 2011). 

Despite being compositionally similar, enclaves and host rocks can be 

distinguished due to enclaves always containing less silica and being finer-grained. On 

average, enclaves are 4% less silica-rich than their enclosing hosts. These observations fit 

the criteria for the definition of a mafic magmatic enclave as being “igneous bodies that 

are more mafic and finer-grained than their igneous hosts” (Barbarin, 2005). Enclaves 

almost ubiquitously contain higher modal abundances of hornblende than their hosts, 

explaining their darker colour in the field. 

Enclaves and hosts are also characterized based on their estimated crystallinities. 

This was done by point counting the number of euhedral early forming minerals 
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 (plagioclase and clinopyroxene) representing a rough estimate of the proportion of 

crystals to melt in the mush. It is important to note that this way of estimating the 

crystallinity, due to the high internal complexity of the units, is not an accurate 

representation of the crystallinity at the time of emplacement for each unit but provides 

a qualitative petrographic property that can be distinguished between them.  The 

enclaves, which are expected to have cooled rapidly once they were enclosed in a cooler 

host at shallow crustal depths, rather than the larger host rock units which may have been 

reheated due to mafic recharge and were likely affected by crystal settling and 

compaction (Marsh, 2002; Streck, 2008). Processes such as crystal settling and 

compaction appear to have been particularly important in the enclave-poor tonalite unit, 

based on its high quantity of euhedral crystals. For this reason, the volume of resorbed 

plagioclase cores in host rocks are interpreted to be a better estimate of the crystallinity 

at the time of emplacement. The enclave-rich tonalite and enclave-poor tonalite are 

estimated to have had similar crystallinities (approx. 15-20%) based on the volume of 

clinopyroxene and resorbed plagioclase cores, interpreted to be the earliest forming 

minerals in both units.  

Enclaves can be grouped based on petrographic observations including 

mineralogy, mineral textures, and estimated emplacement crystallinity. This suggest 

multiple enclave populations occur throughout Wild Cove East and represent multiple 

distinct magmas that existed at deeper crustal levels. A process such as convection likely 

acted to stir the different enclave populations together and carry them to the current 
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 interpreted shallow level (Hodge et al, 2012). Based on their estimated emplacement 

crystallinity, possible mechanisms for enclave formation include: 1) the disaggregation of 

a previously existing crystal mush due to forceful injection of new magma, or 2) the 

breakup of crystal-poor mafic dykes due to rheological instability as they intrude a more 

viscous felsic magma (Wiebe et al, 1997). The first scenario may represent the more 

crystalline enclaves of Group 2 and Group 3 whereas the latter may better estimate the 

process by which the Group 1 enclaves were formed. 

Several processes that occurred during mingling of the units may be indicated 

based on petrographic observations. All mingled contacts between enclaves, hosts, and 

dykes are highly irregular, which is consistent with field observations. It appears that the 

transfer of liquid, or even crystals, across the contact from one unit to the other may have 

occurred based on the appearance of minerals at the mingled contact that don’t occur in 

the interior of the unit. This is consistent with the back-intrusion of younger units by liquid 

from older units that is observed at the field scale.  

The diffusion efficiency of particular elements can similarly be estimated based on 

petrographic observations. In several cases in which minerals appear to have crystallized 

across mingled contacts, there is a difference in the mineral inclusions that occur on one 

side of the boundary versus the other. Examples of this include apatite in plagioclase and 

rutile in biotite, suggesting that crystallization was faster than diffusion of elements such 

as phosphorus and titanium. Volatiles such as water, however, appear to have been 

present in abundance at unit boundaries during mingling based on higher modal 
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 abundances of biotite and hornblende in enclaves close to the mingled boundary with its 

host. 

 

Table 3.1. Petrographic features of key units in study area 

 Biotite 

Granite  

Enclave-

Poor 

Tonalite  

Enclave-Rich 

Tonalite  

Group-1 

Enclaves 

Group-2 

Enclaves 

Group-3 

Enclaves 

Dominant 

Minerals 

Qtz (40%),   

Kfs (35%), 

Pl (25%), 

Bt (<5%) 

Pl (75%), Qtz 

(10%), Cpx 

(10%) Bt 

(5%), Hbl 

(<5%) 

Pl (75%), Qtz 

(20%), Bt 

(5%), Cpx 

(<5%), Hbl 

(<5%) 

Qtz (35%), 

Pl (30%), Hbl 

(15%), Bt 

(10%), Cpx 

(5%), Opx 

(<5%) 

Pl (40%), Qtz 

(25%), Hbl 

(20%), Bt 

(10%), Cpx 

(5%), Opx 

(<5%) 

Pl (75%), Cpx 

(15%), Bt 

(5%), Opx 

(5%), Qtz 

(<5%) 

Accessory 

Minerals 

Py, Fl, Zrn,  Mag, Ilm, 

Ap, Zrn 

Mag, Ilm, Zrn Ilm, Mag, Rt, 

Ttn, Ap, Zrn 

Ilm, Mag, Rt, 

Ttn, Ap, Zrn 

Ap, Ilm, Mag, 

Rt, Ttn, Zrn 

Grain Size Medium-

grained 

Medium-

grained 

Medium-

grained 

Fine-

grained 

Fine-grained Fine-grained 

Estimated 

Crystallinity 

N/A 20 % 50% (xtals) 

20% (cores) 

15 % 30 % 35 % 

 

Mineral abbreviations (Kretz, 1983): Qtz = quartz, Kfs = potassium feldspar, Pl = 

plagioclase, Hbl = hornblende, Cpx = clinopyroxene, Opx = orthopyroxene, Bt = biotite, Py 
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 = pyrite, Fl = fluorite, Zrn = zircon, Mag = magnetite, Ilm = ilmenite, Ap = apatite, Rt = rutile, 

Ttn = titanite. 
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Figure 3.1. Euhedral plagioclase and pyroxene in enclave-poor tonalite estimated to represent the proportion 

of euhedral early-forming crystals. A high proportion of euhedral crystals (~50 %) are observed (yellow outline). 

Resorbed cores in plagioclase (example in Figure 3.3B), are interpreted to represent changes in crystallization 

environments (i.e. pressure, temperature, or chemical environments). 
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Figure 3.2. Euhedral plagioclase and pyroxene in enclave-rich tonalite. The percentage of euhedral crystals is 

approximately 20% suggesting the earliest crystals were in suspension and could move freely relative to each 

other (Marsh et al, 2002). 
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Figure 3.3. Euhedral plagioclase and pyroxene in Group 1 biotite hornblende tonalite enclave. The proportion 

of early forming crystals to melt was approximated by point counting the number of euhedral plagioclase and 

clinopyroxene in a representative thin section. The crystallinity is estimated to be between 10-20%, suggesting 

the early crystals were suspended in the melt and could move freely relative to one another (Marsh, 2002). 
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Figure 3.4. Euhedral plagioclase and pyroxene in Group 2 biotite hornblende quartz diorite enclave. The 

proportion of crystals to melt was estimated by point counting the number of euhedral early forming crystals 

in a representative thin section. The estimated crystallinity for this group ranges from 25-35%, which is higher 

than the estimated values for group 1 enclaves. 
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Figure 3.5. Photomicrographs of textures in the biotite granite unit. A) Coarse embayed quartz in granitic host 
rock. B) Anhedral groundmass of plagioclase, potassium feldspar, and quartz.  
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Figure 3.6. Photomicrographs of textures in the enclave-poor tonalite unit. A) High proportion of euhedral 

crystals in the enclave-poor tonalite host. Euhedral plagioclase occurs as both elongate laths in the groundmass 

and tabular phenocrysts. B) Groundmass plagioclase displays evidence of core resorption and indicates rapid 

changes in crystallization environments.  
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Figure 3.7. Photomicrographs of textures in enclave-rich tonalite unit. A) Overall lack of euhedral faces in early 

forming minerals such as plagioclase and clinopyroxene. B) Resorbed cores in groundmass plagioclase 

reflecting rapid changes in crystallization environments during early plagioclase growth. C) Undulose extinction 

in quartz suggesting strain after crystallization. D) Mafic cluster with relict clinopyroxene core being mantled 

by hornblende and biotite. 
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Figure 3.8. Photomicrographs of textures in Group 1 enclaves. A) Plagioclase phenocryst containing 

clinopyroxene inclusions that are restricted to resorbed regions in plagioclase. The plagioclase inclusions, based 

on similar extinction angles, are interpreted to be resorbed remnants of earlier formed crystals. The anhedral 

rims in plagioclase phenocrysts suggest coeval crystallization with groundmass plagioclase. B) Undulose 

extinction in phenocrystic quartz that is distinct from surrounding interstitial quartz. C) Compositionally zoned 

clinopyroxene. D) Sagenitic rutile and titanite inclusions within biotite. 

 

 

 

 

 

 

 



 

 
 

 
9

8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 
9

9 

 

 

 

 

 

 

Figure 3.9. Photomicrographs of textures in Group 2 enclaves. A) Oscillatory zoned plagioclase phenocrysts with 

multiple generations of albite twinning overgrowth. Early euhedral cores can be distinguished based of the 

zoning patterns in the interior of the crystal. The crystallization of the anhedral rim appears to have been 

approximately coeval with the groundmass. B) Mottled core in plagioclase phenocryst reflects resorption of 

early plagioclase possibly due to the exchange of liquid from an hotter injected magma or due to convection 

carrying the crystals to new thermal environments (Wiebe et al, 1997). C) Hornblende forming by near complete 

replacement of clinopyroxene during late magmatic reaction. D) Corroded clinopyroxene core mantled by 

hornblende.  
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Figure 3.10. Photomicrographs of textures in Group-3 enclaves. A) High modal abundance of fine-grained 

rounded clinopyroxene that, unlike clinopyroxene in Groups 1 and 2, lack evidence of hornblende replacement. 

B) Patchy zoning overprinted by oscillatory zoning in plagioclase phenocryst. The patchy zones reflect rapid 

changes in crystallization environments whereas the oscillatory zones reflect changes in diffusive rate of 

elements. C) Clinopyroxene, apatite, and Fe-Ti oxide chadacrysts restricted to outermost rim of zoned 

plagioclase phenocrysts representing changing liquid environments throughout crystallization history. D) 

Multiple stages of oxide mineralization occurring immediately adjacent to new growth regions in plagioclase 

phenocrysts. 

 

 

 

 

 



 

 
 

 
1

02
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Photomicrographs of textures in broken-up tonalite dyke (Tonalite Dyke unit in Figure 2.4). A) Fine-

grained equigranular groundmass composed of clinopyroxene, quartz, and plagioclase in broken up syn-

plutonic tonalite dyke. Equigranular texture suggests all major minerals had coeval crystallization. B) Interstitial 

optically continuous potassium feldspar in tonalite dyke. May represent liquid from biotite granite back-

intruding tonalite dyke after quenching.  
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Figure 3.12. Photomicrographs of textures in quartz diorite dykes. A) Compositional zoning in plagioclase 

phenocrysts with high inclusion abundance (clinopyroxene, apatite, and Fe-Ti oxides) occurring within core and 

rim regions whereas the middle region largely lacks inclusions. Indicates changing liquid compositions over the 

crystallization history of this mineral. B) High abundance of biotite contained within groundmass. 
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Figure 3.13. Photomicrographs taken from the mafic layered intrusion bordering the eastern end of the study 

area. A) The bottom of the intrusion is characterized by coarse serpentinized olivine, cumulate plagioclase, and 

orthopyroxene. B) The middle of the intrusion is characterized by finer-grained olivine, pyroxene, and elongate 

plagioclase laths.  
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Figure 3.14. Photomicrographs of mingled contacts between units. A) Irregular unchilled boundary between 

granite mush and enclave-rich tonalite mush. B) Contact between disaggregated tonalite dyke; abundance of 

hydrous minerals in tonalite dyke increases closer to the boundary with the tonalite mush. C) Crystallization of 

biotite occurring across boundary between tonalite host mush and tonalite enclave, boundary defined by 

difference in abundance of acicular apatite inclusions in enclave (high) vs host rock (low). D) Increased 

magnification image of biotite displaying sagenitic rutile on only one side of boundary suggesting crystallization 

rate was faster than diffusion rate of titanium across contact.
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Chapter 4 – Geochemistry 

 Whole rock and mineral chemical analyses were carried out to assess the 

compositional range of the mingled magmas and test the range of composition of complex 

minerals which appear to have undergone more than one episode of crystallization. This 

chapter will discuss the results of geochemical analyses of units in the study area including 

enclaves, host rocks, dykes, and sills. The major and trace element compositions of 

selected units were analyzed using ICP-MS and individual minerals were examined using 

the electron probe micro-analyzer (EPMA). The results of these analyses will be presented 

and the implications they have on the tectonic setting and magmatic history of the study 

area will be discussed.  

 

4. 1. ICP-MS Major and Trace Element Results 

4.1.1 Methods 

Major and trace element compositions of selected enclaves, host rocks, and dykes 

were determined at ActLabs Laboratories Ltd (Ancaster, Canada). A total of nine host 

rocks, six enclaves, and three dyke samples were chosen for ICP-MS analysis to 

characterize major and trace element compositions. Sample preparation was done using 

equipment at Memorial University including an agate mill for powdering samples. The mill 

was cleaned using silica sand between samples to eliminate any possible effects of cross-

contamination. Prepared pulps were packaged and mailed to ActLabs headquarters in 
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  Ancaster, Ontario, where the 4Litho – Lithium Metaborate/Tetraborate Fusion – ICP and 

ICP/MS analytical methods were used. The procedure is a combination of packages Code 

4B (lithium metaborate/tetraborate fusion ICP whole rock) and Code 4B2 (trace element 

ICP/MS). The following information about the procedure was obtained from the ActLabs 

web page: Fused samples are diluted and analyzed by Perkin Elmer Sciex ELAN 6000, 6100, 

or 9000 ICP/MS. Three blanks and five controls (three before sample group and two after) 

are analyzed per group of samples. Duplicates are fused and analyzed every 15 samples. 

Instrument is recalibrated every 40 samples. The datasets were plotted on major and 

trace-element diagrams to assess trends and compare rock compositions. The detailed 

results for ICP-MS analysis are reported in Tables C.1-C.3 of Appendix C. 

 

4.1.2 Major and Trace Element Geochemistry 

Most of the major elements (MgO, FeOT, CaO, Na2O, P2O5, TiO2) form tight linear 

trends on Harker diagrams with increasing SiO2 between mingled enclaves and host rocks 

(Figure 4.1). In the past, it has been suggested that linear trends in major elements may 

be indicative of magma mixing but it is now generally interpreted to be the product of 

multiple processes including fractional crystallization, assimilation, recharge, diffusion, 

and mixing (Tindle, 1991). Many of the major elements (eg. MgO, CaO, FeOT) display a 

linear negative slope with increasing silica content, a trend commonly observed in calc-

alkaline rocks (Tindle, 1991). This is consistent with all mingled units plotting in the calc-
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  alkaline fields of both the AFM ternary plot (Figure 4.2) and the Th-Hf-Ta diagram (Figure 

4.3) of Pearce (1982).  

In general, enclaves show higher amounts of MgO and FeOT
 relative to their 

intermediate host rocks and the total alkalis (K2O + Na2O) are similar between enclaves 

and hosts. Most analyzed samples including host rocks, enclaves, and dykes plot within 

the four andesite fields of the Na2O + K2O vs. SiO2 plot of Lebas et al (1986) (Figure 4.4). 

Host rocks generally plot within the andesite fields apart from two samples that plot in 

the dacite field. Groups 1 and 2 enclaves plot in the trachy-andesite to andesite fields 

whereas Group 3 enclaves plot in the basaltic andesite field. These results are consistent 

with petrographic observations suggesting Group 3 enclaves comprise the most mafic 

enclaves in the study area. 

 Linear trends in trace elements with increasing SiO2 are a preferred indication of 

magma mixing (Tindle, 1991). Various trace elements in enclaves, host rocks, and dykes 

were plotted against SiO2 in order of increasing incompatibility (from top-left to bottom-

right) (Figure 4.5). In general, enclaves and host rocks have similar abundances of both 

incompatible elements (eg. Rb, Ga) and compatible elements (e.g. Sr, Y). Distinct trends 

with silica content are not observed for most trace elements. However, minor trends are 

observed in some trace elements within specific enclave groups. For the most 

incompatible elements, Rb and Ba, a positive trend is observed in Group 3 enclaves while 

a scattered non-definitive trend is observed in the Group 2 enclaves. A strong decrease in 

V is observed with increasing SiO2 in host rocks, enclaves, and dykes which is consistent 
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  with trends commonly seen in calc-alkaline magmas due to magnetite fractionation 

(Winter, 2001). Rb and Ba are commonly excluded from most minerals but are included 

in micas and potassium feldspar (McBirney, 2007), and this is consistent with the most 

biotite-rich samples of both enclaves and host rocks displaying the highest Rb and Ba 

abundances. An increase in Ba/Sr with increasing SiO2 is observed in all units, correlative 

with increasing abundance of plagioclase and a lack of orthoclase crystallization (Figure 

4.6). High field-strength elements such as Zr, Nb, and Ta are generally incompatible in 

most common igneous minerals but can be incorporated into accessory minerals such as 

zircon, apatite, magnetite, and ilmenite. Accordingly, Nb is concentrated in units that 

contain the highest abundances these minerals (McBirney, 2007). This relationship is 

observed in the decreasing trends of both Nb and P2O5 with increasing SiO2 and the 

positive correlation between Nb and P2O5 (Figure 4.7).  

 Rare earth elements (REEs) for analyzed enclaves, host rocks, and dykes display 

similar trends when plotted normalized to chondrite compositions (Figure 4.8). All groups 

are enriched in light REEs (LREE) (50-150x chondrite) compared to heavy REEs (HREEs) (9-

18x chondrite), likely reflecting low degrees of partial melting of an enriched mantle 

source or crustal assimilation (Winter, 2001). REE concentrations in host rocks, enclaves, 

and dykes appear to generally be a function of SiO2 content, with the most SiO2-rich 

samples displaying the highest REE concentrations. Of the thirteen analyzed samples, 

notable negative Eu anomalies are only observed in one Group 1 enclave and a syn-
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  plutonic tonalite dyke suggesting most magmas where not separated from their earliest 

phases of plagioclase crystallization (McBirney, 2007). 

All units display enrichment of large ion lithophile elements LILEs (K, Rb, and Ba) 

relative to high field strength elements HFEs (Ta to Yb), a chemical signature common to 

subduction-related magmatism (Winter, 2001; Figure 4.9). However, Ta and Nb are 

enriched 2-7 times relative to MORB in all units whereas typical arc patterns show 

depletion (or only minor enrichment) of these elements compared to MORB. (Figure 

4.10). When normalized to average continental crust (Taylor and McLennan, 1985), most 

incompatible elements show values close to those for average continental crust, except 

for a slight depletion in LILEs (Fig. 4.11). Together, these results suggest rocks from Wild 

Cove East have arc-related geochemical signatures and have been contaminated by upper 

continental crust.  

 

4.2 Analysis of main rock forming minerals 

4.2.1 Methods and sample selection 

Twelve thin sections were analyzed using the Electron Microprobe Micro-analyzer 

(EPMA) at Memorial University to determine the compositions of major minerals. The 

instrument is a JEOL JXA-8230 model that uses a tungsten filament to produce an electron 

beam which is focused as small spots on the samples. A beam current of 20 nA was used 

with an accelerating potential of 15 kv.  The EPMA uses both wavelength dispersive 
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  spectrometry (WDS) and energy dispersive spectrometry (EDS) to determine mineral 

compositions. Four spectrometers are used at any time for WDS analysis. Standards 

provided from Astimex were analysed to determine accuracy of results. Prior to analysis, 

the surface of each thin section was cleaned using ethanol and coated with a thin layer 

(200 angstroms) of carbon to allow for optimal dispersal of the electron beam. A 3-micron 

diameter beam was used for plagioclase, pyroxene, and olivine whereas a 1-micron 

diameter beam was utilized for biotite and hornblende. The detailed results for each 

EPMA analysis are reported in Tables C.4-C.24 of Appendix C.  

Three enclaves were analyzed using the EPMA, one from each of the 

petrographically defined groups. The goals of these analyses were to determine a) if 

distinct mineral compositions are observed between the three groups, and b) if enclave 

mineral compositions are similar or distinct from those in the enclosing host rocks c) if 

multiple crystal populations are present within individual units. In addition, minerals 

displaying distinct textures such as internal mottling in plagioclase and zoning in 

clinopyroxene were examined. Prior to EPMA analyses, targets were selected following 

petrographic examination of representative thin sections that had the best chance of 

providing answers to these questions.  

  A sample from each of the major intermediate host rock units was chosen for 

EPMA analysis to determine the compositions of major minerals and compare the results 

to those obtained from enclave minerals. In addition, two samples that each represent 
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  the boundary between two host units were analyzed. One of these samples was defined 

by a thin dark anastomosing contact (Figure 2.10) and one was not.  

 Three important intrusions were selected for EPMA analysis: a pair of quartz 

diorite dykes located in the northernmost part of the study area (A in Figure 2.2), a diorite 

sill containing magmatic pipes and tubes (B in Figure 2.2), and a mafic layered intrusion 

bordering the eastern end of the study area (C in Figure 2.2). The compositions of major 

minerals including plagioclase, pyroxene, biotite, and hornblende were determined in 

each unit.  

 

4.2.2 Plagioclase Compositions 

 Ternary plagioclase diagrams for host rocks, enclaves, and dykes/sills were 

produced using IgPET. A distinct compositional range is observed within each of the three 

petrographically defined enclave groups (Figure 4.12A). Specifically, all three groups have 

distinct plagioclase core compositions but similar oligoclase rim compositions. Group 1 

and Group 2 enclaves both contain plagioclase cores of andesine compositions. However, 

Group 2 andesine are generally more Ca-rich than andesine in Group 1 enclaves. The most 

compositionally primitive plagioclase cores are found in the Group 3 enclaves, which are 

generally of labradorite composition.  

 Plagioclase compositions for the two major intermediate host rock units were 

similarly plotted on a ternary plot using IgPET (Figure 4.12B). Plagioclase in both the 
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  enclave-rich and enclave-poor tonalite units generally contain cores of andesine 

composition and rims of oligoclase composition. Some crystals in both units display an 

opposite trend, however, with oligoclase cores and andesine rims. Although the rim 

compositions are similar between the two units, the cores for the enclave-rich tonalite 

have a more restricted range and are Ca-poor compared to the enclave-poor tonalite unit. 

Plagioclase crystals found in the contact between the two units are of andesine 

composition but are more calcium-rich than majority of the analyzed minerals from the 

two tonalite units.  

Both the diorite sill and the quartz diorite dyke display a wide range in plagioclase 

composition from labradorite to oligoclase that can be seen in individual crystals (Fig. 

4.12C). This is comparable to the combined compositional range of all analyzed host rocks 

and enclave in the study area. The mafic layered intrusion in the east displays the most 

Ca-rich plagioclase in the study area: its base nearing bytownite composition (An68-66) and 

labradorite (An51-An58) composition in the middle (Figure 4.12D).  

 

4.2.3 Pyroxene Compositions 

 Pyroxene compositions were determined in samples from each of the enclave 

groups. Multiple grains were selected from representative thin sections including: 

pyroxene mantled by hornblende, pyroxene lacking hornblende rims, pyroxene occurring 

as inclusions in plagioclase, and pyroxene displaying compositional zoning. Compositions 
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  from EPMA analysis were plotted in a pyroxene quadrilateral using IgPET (Figure 4.13). 

Pyroxene compositions of all groups generally plot in the Ca-Mg rich end of the augite 

field (Figure 4.13A). There are exceptions, however, including: 1) a zoned enclave 

clinopyroxene that displays a Ca-poor augite core and a Ca-rich augite rim, and 2) a zoned 

enclave pyroxene containing enstatite core and a Ca-poor augite rim. Overall, there is a 

high degree of overlap in clinopyroxene composition between the three enclave groups.   

 Many of the analyzed host rocks pyroxene grains similarly plot in the Ca-rich augite 

field (Figure 4.13B). Pyroxene grains from contact between the two major host units, 

however, are generally of diopside composition and pyroxene in the enclave-rich tonalite 

immediately adjacent this contact plot in the Ca-poor augite field. A distinction is seen 

between the composition of pyroxene that exists as corroded cores in hornblende (Ca-

poor augite) and those that are separate crystals (Ca-rich augite) in both host units. A 

trend is seen across two clinopyroxene grains that oscillate from Ca-rich to moderately 

Ca-rich augite from core to rim. Corroded pyroxene cores in the quartz diorite dyke (A in 

figure 2.2) are of enstatite composition (Figure 4.13C). Pyroxene inclusions in plagioclase 

are generally of Ca-rich augite composition but, in some cases, contain a pigeonite core 

and a Ca-poor augite rim. In the diorite sill (B in Figure 2.2), both Ca-rich augite and Ca-

poor augite populations are observed. Pyroxene in the mafic layered sill (C in figure 2.2) 

includes enstatite at the base and Ca-rich augite/diopside at the middle (Figure 4.13D). 
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  4.2.4 Biotite and Hornblende Compositions 

 Due to the overall similarity between samples, biotite was only analyzed in two 

enclave samples and their corresponding host rocks. The average range in TiO2 is 3.0-4.5 

wt % in enclaves and 3.5-5.0 wt % in host rocks. There is only a modest change in Mg # 

from core to rim in each of the analyzed minerals. The biotite Mg # is comparable between 

both all samples. Hornblende generally occurs as both solitary crystals and as reaction 

rims on pyroxene in all units. The compositions of hornblende in these two positions were 

found to be nearly identical in the two enclave samples (see Table C.7 in Appendix C).  

 

4.2.5 Plagioclase Feldspar Chemistry 

 EPMA traverses were conducted across select enclave-hosted plagioclase that 

display unusual mottling and zoning patterns. In a Group 1 tonalite enclave, plagioclase 

grains were analyzed that are composed of two zones: a mottled andesine (An32) core, 

and an oligoclase (An22) overgrowth/rim (Figure 4.14). Small clinopyroxene inclusions are 

restricted to the core regions of An32 in both crystals and, based on similar extinction 

angles among multiple pyroxene inclusions, these appear to be corroded remnants of 

original coarser-grained pyroxene. The inclusions become more Fe-rich towards the rim 

of the plagioclase phenocryst (Mg74 -> Mg73 -> Mg71). Rapid decompression of a magma 

has been proposed by previous studies as a process which can lead to resorption of early 
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  forming minerals (Nelson and Montana, 1992). This may explain the resorption of early 

andesine cores inclusions and subsequent overgrowth by oligoclase rims.  

 Two plagioclase phenocrysts in a Group 2 tonalite enclave were similarly 

examined. Both crystals display a compositional range from An45-25 and, like Group 1, are 

composed of mottled andesine cores and oligoclase rims. Abrupt peaks and valleys in An 

content across both traverses correlate with patchy zoning in the mineral that is seen in 

both crossed polar microscopy and backscatter images (Figure 4.15). In both grains, the 

lowest Ca-content is located at the rims suggesting the latest crystallization was from an 

evolved liquid. The zoning in both plagioclase grains indicates the earliest crystallizing 

phase was andesine (An45-40) which was later corroded and overgrown by an oligoclase 

rim (An25). The mottled shape of the andesine cores likely records a period of non-

crystallization and partial resorption of the core (Wiebe, 1968). The outermost parts of 

resorbed andesine cores are slightly more calcic than the innermost regions and may 

represent an earlier mixing event or build-up of compatible Ca as the volume of feldspar 

decreased due to resorption which affected these crystals (Wiebe, 1968).  

 Core and rim EPMA analyses were conducted on plagioclase crystals in both the 

enclave-rich tonalite and enclave-poor tonalite unit (Appendix C.7). Plagioclase crystals 

were analysed from a core taken between the contact between the two units. A wide 

range in core compositions is observed in single thin sections for both units: with a range 

of An44-26 in the enclave-poor tonalite, and a range of An33-19 in the enclave-rich tonalite. 

In some cases, plagioclase cores displaying resorption textures are more An-rich than their 
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  respective rims whereas in others they are less An-rich than the rims. A narrow rim 

compositional range of An21-An19 is observed in the enclave-rich tonalite units.   

 Plagioclase grains displaying disequilibrium textures were examined in samples 

taken from a quartz diorite dyke in the northernmost part of the field area. This dyke is 

characterized by containing rounded globules within its margins and provides evidence in 

the study area of a potential enclave-forming processes. The range of An50-30 is seen in 

two analyzed plagioclase phenocrysts, values which are close to those observed in Group 

3 enclave phenocrysts. Oscillations between An50-30 occur in the mottled regions of both 

crystals and represent the core and overgrowth regions, respectively. Plagioclase of Figure 

4.16A is mottled across its entirety and this is reflected in the oscillating peak and valleys 

in An # from core to rim. A separate plagioclase (Figure 4.16B) displays a more complicated 

history with early resorption of an oligoclase core (An30), followed by prolonged 

crystallization of labradorite (An50) beginning midway through the traverse and finally 

crystallization of an oligoclase rim (An30). Petrographic observations reveal that pyroxene 

inclusions are restricted to the mottled oligoclase core and rim of the mineral. The early 

oligoclase core appears to have been resorbed due to injections of a more mafic magma 

that crystallized labradorite and not pyroxene. 
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  4.2.6 Zoned Pyroxene Chemistry 

 Like plagioclase, pyroxene is interpreted based on petrography, to be among the 

earliest minerals to have crystallized in all units and thus has the potential to record early 

magmatic events. EPMA traverses were conducted across selected clinopyroxene crystals 

in enclaves and dykes that display textures suggesting changing crystallization 

environments including irregular zoning patterns and distinct rim overgrowths. Coarse 

clinopyroxene crystals were analyzed in 10-20 point traverses from core to rim and spot 

analyses at the core and rim were conducted for fine-grained crystals. 

  A clinopyroxene from a Group 1 tonalite enclave was analyzed that displays 

three compositional zones suggestive of crystallization under changing conditions: a Ti-

rich core, a depleted zone, and a Cr-rich rim (Figure 4.17). The Ti-rich composition of the 

core is titanaugite, a mineral generally derived from alkaline magmas (Leung, 1974).  

There exists a gradual decrease from Mg81 to Mg72 away from the core until a sudden 

increase to Mg76 occurs across a visible boundary close to the rim. At the same point, a 

significant increase in Cr from low values to nearly 500 ppm occurs close to the rim region 

of the crystal. Since chromium is typically enriched in mafic magmas, the replenishment 

observed at the rim suggests late crystallization from a more primitive (mafic) magma 

(Streck, 2008). Thus, this crystal appears to have had a complex magmatic history 

involving: 1) early crystallization from a Ti-rich alkaline magma, 2) a period of fractionation 
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  to form the middle zone, 3) late crystallization from a mafic magma, and 4) incorporation 

into tonalite crystal mush.  

 Several zoned clinopyroxene grains were similarly examined in a quartz diorite 

dyke (A in Figure 2.2) that potentially displays evidence of enclave formation. One 

pyroxene oscillates between Mg76-71 from core to rim suggesting either changing 

pressures or minor mafic recharge (Streck, 2008; Figure 4.18). The increase in Mg # 

towards the rim of the crystal is accompanied by a significant rise in Cr by almost 400 ppm. 

The change in element abundances from core to rim in this crystal suggest changing 

crystallization environments due to mafic enrichment or decompression during rise of the 

dyke (Nelson and Montana, 1992). 

 

4.2.7 Evidence of Magma Mixing and Crystal Transport 

The occurrence of crystal populations with contrasting compositions in the same 

rock, particularly plagioclase, has been reported in previous studies on magma mingling 

and enclave formation (Wiebe, 1968; Astbury et al, 2016). Two plagioclase phenocrysts 

displaying distinct core compositions occur in the same thin section from a Group 2 

enclave (Figure 4.14). Both crystals have a similar overall range in anorthite composition, 

ranging from An50-20. However, the core compositions of the two crystals are on opposite 

ends of that range, with the first phenocryst containing a core of An50 and the second 

containing a core of An23. Although these crystals are now adjacent to one another, early 
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  crystallization in each must have taken place under separate and very different conditions 

(Wiebe, 1968). The two crystals also display distinct trends from core to rim: the first 

crystal experiences a gradual rise in An content followed by a decrease back to core-

values, whereas the second crystal displays a modest depression followed by an increase 

to core values followed by a significant decrease proximal to the rim. The abrupt peaks 

and valleys in An content across the traverse appear to be correlated with patchy zoning 

and mottling within plagioclase. Since the rim value of both phenocrysts are similar, the 

latest stage of crystallization in each was likely under similar conditions. These two crystals 

may represent the end-members of an early mixing event and suggest the displacement 

of crystals from one magma to an another may have occurred (Wiebe, 1968).   

Crystal capture and displacement is also suggested by the occurrence of pyroxene 

with unusual compositions in some enclave rocks. The zoned Group-1 tonalite enclave 

pyroxene referred to in Figure 4.17, for example, display primitive cores (Mg80-76) 

compared to the average compositional range of other pyroxene in the same thin section 

(Mg73-71). Similarly, an anomalous pyroxene from a Group-3 quartz diorite enclave displays 

more evolved compositions (Mg60 core, Mg65 rim) compared to the range for other 

analysed pyroxene in the same rock (Mg73). These anomalous compositions are 

represented by the star symbols in Figure 4.19. 
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  4.2.8 Comparison of Phenocryst Rims to Groundmass Plagioclase in Enclaves 

The compositions of plagioclase phenocrysts rims were compared with 

groundmass plagioclase in the same rock to determine their relative timing of 

crystallization. In a Group 1 biotite tonalite enclave, the cores of two plagioclase grains in 

the groundmass were determined to be An19 and An20 respectively. In the same thin 

section, the rims of two plagioclase phenocrysts contain a composition of An20 and An22 

respectively. This suggests that the nucleation and crystallization of groundmass 

plagioclase occurred at similar temperatures to rim crystallization in plagioclase 

phenocrysts. Similarly, the rims of phenocrysts in Group 3 enclaves display overlap in 

compositional range (An29-28) to groundmass plagioclase (An29-26). Increased nucleation 

rate during groundmass plagioclase crystallization may be due to a combination of 

decreased pressure due to rise of the magma and an increase in volatiles (Wiebe, 1968). 

A summary of the range in plagioclase compositions for both groundmass and 

phenocrysts is shown by Figure 4.19. 

 

4.2.9 Comparison of Enclave and Host Rock Plagioclase 

Plagioclase in host rock samples was analyzed and compared with the results from 

enclaves to determine chemical similarities that may have resulted due to prolonged 

mingling of the different magmas. Two enclave-host rock pairs were analyzed: 1) enclave-

rich tonalite host rock and Group 1 tonalite enclave, and 2) enclave-poor tonalite and 
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  Group 2 quartz diorite enclave. Samples of enclaves and host rocks were taken several 

meters apart from each other.   

In the first example, plagioclase crystals in the enclave-rich tonalite host were 

compared to those of approximately the same size in a nearby Group 1 enclave. The range 

of An content is similar in plagioclase of both rocks, with core values of ~An25 and rim 

values of ~An20. The An content of the rim in both the host rock and enclave plagioclase 

is similar at ~An20, but the core values of the enclave phenocryst are higher (~An33) than 

the cores of the host rock crystals (An26-24) suggesting that initial growth of plagioclase 

phenocrysts occurred in a more primitive Ca-rich magma. However, the similar rim 

compositions suggest that the latest stage of crystallization took place at similar 

temperatures in the enclave and its host.   

 In the second example, a similar comparison was made between a sample taken 

from the enclave-poor tonalite host unit and an enclosed quartz diorite Group 2 enclave. 

There exists a greater range in An content between the rims of plagioclase in the enclave 

and host than in the previous example, particularly in the phenocrysts of the two minerals 

(An33-30 rims in enclave and An25-20 rims in host). Thus, it appears that the latest stages of 

plagioclase crystallization in the enclave and host rock were not at similar temperatures. 

The lower An contents in the enclave are consistent with late crystallization from a more 

evolved liquid than experienced by the host rock.  

 There is little to no correlation between the core compositions of plagioclase 

phenocrysts in enclaves and the enclave-rich tonalite unit. Core values were compared 
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  between a Group 1 enclave and its enclosing enclave-rich tonalite host. The core values 

of the enclave phenocryst are higher (An34-32) than the cores of the host rock crystals (An26-

24) suggesting that growth of enclave plagioclase phenocrysts occurred in a slightly more 

primitive magma than in the hosts. Limited compositional overlap exists between cores 

of phenocrysts in Group 1 enclaves and the enclave-poor tonalite unit (Figure 4.19). 

 

4.3 Discussion 

 The geochemistry of mingled rocks has important implications for the magmatic 

processes by which they were formed. A protracted history of magma and mineral 

evolutions can be deduced from combined ICP-MS and EPMA data.  Major and trace 

element plots suggest that crystal fractionation was not the only processes that affected 

these rocks but likely acted in addition to assimilation, partial melting, and magma mixing. 

All units share similar trends with respect to their trace element compositions and the 

range in concentrations appear to be largely related to mineralogy and SiO2 content. This 

may be related to variable degrees of mixing and hybridization between different mantle 

and crustal derived end-members (Wiebe et al, 1997).  

 In addition to the ubiquitous calc-alkaline signatures exhibited by all mingled units, 

many trace element ratios appear to be very close to average upper continental crust. 

This is consistent with interpretations from previous studies that the Fogo Batholith was 

emplaced due to dextral related movement along the Dog Bay Line, possibly reactivated 
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  during extensive strike-slip motion in the early Devonian Acadian (Williams et al, 1993). 

The Dog Bay Line is bounded by rocks representing the Popelogan-Victoria arc to the west 

and Ganderian crustal rocks to the east (Van Staal, 2012). Mantle derived melts that 

partially melted, mixed and hybridized with accreted arc and continental material at the 

base of the crust may have led to the formation of andesite-dacite magmas that represent 

the units in the study area. 

 Trace element plots, although displaying similar trends between host rocks and 

enclaves, reveal multiple enclave populations are represented in the study area. This is 

evidenced by distinct linear trends in certain incompatible elements (ex. Rb, Ba, Sr) 

between different enclave populations when plotted against SiO2. Similarly, unique 

compositional ranges of plagioclase exist in each of the three enclave groups (Figure 

4.12B, 4.19). These results are consistent with field and petrographic observations 

suggesting enclaves in the study area represent multiple intermediate injections that 

mingled with crystal mushes of similar intermediate composition in a shallow crustal 

magma chamber. 

 Individual minerals, particularly plagioclase and pyroxene (interpreted to be the 

earliest forming minerals in all units), reveal complicated crystallization histories reflecting 

changing thermal and chemical conditions. Enclaves, in all three groups, generally contain 

mottled plagioclase with An-rich core/An-poor rims suggesting resorption occurred due 

to decompression melting during magma ascent (Nelson and Montana, 1992). Host rocks, 

however, display a mixture of resorbed plagioclase crystals with either An-rich cores/An-
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  poor rims or An-poor cores/An-rich rims, implying crystals were affected by both 

decompression melting and mafic recharge. Evidence of mafic recharge is also seen in 

zoned clinopyroxene crystals in enclaves where abrupt increases in Mg # and Cr2O3 are 

observed at the rims. 

  Unique plagioclase and pyroxene crystals with unusual compositions occur in both 

enclaves and host rocks suggesting crystal capture and displacement. It is unlikely that the 

anomalous crystals in enclaves were derived from the current host rocks, or vice-versa, 

due to the discrepancy in core compositions between enclave-host rock pairs. Instead, 

crystal displacement likely took place during an earlier mixing events at deeper levels in 

the crust where average magma viscosities were lower. Together, the geochemical 

evidence suggests host rocks and enclaves are composed of crystals that had unique 

histories involving transportation and displacement between multiple magmas and mush-

like reservoirs during their ascent through the crust. 
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Figure 4.1. Major element Harker diagrams for enclaves and host rocks 

displaying mingling relationships in the study area. 
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Figure 4.2. AFM diagram for host rocks, enclaves, and dykes/sills that display mingling relationships in the 

study area. A calc-alkaline signature is displayed by all units, reflecting input from continental material. 
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Figure 4.3. Th-Hf-Ta plot of Wood (1980) for selected host rocks, enclaves, and dykes/sills. N-MORB = normal, 

depleted mid-ocean ridge basalt, E-MORB = enriched mid-ocean ridge basalt, OIB = ocean island basalt, Arc 

Thol. = volcanic arc tholeiite, Calc-Alk Arc = calc-alkaline volcanic arc basalt.  
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Figure 4.4.  TAS (total alkalis vs. silica) plot following Lebas et al. (1986) for mingled host rocks, enclaves 

(numbered by group), and dykes/sills in the study area.    
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Figure 4.5. Trace element Harker diagrams for enclaves, host rocks, and dykes that 

display mingling relationships in the study area.
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Figure 4.6. Plot of Ba/Sr vs SiO2 for selected host rocks, enclave and dyke/sills. All units display increasing Ba 

with SiO2 suggesting increasing abundance of plagioclase and lack of orthoclase crystallization (McBirney, 

2007). 
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Figure 4.7. Plots displaying negative correlation of P2O2 with SiO2 and a positive correlation of P2O5 with Nb. 

Combined with the negative correlation between SiO2 and Nb (Figure 4.5), these relationships suggest Nb in 

enclaves, host rocks, and dykes is incorporated into accessory minerals such as apatite.  
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Figure 4.8. Chondrite-normalized REE patterns for host rocks, enclaves, dykes, and sills at Wild Cove East that 

display mingling relationships. The highest concentration of rare earths in the enclaves are a function of SiO2 

content, with the most silica-rich enclaves displaying the most REEs and the most silica-deficient enclaves 

displaying the lowest concentrations. This relationship is not observed in the host rocks however as the highest 

SiO2 host displays the lowest concentrations of REEs. Therefore, REE concentrations, at least in the host rocks, 

are not solely a function of fractional crystallization (Winter, 2001). 
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Figure 4.9. MORB-normalized REE plots for host rocks, enclaves, dykes, and sills that display mingling 

relationships in the study area. All units display enrichment of LIL elements (Sr, K, Rb, and Ba) relative to HFE 

elements (Ta-Yb), a chemical signature common subduction-related magmatism (Winter, 2001). 
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Figure 4.10. EMORB-normalized multi-element plot for host rocks, enclaves, dykes, and sill that display mingling 

relationships in the study area (Sun and McDonough, 1989). Elements are in order of increasing compatibility 

from left to right. All units are enriched in LIL, particularly in the most incompatible elements (Cs, Pb, K) (Winter, 

2001). The spiked section pattern is consistent with subduction or plate margin settings (Winter, 2001). 
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Figure 4.11. Plot of incompatible elements normalized to upper continental crust for selected host rocks, 

enclave, and dykes/sills (Taylor and McLennan, 1985) showing nearly identical values except for slight depletion 

in large ion lithophile (LILE) enrichment and negative Ta-Nb anomaly, a typical signature of arcs. 
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Figure 4.12. Feldspar ternary plots of selected host rocks, enclaves, and dykes/sill in the study area. A) Feldspar 

ternary plot of enclave populations at Wild Cove. Despite similar rim compositions in all groups, a distinct range 

in core composition is observed in each. Rims generally display more evolved compositions than cores but in 

some cases the cores are more evolved than the rims. B) Feldspar ternary plot of the two intermediate host 

rock units and the contact between them. Considerable overlap is observed between the host units but the most 

Ca-rich plagioclase compositions are observed in the enclave-poor tonalite. Plagioclase in the contact have 

higher An content than in the enclave-rich tonalite and are comparable to the most primitive plagioclase in the 

enclave-poor tonalite. C) Feldspar ternary plot of quartz diorite dyke in the northernmost part of the study area 

and the diorite sill. The overall range in both units is comparable to the combined range observed in all nearby 

host rocks and enclaves. D) Feldspar ternary plot of mafic layered intrusion located in easternmost part of study 

area. The base of the sill is composed of labradorite-bytownite and is the most primitive of all analyzed 

plagioclase. The middle of the sill is composed of andesine-labradorite. 
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Figure 4.13. Pyroxene quadrilateral plots for selected host rocks, enclaves, and dykes in the study area; A) 

Pyroxene quadrilateral plot of mafic magmatic enclaves of Wild Cove East. Most analyzed pyroxene, regardless 

of group, plot in the Ca-rich end of the augite field. A trend is observed in a zoned Group 1 clinopyroxene from 

Ca-poor augite at the core to Ca-rich augite at the rim. Several pyroxene inclusions in plagioclase plot in the 

enstatite field whereas others plot in the Ca-poor augite field. B) Pyroxene quadrilateral plot of host rocks in 

the study area. Like the enclaves, many of the analyzed host rock pyroxene plot in the Ca-rich augite field. 

Pyroxene from the contact between the two intermediate host units are generally of diopside composition. 

Analyzed enclave-rich tonalite pyroxene immediately adjacent to this contact, however, plot in the Ca-poor 

augite field. Pyroxene that are now corroded cores in hornblende, from both host rock units, similarly plot 

towards the Ca-poor end of the augite field. C) Pyroxene quadrilateral plot of quartz diorite dyke located in 

northernmost end of field area and the diorite sill. A trend is seen across two pyroxene grains that oscillates 

from Ca-rich to moderately Ca-rich augite. In the diorite sill, one corroded pyroxene core displays Ca-rich 

augite/diopside composition whereas other corroded pyroxene displays Ca-poor augite composition. D) 

Pyroxene in the mafic layered sill includes enstatite at the base and Ca-rich augite/diopside at the middle. 
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Figure 4.14. EPMA traverse across a resorbed plagioclase phenocryst contained in Group 1 tonalite enclave. 

Two distinct zones are observed in both crystals: a resorbed An35 andesine core and an An20 oligoclase 

overgrowth/rim. Fine rounded clinopyroxene inclusions are restricted to the andesine core regions of both 

crystals. Mottling and resorption of the core by a more albite-rich phase may be due to decompression melting 

(Nelson and Montana, 1992). Resorption of clinopyroxene inclusions also likely occurred, based on the similar 

extinction angles between separate inclusion populations. 
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Figure 4.15. EPMA traverse across two resorbed plagioclase phenocrysts contained within a Group 2 biotite 

tonalite enclave. Both crystals display a compositional range of An25-An45 with andesine cores and oligoclase 

rims. Abrupt peaks and valleys in An % across traverse correlate with patchy zoning in the mineral. Rim 

compositions and extinction colour are identical to irregular embayments which truncate mottled cored 

regions. The outermost parts of corroded cores are more calcic than the innermost regions and may represent 

an earlier mixing event that affected these crystals (Wiebe, 1968). 
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Figure 4.16. EPMA traverse across two resorbed plagioclase phenocrysts contained within a quartz diorite dyke 

that located at the northernmost end of the study area. These dykes preserve evidence break-up into rounded 

globules due to interactions with host material, a possible mechanism by which some of the enclaves were 

formed. Both crystals display a compositional range of An50-An30, and oscillations between these two end-

member compositions are observed within the mottled regions of the crystal. The abrupt change from An30  at 

the core to An50 towards the rim can be explained by injection a hotter and more primitive magma. 

Hybridization between host and injected magma may have resulted in the formation of An30 rims (Andrews et 

al, 2008). In (A), the mottled region extends across the entire length of the crystal whereas in (B) contains 

mottled textures only in the core regions. Pyroxene and Fe-Ti oxide inclusions are restricted to the mottled 

oligoclase interior.
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Figure 4.17. A Group 1 enclave clinopyroxene 

displaying three distinct compositional zones 

was analyzed using the EPMA to assess its 

history. A ten-point traverse was conducted 

from core (a) to rim (a’) as seen in the 

backscatter image to the left. 

 

The core of the crystal is enriched in TiO2 and 

K2O. This is correlated with the presence of Ti-

bearing minerals such as ilmenite in the core 

(oxide minerals are coloured white in the back-

scatter image above). The core is         

titanaugite (Leung, 1974), a mineral that 

generally crystallizes from alkaline magmas.  

 

Mg # is high in the core region but decreases 

towards the edge of the middle depleted zone 

of the mineral.  A significant increase of Mg # 

and Cr2O3 occurs at the outer zone. Since Cr is 

typically enriched in mafic magmas, this 

suggests the overgrowth crystallized from a 

more mafic magma. 

 

The compositional trends suggest a four- stage 

history:  

 

1. First crystallization from a Ti-rich alkaline 

magma. 

2. Fractionation of alkaline magma to form 

middle zone. 

3. Late crystallization from a more mafic Cr-

rich magma. 

4. Incorporation into tonalite crystal mush. 
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Figure 4.18. EPMA traverse across 

pyroxene in quartz diorite dyke in 

western part of study area that 

display evidence for MME 

formation. 15 points were 

analyzed from core to rim. A 

narrow range in Mg# is seen from 

Mg76 – Mg71 which sinuously 

oscillates between endmembers 

across the traverse. The second 

peak in Mg# at points 11-13 is 

accompanied by a rise in C2O3 from 

nearly zero to almost 400 parts per 

million. Similarly, a rise in Ti is 

observed in this region from 

around 2000 ppm to almost 4000 

ppm.  
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Figure 4.19. Summary plot displaying range in composition of pyroxene and plagioclase in major units. Lines 

with stars represent anomalous mineral compositions that are unusual compared to the rest of the rock such 

as: 1) Mg80 – Mg76 core of corroded pyroxene in a group 1 enclave (reported in Figure 4.17), and 2) Pyroxene in 

Group 3 enclave with an Mg65 core and Mg60 rim.  
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Chapter 5 – Physical Properties of Crystal Mushes 

 This chapter will discuss the rheological properties of various units in the study 

area including host rocks, enclaves, and dykes. The relative rheology of magmas has a 

significant influence on the types of interaction that will take place between different 

magmas (i.e. mingling vs mixing). Physical properties including temperature, density, and 

viscosity will first be defined and their implications for magmatic processes will then be 

discussed.  

 

5.1 Temperature and heat transfer in magma bodies 

5.1.1 Liquidus and solidus temperatures 

  At temperatures above the liquidus, magmas are entirely molten and no crystals 

exist in suspension. Crystallization begins as magmas cool below the liquidus and 

continues until the solidus (100% crystalline) is reached. The rate of crystallization 

generally does not increase linearly with increasing temperature, particularly in 

intermediate and felsic magmas (refer to Figure 1.6). Basaltic magmas have higher solidus 

temperatures (~1300 °C liquidus and ~950 °C solidus at 10 kb [~35 km depth], respectively) 

than granitic magmas (~1200 °C liquidus and ~650 °C solidus at 10 Kb [~35 km depth], 

respectively), and therefore begin crystallizing at higher temperatures (Stern et al, 1975). 

Granitic magmas, having a wide range between liquidus and solidus, can stay partially 

molten over a large temperature range. The temperature range between liquidus and 
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 solidus for a typical tonalite was assumed to be 1050 – 850 °C based on experiments by 

Stern et al (1975). The rate of crystallization during this temperature interval was 

estimated by Bachmann and Huber (2016) to be 1000 °C = 10 vol % crystals, 950 °C = 30 

vol % crystals, 900 °C = 50 vol % crystals. The addition of water acts to lower the liquidus 

and solidus temperatures in all magmas. The solubility of water is generally higher in felsic 

magmas and has a strong dependence on pressure (Burnham, 1980).  

Magmas generally behave as crystal mushes when crystal proportions are at 

approximately 25-50% (Marsh, 1981). Beyond 50% crystallinity, magmas reach a 

maximum packing of crystals that form a strong interlocking network and causes them to 

behave as partially molten solids (Marsh, 1981). At lower crystallinities, the magma does 

not form a fully interlocking framework and instead behaves as a mush in which crystals 

are unable to move freely relative to one another (Marsh, 2002). Below 25% crystallinity, 

the crystals are suspended in the melt and can move independently by processes such as 

crystal settling (if crystals are denser than surrounding melt) or by magmatic turbidites 

(Irvine et al, 1998). Mafic magmas form permeable monomineralic strings (primarily 

plagioclase and pyroxene) that provide strength to a mush even at low crystallinities 

(Philpotts and Carroll, 1996). Compaction or filter pressing of a crystal mush, particularly 

at low crystallinities (< 35% in basalts), can result in the separation of interstitial liquid 

from the crystal framework (Philpotts and Carroll, 1996). 
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 5.1.2 Heat transfer in magma reservoirs  

 Crustal magma chambers represent highly complex thermodynamic systems in 

which the overall energy balance is reliant on multiple processes. The cooling rate of a 

pluton depends primarily on the thermal conductivities and latent heat of crystallization 

of both the magma body and wall rocks (Nabelek et al, 2012). Heat is lost immediately 

after emplacement of a magma body by conduction to surrounding country rocks 

(Bachmann and Huber, 2016). Consequently, the length of time magmas remain entirely 

molten is limited. Steady-state conduction is governed by Fourier’s Law (q=kΔT/Δz), which 

states that heat travels proportional to a gradient from high temperature to low 

temperature, where k = thermal conductivity (W/mC). Heat flux (q) increases with 

increasing temperature gradient (ΔT) and decreases with increasing width of the gradient 

(Δz). When integrated to a homogenous material of 1-D geometry between two endpoints 

at constant temperature, heat flow rate is given by: 

𝑄

𝚫𝒕
= −𝑘𝐴

𝚫𝑇

𝚫𝑥
 

where A is the cross-sectional surface area, ΔT is the temperature difference between two 

ends, and Δ𝑥 is the distance between two ends. 

 Heat transfer from a magma chamber changes with time and is therefore not 

steady-state. The temperature gradient (dT/dz) will become less with increasing time as 

the magma body and surrounding rocks become similar in temperature. When magma is 

emplaced into cool country rock, the initial temperature gradient is high and heat transfer 
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 is rapid. However, the temperature gradient and the heat transfer rate decrease 

immediately after heat is transferred from the magma into the country rocks. A simple 

cooling timescale for a magmatic body is modelled by: 

 

𝜏 =
𝐷2

4𝜅
 

Where 𝐷 is the length scale (e.g. width of a dyke, radius of a sphere). Thus, the cooling 

rate is longer for larger magma bodies and is inversely proportional to thermal diffusivity, 

κ, which is given by: 

 

𝜅 =
𝑘

𝜌𝑐𝑝
 (

𝑚2

𝑠
) 

Where k is thermal conductivity (W/mK), and ρ is density (kg/m3). The specific heat 

capacity cp (J/kg/°C) is the ability of a material to store heat.  

The cooling rate of magmas decreases as the temperature contrast between the 

magma and country rock becomes smaller. In addition, processes such thermal 

convection and mafic recharge will act to decrease, or even reverse, the cooling rate in 

magma reservoirs (Bachmann and Huber, 2016). Therefore, magmas tend to stay at near-

solidus temperatures for long periods (Bachmann and Huber, 2016). Energy supplied from 

fresh magmatic injection can cause remelting of the mush and the formation of a melt-

rich mobile layer (Burgisser and Bergantz, 2011; Zavala et al, 2011). Another consequence 
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 of these processes is the unlikelihood that thermal diffusion ever reaches equilibrium at 

the reservoir-scale in open magma chamber systems (Bachmann and Huber, 2016). 

As contact aureoles between magmas and surrounding wall rocks get hotter the 

amount of heat that is transferred across the contact decreases since thermal diffusivity 

decreases with increasing temperatures in rocks (Nabelek et al, 2012). In turn, this acts to 

decrease the cooling rate of the pluton. The temperature dependence of thermal 

diffusivity can act to more than double the crystallization time in magma intrusions and 

keep them as mush-like fluids for an extended period. A study by Nabelek et al (2012) 

determined, assuming the temperature dependence of thermal diffusivity, that a sill as 

thick as 50 meters can remain in a mobile mushy state for nearly 33 years after 

emplacement of a single batch of melt. Assuming there is no change in thermal diffusivity, 

the timescale would be reduced to approximately 19 years (D2/4κ = 2500/4x10-6). 

The thermal evolution of a mafic body that is entirely enclosed in a felsic host, such 

as a magmatic enclave, varies depending on the size of the body and the temperature 

difference between the two magmas. The heat equation indicates that the cooling rate of 

an enclosed mafic body is related to the inverse square of its diameter and therefore 

larger bodies will take a longer time to reach thermal equilibrium with a granitoid host 

(Fernandez and Barbarin, 1991). If thermal equilibrium is achieved quickly between small 

mafic blobs and a felsic host, the blobs will become rigid and chemical exchange between 

the two magmas will be strongly limited (Fernandez and Barbarin, 1991).  
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 5.2 Rheological properties of magmas 

5.2.1 Viscosity 

 Viscosity is an important control on the physical transport of lithospheric silicate 

melts and is dependent on both temperature and magma composition. It is defined as a 

measure of the internal friction within fluids that arises due to collisions at the molecular 

scale (Clemens and Petford, 1999). Among the earliest models for measuring magma 

viscosity were those conducted by Bottinga and Weill (1972), who estimated the influence 

of major oxide composition. Shaw (1965) modelled viscosity by the degree of 

polymerization (R) in a magma, a measure of the cation to oxygen proportion in the melt. 

An important modifier of polymerization in magmas is water, which has a 

significant impact on magma viscosity. The addition of only a few weight percent water 

can decrease the viscosity by multiple orders of magnitude. As such, a wide range in 

viscosities is observed between anhydrous and mafic melts from 107 to 10 Ns/m2. In 

general, temperature and water content are interdependent in granitic magmas due to 

magmas have a higher solubility for water at lower temperatures. 

 In addition to water, magma viscosity is highly dependent on the amount of 

crystals suspended in the melt. While the effects of water (decrease viscosity increase 

with cooling) and temperature (increase viscosity with cooling) counterbalance each 

other to some extent, increased crystal content during cooling will act to increase magma 

viscosity to very high values (e.g., Clemens and Petford, 1999). The physical effect of 
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 crystals, assumed to be spherical shapes of equal size, is best modelled by the Einstein- 

Roscoe equation: 

η𝑟 =
η𝑚𝑖𝑥

η𝑚𝑒𝑙𝑡
=  (1 −  

𝜙

𝜙0
)−2.5 

where φ is the crystallinity and φ0 is the maximum packing fraction.  When magmas 

exceed crystallinities of 20-25 vol%, they first behave like Bingham fluids that possess a 

yield strength and the rheology becomes non-Newtonian as a semirigid crystal network 

begins to form in the crystal mush (Clemens and Petford, 1999; Getson and Whittington, 

2007).  

 

5.2.2. Density 

 Magma density depends on several variables including: composition, water 

content, crystallinity, and temperature. Mafic magmas (~2.9x103 kg/m3 at room 

temperature) are denser than felsic magmas (~2.5x103 kg/m3 at room temperature). 

When felsic magma underlays mafic magma, as can be the case during mafic recharge 

events, the difference in density can lead to the formation of Rayleigh-Taylor instabilities 

at the boundary between the two magmas. Features such as load or flame structures can 

arise from these density instabilities due to the sinking of mafic magma or the buoyant 

rise of felsic magma (Wiebe and Collins, 1998).  During crystallization, minerals generally 

sink because their individual densities are greater than the surrounding melt. An 

exception to this case is plagioclase feldspar, which is often less dense than a mafic melt 
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 and therefore floats. The sinking/rising of crystals in a melt can be modelled using Stokes 

velocity: 

𝑣 =
2

9

(𝜌𝑐𝑟𝑦𝑠𝑡𝑎𝑙 − 𝜌𝑚𝑒𝑙𝑡)

𝜇
𝑔𝑅2 

where µ is the dynamic viscosity (kg/m.s) and R is the radius of the crystal.  

 Previous studies have suggested that magmatic enclaves of diameters greater than 

a few centimeters should sink faster than the rate of ascent of a newtonian granitoid host 

magma, estimated to be 13.1-3 - 145 cm/yr (Mahon et al, 1988). It is generally accepted, 

however, that most magmatic reservoirs largely exist as crystal mushes and therefore do 

not behave as newtonian fluids but rather as pseudo-plastic or visco-plastic bodies.  Thus, 

to prevent enclaves from sinking during ascent the granitoid mush must have a high yield 

strength which, for a visco-plastic body, can be estimated by the volume fraction of 

crystals. A study by Fernandez and Barbarin (1991) estimated that a crystallinity of about 

30% is needed to avoid sinking of enclaves in granitoid magmas.  

 

5.2.3. Estimated Viscosities and Densities using KWare MAGMA 

 The effects of temperature and crystallinity on both viscosity and density were 

modelled for samples from Wild Cove East representing three enclave groups and major 

host rock units. Rheological properties were determined using KWare MAGMA, a software 

that uses user-entered oxide weight percentages, temperate, pressure, crystal volume 
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 percentage, and crystal size parameters to calculate viscosity, density, and silicate 

classification.  Effective viscosities are calculated to estimate the effect of crystals and 

vesicles on viscosity by the following equations: 

𝜂′ = 𝜂 (1 − 𝑅𝜙)−2.5       (Bottinga-Weil estimation)        

and 

𝜂′ = ln 𝜂 +
𝛼𝐷

[(𝜙′/𝜙)1/3−1]
− 0.15      (Shaw estimation) 

Where 𝜂′ is the effective viscosity, 𝜂 is the liquid viscosity, 𝜙 is the volume fractions of 

crystals (and vesicles), R is the volumetric ratio of solids at maximum packing, 𝜙′ is the 

concentration of crystals (and vesicles) at maximum packing, and 𝛼 is a constant that 

varies with mean diameter D. The program follows McBirney and Murase (1984) and uses 

𝛼 = 0.011 and 𝑅(𝜙’) = 1.0. The development of the program was completely solely by Ken 

Wohletz at the Los Alamos National Laboratory of the University of California. 

A gradual decrease in viscosity with increasing temperature is observed in 

representative host rocks and enclaves, assuming magmas are crystal-free and at constant 

pressure at 1km depth (=500 bars; Figure 5.2). Viscosity depends on SiO2 content, with 

the most silicic units displaying the highest viscosities and all units displaying similar 

trends. The viscosities of all enclave samples are nearly two orders of magnitude less than 

the that estimated for the enclave-rich tonalite unit. The same conditions were imposed 

to calculate density, which decreases with increasing temperature in all units (Figure 5.3). 

Density is negatively correlated with silica content, with the most mafic units displaying 
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 the highest densities. Enclaves display similar or higher estimated densities than the host 

rocks. 

 The effects of changing crystallinity on both magma viscosity and density were 

similarly examined using KWare MAGMA. In Figure 5.3, host rock and enclave viscosities 

were estimated under changing crystallinity and constant temperature (=1000 °C), 

pressure at 1km depth (= 500 bars), and spherical crystal size (= 0.5 mm). This is only 

intended to isolate the effect of crystallinity of viscosity and does not represent realistic 

conditions within the earth.  All units show an increase in viscosity by roughly an order of 

magnitude with each 10% increase in crystallinity. At around 50% crystallinity, interpreted 

to be the rheological “lock-up” point by Huber, Bachmann, and Manga (2009), the rate of 

viscosity change is increased significantly. Under the same conditions, density increases 

linearly with crystallinity (Figure 5.4).  

 Since crystallinity will undoubtedly change with temperature, it is unrealistic to 

suggest the two properties will ever change independent of each other. Using the tonalite 

crystallization rate by Stern et al (1975) and Bachmann and Huber (2016), the effect of 

temperature-dependent crystallinity on viscosity was estimated (Figure 5.5). A significant 

viscosity increase occurs at 900 °C, the temperature at which intermediate magmas are 

estimated to be 50% crystalline. All enclave samples show lower viscosities than hosts at 

temperatures close to the liquidus except for a Group 1 enclave displays a higher viscosity 

than the hosts at temperatures below 900 °C.  
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  It is important to note that the viscosities and densities estimated from KWare 

MAGMA are only first-order estimates. Some questionable values were produced by the 

software such as the trend of the Group-3 enclave in Figure 5.5, which displays a lower 

viscosity at 850 °C (solidus) than 900 °C. Similarly, there are discrepancies between density 

estimates made by the software and those calculated for the same samples using specific 

gravity, particularly under near solidus conditions (Table D.1 of Appendix D). These 

unusual results may be due to errors or bugs in the software. Therefore, the usage of 

KWare MAGMA appears to be only suitable for approximating and comparing magma 

viscosity and density but the absolute results should not be reported.  

 

5.2.4 Cooling Rate Modelling Using KWare 3DHEAT 

 The cooling rates of magma bodies under specific conditions were modelled using 

KWare 3DHEAT, a software built to model both conductive and convective heat flow for 

various rock and magma properties. The program is designed around Fick’s second law of 

diffusion and provides a user interface that allows the design of a computational mesh 

representing rock properties, geometry, and magma body emplacement. The modeling 

calculates the nonlinear effects of heterogeneous media, latent heat, temporal, spatial, 

and thermally varying properties using the following equation: 

 

𝜕𝑇

𝜕𝑡
=  ∇  ∙ (𝜅∇𝑇) − u ∙  ∇𝑇 + 𝑞 
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where T is temperature, t is time, k is the diffusivity coefficient, u is the convective velocity 

vector, and q represents heat sources/sinks (latent heat).  

Initial conditions use a designated regional thermal gradient and continuous or 

symmetrical thermal gradients are assigned along the boundaries. Convective heat 

transfer in the magma is calculated as a function of temperature and composition. Magma 

properties including density, porosity, heat capacity, initial temperature, thermal 

conductivity, and crustal depth are assigned by the user before the calculation is run.  For 

this study, two scenarios were modelled using 3DHEAT: A) the equilibration rate of 

enclaves in a compositionally similar host and B) the cooling rate of a 1-km thick 

homogenous intermediate body at approximately 1-km crustal depth.  

The first case models the three-dimensional equilibration rate of intermediate 

crystal-poor blobs in an intermediate crystal-rich host at shallow crustal level. To get an 

upper limit on the equilibration rate, blobs were inputted at the approximate size of the 

largest enclaves in the study area (1 m x 40 cm x 40 cm). The equilibration rates were 

modelled in 1050 °C and 950 °C intermediate hosts, the temperature conditions estimated 

by KWare MAGMA (based on major oxide chemistry and estimated emplacement 

crystallinity) for the enclave-rich and enclave-poor tonalite units, respectively. The initial 

temperature of the intermediate blobs in both models is 1100 °C, the temperature 

3DHEAT assumes typical intermediate magmas are at their liquidus. Heat lost to the crust 

was neglected in these models due to the small size of the blobs relative to the overall 
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 system. The initial conditions of the enclave cooling models in both the enclave-rich 

tonalite and enclave-poor tonalite is provided by Figure 5.7. The results suggest nearly 

identical temperatures between blob and host are achieved in ~8.2 days for the enclave-

rich tonalite compared to ~82 days for the enclave-poor tonalite.  

The second scenario models the cooling times of homogenous magma bodies at 

approximately 1-km depth. The cooling times of a 1km thick 1050 °C intermediate body 

and a 1km thick 950 °C intermediate body were tested, interpreted to be the approximate 

temperature conditions of the enclave-rich tonalite and enclave-poor tonalite units 

respectively. The effects of conduction, convection, and latent heat are considered by 

KWare 3DHEAT in this model. The results suggest the estimated cooling time of the 

enclave-rich tonalite magma is ~74 kyrs compared to ~49 kyrs for the enclave-poor 

tonalite magma, both of which are longer than the cooling rate of ~ 8 kyrs estimated by 𝜏 

=D2/4 𝜅 for a 1-km thick body.  Mafic recharge, a process that evidently took place at Wild 

Cove East, along with ground water circulation are additional factors that may influence 

cooling times of shallow magma bodies (Bachmann and Huber, 2016).  

 

5.3 Discussion 

 The calculated viscosity and density properties of host rocks and enclaves, despite 

being only first-order approximations, may have implications for the types of interactions 

that can take place between magmas.  Previous models have suggested that magma 
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 mingling takes place when the rheological properties of two co-existing magmas, 

particularly viscosity, are distinct enough to prevent mixing from occurring (e.g., Barbarin, 

1991). Based on the results from KWare MAGMA, enclaves from all three groups have 

noticeably lower viscosities than the intermediate host rocks that contain them, favoring 

mingling as opposed to mixing. The lower viscosity of the enclaves is consistent with the 

model by Barbarin (1991) of enclaves representing the break-up of crystal-poor mafic 

dykes as they intrude a more viscous felsic magma. Magma viscosity increases significantly 

with increasing crystallinity in all units, and the most dramatic increase occurs at 

crystallinities greater than 50%, interpreted to be the rheological “lock-up” point. Thus, a 

significant viscosity difference exists between intermediate magmas at the liquidus and 

intermediate magmas that are partially crystalline (i.e. a crystal mush). This may account 

for why mixing did not occur between host mush units and enclaves at Wild Cove East, 

despite compositional similarity between nearly all rocks. 

 The results of both KWare MAGMA and specific gravity suggest enclave densities 

are either equal to or greater than the host rocks that contain them.  This supports the 

sinking of enclaves shortly after intrusion into the host tonalite magmas. However, per 

Fernandez and Barbarin (1991), sinking of enclaves cannot occur if the host magma 

contains a high yield strength, which typically arises when magmas reach crystallinities of 

around 30 percent. Therefore, if the tonalite mush units of Wild Cove East had a sufficient 

yield strength and enclaves are comparatively crystal-poor, movement within the host 

mush would result in parallel movement in the enclaves. 
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  Based on modelling using KWare 3DHEAT, the timescales of cooling for both 

enclaves and host rocks can be estimated. An intermediate blob with dimensions 

approximately equal to that of the largest enclaves in the study area (1 m x 40 cm x 40 

cm) reaches thermal equilibrium with an intermediate host on the order of tens of days. 

This is significantly shorter than the estimated multiple tens of thousands of years it takes 

for intermediate magma (at the approximate size and temperature of host tonalite units 

in the study area) to cool to solidus temperatures at 1-km crustal depth. The longer 

cooling time estimated by KWare 3D heat for a 1-km wide intermediate body at 1-km 

depth compared to the diffusion equation may be related to latent heat, which can act to 

buffer cooling rates in crystal mushes (Huber et al, 2009). Assuming an open system that 

is susceptible to thermal recharge by intermittent injections of mafic magma, as is evident 

in Wild Cove East, cooling likely takes over a hundred thousand years. It is estimated that, 

upon break-up, intermediate enclaves will quickly equilibrate to the temperature of their 

host and will together cool and crystallize for a much longer period. 
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Figure 5.1. Change in melt silica content and melt viscosity with increasing 

crystallinity as calculated for a magma of tholeiitic composition by MELTS 

(Marsh, 2002)
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Figure 5.2. Relationship between temperature (°C) and viscosity (Pa/s) assuming constant pressure (=500 

bars) and zero crystallinity. Viscosity values were calculated using MAGMA software.  
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Figure 5.3.  Relationship between magma density (kg/m3) and temperature (°C) assuming constant pressure 

(=500 bars) and zero crystallinity. Density values were calculated using MAGMA software.  
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Figure 5.4. Relationship between magma viscosity (Pas) and crystallinity (vol %) assuming constant 

temperature (=1000 °C), pressure (=500 bars), and crystal size (=0.5 mm). Viscosity values were calculated using 

MAGMA software. Intended to isolate the effect of crystallinity on viscosity and does not represent realistic 

conditions in the earth. 
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Figure 5.5. Relationship between density (kg/m3) and crystallinity (vol %) assuming constant temperature 

(=1000 °C), pressure (=500 bars), and crystal size (=0.5 mm). Density values were calculated using the program 

MAGMA. Intended to isolate the effect of crystallinity on density and does not represent realistic conditions in 

the earth. 
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Figure 5.6. Relationship between viscosity (Pas) and temperature (°C) assuming constant pressure (=500 bars), 

crystal size (=0.5 mm), and crystallinity changes with temperature. Average tonalite liquidus and solidus 

temperatures are estimated at 1050 and 850 °C respectively (Stern et al, 1975). Relative change in crystal 

proportion with temperature for andesite magma is estimated from Bachmann and Huber, 2016 (1000 °C = 

10% xtals, 950 °C = 30% xtals, 900 °C = 50% xtals). 
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Figure 5.7. Initial conditions for 3DHeat model for three-dimensional cooling of an 1100°C intermediate enclave 

(1m x 40cm x 40cm) in 1050°C and 950°C host magmas estimated to be the approximate conditions of the 

enclave-rich tonalite and enclave-poor tonalite units, respectively. 



 
 
  

174 
 

 
 

Chapter 6 – U-Pb Zircon Geochronology  

 

 This chapter will discuss the sampling, methods, and results of U-Pb 

geochronology for selected rocks in the study area. Based on previous field and 

petrographic observations, it is apparent that most of the units at Wild Cove East mingled 

at similar temperatures as crystal mushes and must be similar in age. The results of U-Pb 

zircon analysis will reveal the age relationship between the units and how they compare 

to previous zircon ages obtained on Fogo Island.  

 

6.1 Methods 

 Parts of the following procedures were carried out by the author, Amanda Langille, 

or Gregory Dunning at Memorial University of Newfoundland. Before measurement in the 

thermal ion mass spectrometer (TIMS), zircons must be separated in a series of careful 

processes. Initially, around 20 Kg of each rock sample was obtained from the field. Large 

samples were broken down in to smaller pieces (no more than several inches in size) using 

a hydraulic splitter, and the small pieces were then put into a jaw crusher which further 

breaks down the rock into fine chips. A fine-grained powder is then produced using a disc 

mill. The process of zircon separation begins by running the powdered rock across a wifley 

table under a smooth flow of water to separate heavy minerals from lighter minerals.  

Thorough cleaning using an air hose and alcohol is essential throughout each crushing 

process to prevent any cross-contamination between samples.  
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 The heavy minerals were sieved to remove any larger pieces and strongly magnetic 

minerals were removed by a handheld magnet after sieving. The samples were then 

passed through methylene iodide, which has a density of 3.32 g/cm, to separate dense 

minerals such as zircon. The dense mineral separate is then passed several times, at 

increasing tilt and magnetic field strength, through a Franz magnetic separator which 

separates minerals based on their magnetic susceptibilities. Zircons are then picked using 

tweezers from the Franz separate under a binocular microscope. To ensure the best 

results, euhedral zircons that lack inclusions are selected. Selected zircons are mounted 

in epoxy and polished down to their centers to be mapped using the scanning electron 

microscope (SEM). These maps can be used to identify internal corrosion or growth zoning 

within individual zircons.  

 The zircons selected for U-Pb TIMS geochronology are first annealed at 1000 C for 

36 hours and then etched in concentrated hydrofluoric acid in a pressure bomb at 200 C 

for several hours. Combined, these procedures remove parts of the crystal that may have 

experienced Pb loss. Etched zircons are then washed using distilled nitric acid, double 

distilled water, and acetone before loading in Krogh-type TEFLON dissolution bombs. A 

mixed 235U/205Pb tracer of known concentration is added in proportion to the sample 

weight, along with 15 drops of distilled hydrofluoric acid, before the bomb is sealed and 

put in an oven at 210 °C for 5 days. This results in complete dissolution of the zircon 

crystals.  
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 Following dissolution, standard column ion exchange techniques are used to 

remove U and Pb from the solution. The dissolved zircon solutions, already mixed with 

tracer solution, are put in a resin-filled TEFLON column. Specific elements are then 

removed from the solution by washing the column with HCl at appropriate rates and 

amounts. Ions are removed from the column based on their affinity to either the solvent 

or the resin in the column. The steps are designed so that HCl will first remove Zr, Si, and 

REEs from the solution, leaving behind Pb and U in the column. Water is then passed 

through the column and to remove the remaining Pb and U, which is collected in a small 

beaker. After adding one drop of ultrapure phosphoric acid, the U/Pb solution is dried 

down to a single drop on a hotplate. 

 Following ion exchange, analysis using the MAT 262 TIMS is completed. The U/Pb 

solution is loaded onto an outgassed rhenium filament with silica gel and dilute 

phosphoric acid and dried. The loaded filament is mounted on a magazine and is pumped 

down to a high vacuum in the turret of the mass spectrometer. The filament is heated by 

an electric current resulting in the ionization of the solid sample.   

 For the present work, the faraday cups are calibrated with NBS 981 lead standard 

and the ion-counting secondary election multiplier is calibrated against the faraday cup 

through measuring a known Pb isotopic ratio. The method used to collect isotopic ratios 

was dictated by the signal strength of the Pb and U in the samples. Smaller samples were 

measured by peak jumping on the secondary election multiplier whereas ratios in larger 

samples were determined by simultaneous measurement using four faraday cups. Data 
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sets were measured in the temperature range of 1400 to 1550 C for Pb and 1550 to 1640 

C for U. The best data sets were combined to produce a mean value for each ratio.  

 Corrections for Pb and U fractionation of 0.1 %/amu and 0.03 %/amu, 

respectively, were completed for the measured ratios based on volumes obtained by 

measurement of NBS standards. In addition, corrections were made for laboratory 

procedure blanks (1-2 picograms for Pb, 0.3 picograms for U) and the two-stage model of 

Stacey and Kramers (1975) was used to calculate the composition of common Pb above 

the laboratory blank. The decay constants of Jaffey et al (1971) were used for calculating 

the ages.  

The isotopic ratios were calculated and are reported with two-sigma uncertainties. 

The age of each rock is reported as the weighted average of the 206Pb/238U ages calculated 

using ISOPLOT, and the uncertainty is reported at the 95% confidence interval. To 

determine accuracy of the procedure, nine U/Pb analyses of the TEMORA zircon standard 

(Black et al, 2003) were conducted at the time of sample measurement and using the 

same detector and measurement conditions (Sparks and Dunning, 2015).  

 

6.2 Results 

 Zircon crystals from four units were dated including: enclave-poor tonalite (BG06-

20A), biotite granite (BG0621A), diorite sill (072001), and chilled diorite dyke (16070803). 

A full report of the results is presented in Table 6.1. 
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6.2.1 Biotite Granite 

 Clear euhedral prismatic zircons were obtained from the biotite granite (BG06-

21A) unit that range in size from 50-100 um. Three of the most euhedral grains were 

selected for U-Pb zircon TIMS analysis. The analyzed fractions Z1 and Z2 show significant 

overlap and yield a concordant 206Pb/238U age of 410 +/- 1.4 Ma at the 95% confidence 

interval (Figure 6.1). Fraction Z3 displays evidence of an older component and was 

therefore excluded during age calculation of this rock. Zircons selected for CL imaging 

display complicated igneous growth zoning in most of the crystals (Figure 6.2C). In many 

cases, multiple growth zones which truncate previous zones are observed. Some crystals 

display bright cores and dark rims whereas other grains contain darker cores and bright 

rims.  

 

6.2.2 Enclave-Poor Tonalite 

 The enclave-poor tonalite (BG06-20A) yielded clear subhedral prismatic to 

elongate zircons some of which display grain tips. Four of the most euhedral grains ranging 

in size from 50-100 µm were selected for U-Pb zircon TIMS analysis. All fractions (Z1, Z2, 

Z3, and Z4) tightly overlap and yield a concordant 206Pb/238U age of 408.2 +/-1 Ma, at the 

95% confidence interval (Figure 6.1). All crystals selected for CL imaging display igneous 

growth zoning, some of which contain dark cores and lighter rims. Oscillatory zoning is 

observed through the entirety of some crystals and is restricted to particular regions of 
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other grains. An imaged zircon displays evidence of partial resorption of the core followed 

by multiple sequences of overgrowth (top right of Figure 6.2B).  

 

6.2.3. Diorite Sill 

 The diorite sill (072001) yielded abundant large (300-500 µm) elongate to 

prismatic zircons. Both euhedral zircons displaying grain tips and cracked/broken grains 

were observed. All analyzed fractions (Z1, Z2, Z3, and Z4) tightly overlap and yield a 

concordant 206Pb/238U age of 409 +/- 1.1 Ma. The grains generally display simple igneous 

zoning in CL imaging. Several grains display more complicated zoning patterns but these 

are not representative of the majority (Figure 6.2A).  

 

6.2.4 Chilled Diorite Dyke 

 Clear euhedral elongate to prismatic zircons were obtained from a chilled diorite 

dyke (16070803). This minor intrusion is the only unit in the study area to display a straight 

chilled margin and is therefore interpreted to be the youngest unit in the study area.  Five 

of the most euhedral representative zircons were selected for U-Pb zircon TIMS analysis. 

A concordant 206Pb/238U age of 407.9 +/- 0.9 Ma was determined from all tightly 

overlapping fractions (Z1, Z2, Z3, Z4, and Z5). The measured 208Pb/206Pb ratio in zircons 

from this sample (0.2010 -0.2486) are on average higher than those observed in the other 

samples, suggesting a different melt source compared to other rocks.  CL imaging reveals 
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many of the grains display complicated igneous zoning (Figure 6.2D). Grains generally 

contain dark embayed core regions suggesting resorption along with lighter rim regions.  

 

6.3 Discussion 

 The U/Pb zircon ages determined from these four rocks overlap at the 95% 

confidence interval and suggest that the units likely crystallized very close together or 

overlap in time. This is evidenced by the calculated ages of the biotite granite unit (410 

+/- 1.4 Ma), the enclave-poor tonalite (408.2 +/- 1 Ma), and the diorite sill (409.3 +/- 1.1 

Ma). The ages of these three units overlap within error, consistent with field and 

petrographic observations such as the irregular margins between the granite and tonalite, 

back-intrusion of younger units by older units, or the occurrence of magmatic 

pipes/ladder structures in the diorite sill, that suggest units mingled as crystal mushes. 

Due to the inherent limitations involving the resolution of the TIMS detector, the ages can 

only be resolved to roughly a million years, and therefore the measurements cannot 

resolve small age differences between these units if they exist. The 407.9 +/- 0.9 Ma U/Pb 

age of the chilled diorite dyke provides a younger age limit for magmatism in the study 

area, this dyke being the only unit that displays a straight chilled margin.  

 The 408.2 +/- 1 Ma U/Pb zircon age derived from the enclave-poor tonalite closely 

agrees with a previous age of 408 +/- 2 Ma U/Pb zircon age derived from a quartz diorite 

of the Wild Unit (Aydin ,1994). The 410 +/- 1.4 Ma U/Pb zircon age for biotite granite is 
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significantly younger than a previous age of 420 +/- 2 Ma from a monzogranite of the Fogo 

Suite, located east of Wild Cove East (Aydin, 1994). This latter age was not based on 

concordant data, however. 

 Several zircons in the biotite granite, enclave-poor tonalite, and chilled diorite 

dyke display evidence of resorption and growth zoning and potentially highlight the age 

complexity that can occur within single zircons. Anhedral cores, if not inherited, may 

suggest thermal rejuvenation took place in the mush (Miller et al, 2007). In addition, some 

zircon crystals display up to three zones of resorption/overgrowth whereas as other 

crystals in the same rock display none, suggesting zircons did not experience the same 

crystallization histories despite being in the same rock. This is consistent with the 

heterogeneity in textures and chemistry observed in major minerals like plagioclase and 

clinopyroxene within single thin sections. Due to the refractory nature of zircon, these 

may suggest significant differences in temperature existed in different parts of the mush 

reservoir and/or zircons were displaced between multiple magmas throughout their 

crystallization histories (Storm et al, 2011).  
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Figure 6.1. Concordia diagrams of U/Pb results of zircon analyses from samples from Wild Cove East. Error 

ellipses are at the two-sigma level. Refer to Table 1 for sample locations and descriptions 
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Figure 6.2. Cathodoluminescense images of zircon crystals representative of the type analyzed from each 

sample. A. Diorite Sill, B. Enclave-Poor Tonalite, C. Biotite Granite, D. Chilled Diorite Dyke.
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Chapter 7 – Summary and Conclusions 

 This project involved the detailed investigation of mingled intermediate rocks from 

Wild Cove East, Fogo Island. The units were studied at multiple scales including the field 

scale, thin section, and mineral scale to assess the nature of interaction between multiple 

crystal mushes, including melts and crystals. Key findings from this study are summarized 

below.  

 

7.1 Tectonic Setting 

 The 7-km thick gabbro-diorite-tonalite-granite Fogo Batholith is interpreted to 

have intruded during widespread strike-slip deformation which affected Central 

Newfoundland in the Silurian-Devonian (Currie, 2003). New U-Pb zircon ages from Wild 

Cove East (410 +/- 1.4 Ma for the biotite granite unit and a 408 +/- 1 Ma for the enclave-

poor tonalite unit) correlate with nearby Early Devonian intrusions, including the 408+/-2 

Ma Loon Bay intrusive suite, the 422 +/- 2 Ma Long Island pluton and others (Elliot et al, 

1991; McNicoll et al, 2006; Figures 1.4, 6.1). The ages and field relationships of these units 

bracket a strike-slip event in the early Acadian orogeny related to dextral-transtensional 

movement along the Dog Bay Line (Currie, 2003). The variety of rock compositions in Wild 

Cove east, ranging from gabbro to granite, likely reflect varying degrees of melting before 

emplacement at the current interpreted shallow level.  
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 To account for our combined field, petrographic, and geochemical observations, a 

simple model, such as that by Burgisser and Bergantz (2011) is favoured. This model 

suggests highly viscous crystal mushes can be rapidly remobilized due to reheating from 

below by fresh magmatic intrusions. Heat provided from the recharging magmas causes 

the overlying mush network to destabilize and the formation of a mobile layer at the base 

of the crystal mush.  More specifically, the fluidized layer is formed by the propagation of 

granular-fluid stresses associated with the intrusion of a hot melt from below, which 

creates localized faulting in the mush (Schleicher et al, 2016).  The new mobile layer, being 

hotter and less dense than the overlying much, will eventually penetrate the mush in a 

process called “unzipping” due to increasing Rayleigh-Taylor instabilities between the two 

layers (Burgisser and Bergantz, 2011). The resultant rapid overturn creates strong mixing 

in the mid-crust and can lead to the juxtaposition of crystals and magmatic material with 

contrasting chemistries, textures, and ages (Figure 7.1; Burgisser and Bergantz, 2011;  

Schleicher et al, 2016). 

 

7.2 Mingling of Compositionally Similar Crystal Mushes 

 The rocks of Wild Cove East represent a small multi-component crystal mush 

reservoir that existed as an open-system at shallow depth. Field evidence for mingling of 

multiple crystal mushes include: the irregular nature of boundaries between units, the 

occurrence of schlieren in intermediate host rocks, the presence of magmatic tube and 
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pipe/ladder structures in mingled intrusions, the back-veining of younger units by liquid 

from older units, and the overlap in U-Pb zircon ages of the units. Structures such as 

metasedimentary xenoliths and miarolitic cavities are abundant and suggest reservoir 

storage occurred close to the walls or roof of a pluton at depths not much greater than 1-

km (Burnham and Ohmato, 1980; Peretyazhko, 2010).   

The setting of a shallow open intermediate magma chamber lends itself to 

multiple types of interactions between mushes and intrusions. Intermediate rocks have a 

wide temperature interval between liquidus and solidus temperatures and can therefore, 

in theory, exist as crystal mushes for a long period. Furthermore, recharge of the reservoir 

by hot intrusions at depth could supply sufficient heat to preserve, or even re-dissolve, 

existing crystal mush. The intrusion of the 200-meter wide troctolite-gabbro mafic layered 

intrusion located at the eastern end of the study area, which lacks a noticeable chilled 

margin, potentially represents an example of a late recharge event that took place closer 

to the current interpreted shallow level. Additionally, located a few kilometers to the east 

are a series of layered gabbros belonging to the Tilting Layered Suite (Aydin, 1994) that 

overlap in age with the rocks of Wild Cove East (409.8 +/- 0.8 Ma for a pegmatite 

differentiate in a layered gabbro; Gorner, 2016). Together, these mafic intrusions may 

have provided the energy to disaggregate and/or prolong the lifetime of the tonalite 

crystal mush as well as produce resorption and reverse zoning in early forming plagioclase 

and pyroxene. 
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7.3 Injection of New Magmas into a Crystal Mush Reservoir 

Intrusions of various structural styles are present in the study area and suggest 

pulsed injections occurred throughout the thermal evolution of the mush reservoir. Thin 

(5-20 cm wide) north-striking intermediate to granitic dykes cut across all units and display 

sharp chilled contacts suggesting they intruded after complete solidification of the 

reservoir. However, these dykes were not dated and the time gap between complete 

solidification of the host and dyke intrusion is unknown. In contrast, the presence of a 

broken-up tonalite dyke with sharp contacts (Figure 2.11) suggests intrusion occurred 

earlier when the crystal mush was crystalline enough to sustain brittle deformation but 

was still hot enough to flow.  Enclaves also appear to be the products of earlier intrusions 

at a deeper level in the magma chamber based on different compositional groups of 

enclaves occurring together in parts of the study area. These were likely later transported 

to the current interpreted shallow level in the magma chamber.    

Three groups of enclaves are reported at Wild Cove East based on distinct mineral 

chemistry, composition, and crystallinity (Table 3.1). The exact mechanisms for their 

formation are unknown but are inferred to be magmatic based on their ellipsoidal-

rounded shapes. The lack of chilled margins of enclaves may be due to their compositional 

similarity to their hosts, suggesting they were at similar temperatures, or it may suggest 

enclaves were completely solid when they encountered the tonalite immediately 

surrounding it (Wiebe and Collins, 1998). The stretching direction of some enclaves is 

parallel to nearby flow fabric and/or schlieren in the host rocks, suggesting some enclaves 
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were transported in a partially molten state within a crystal mush.  All enclaves display 

evidence of hybridization, due to the mixing of crystals and liquid, which likely occurred 

at levels deeper than the current level of emplacement (Wiebe and Collins, 1998). 

 

7.3.1. Proposed formation of Group 1 enclaves 

 The enclaves with the most evolved chemical compositions in the study area are 

assigned to Group 1. Due to the commonly stretched appearance of Group 1 enclaves, 

along with sharing compositional similarity of plagioclase rims with the enclosing enclave-

poor tonalite unit, it is interpreted that Group 1 enclaves were still partially molten when 

they encountered the host tonalitic mush. In combination with their low estimated 

emplacement crystallinity (Table 3.1; section 3.3.1), it is interpreted that these enclaves 

formed during the break-up of crystal-poor dykes due to rheological instability after 

injection in a more viscous host (Wiebe and Collins, 1998; Figure 7.2). Evidence of this 

process having taken place is demonstrated by a meter-wide quartz diorite dyke that 

shows evidence of localized break-up into rounded globules within its margins due to 

interaction with host material (Figure 2.12).  Since these enclaves occur amongst other 

populations, it is assumed that these injections took place primarily at depth.  
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7.3.2. Proposed formation of Group 2 and Group 3 enclaves 

 Group 3 enclaves represent the most primitive enclave compositions in the study 

area and are commonly rounded and coarse-grained (Table 3.1; section 3.3.3). Unlike 

Group 1, these enclaves have higher estimated emplacement crystallinities and 

plagioclase rims do not share compositional similarity to rims in adjacent host rocks. Based 

on their lack of chilled margins and stretching, it is interpreted that these enclaves were 

likely significantly rigid by the time they encountered their host rocks at the current level. 

These enclaves may have formed by the disaggregation of earlier mush material by 

intrusions at deeper levels in the magma chamber and were later rounded during 

transport (Wiebe and Collins, 1998; Figure 7.3). Group 2 enclaves contain characteristics 

of both Group 1 and Group 3. Like Group 1, they are commonly stretched and plagioclase 

rims display compositional overlap with those in the surrounding enclave-rich tonalite 

host. However, it is estimated they had high emplacement crystallinities similar to Group 

3 (Table 3.1; section 3.3.2) enclaves and, as such, may have formed by either of the two 

processes described above. 

 

7.2.3. Mineral evidence for changing chemical environments 

Mineral textures, such as mottled cores in plagioclase, record changes in the 

chemical environments experienced by crystals during their histories. Enclave plagioclase 

generally contain mottled less evolved (higher An content) cores (andesine) and more 
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evolved rims (oligoclase), suggesting melting of the earliest plagioclase was likely due to 

decompression during ascent of the enclave magmas (Nelson and Montana, 1992). 

Plagioclase in the host rocks, particularly in the enclave-poor tonalite, generally display 

the opposite trend, with mottled cores being more evolved than the rims. This suggests 

that crystals in the host mushes were affected by a combination of changing chemical 

environments (i.e. mafic recharge) and decompression melting (Streck, 2008; Nelson and 

Montana, 1992).  

 

7.4. Mixing of Crystals in a Crystal Mush Reservoir 

The juxtaposition of texturally and compositionally distinct crystal populations in 

host rocks, enclaves, and dykes suggest the units of Wild Cove East experienced processes 

such as crystal capture and displacement earlier in their histories (Bergantz et al, 2015). 

For example, plagioclase containing distinct core compositions and chemical trends are 

observed at the thin section scale in the enclave-poor tonalite unit and suggests the mush 

represents an accumulation of crystals with different histories that were captured during 

earlier recharge events (Bergantz et al, 2015). Furthermore, the proportion of crystals 

displaying complex zoning or resorption varies between sample taken from different parts 

of the enclave-poor tonalite unit. Some samples appear to be petrographically simple and 

other nearby show greater complexity. This could reflect the heterogeneity in 

temperature and/or chemical environments experienced by individual crystals during 
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complex mixing events in a crystal mush (Bergantz et al, 2015). For example, a fresh 

intrusion could disrupt the less crystalline components of a mush in the immediate vicinity 

of the intrusion to produce localized mixing and heat transfer, while mush nearby would 

be relatively undisturbed. Enclaves also display heterogeneities at the mineral scale, as 

evidenced by anomalous clinopyroxene crystals with distinct zoning and compositions 

(Figures 4.17, 4.19) and suggest enclave magmas similarly collected foreign crystals earlier 

in their histories, which then formed outer zones with discrete compositions. It is 

interpreted that most of these processes took place at deeper levels in the crust. 

Heterogeneities in texture and composition are also observed at the hand sample 

scale in CL-imaged zircons from dated units. Since zircon is a strongly refractory mineral, 

it is possible that crystals survived recharging events that re-dissolved earlier mush 

material, and zircons were then free to be transported and eventually deposited at the 

current interpreted shallow level. Consistent with textures observed in both plagioclase 

and pyroxene, this suggests accessory minerals, like zircon, experienced complex histories 

which likely involved displacement between multiple magmas or mushes during their 

ascent through the crust (Storm et al, 2012). It is possible that textural and chemical 

heterogeneities exist in other accessory minerals, such as apatite, that were not analysed 

as part of this study.  
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7.5. Movement and Cooling of Enclaves in a Crystal Mush 

Enclaves of Wild Cove East are commonly stretched in a direction parallel to the 

dominant fabric in the enclosing host rocks, suggesting some enclaves flowed within their 

mobile hosts. Relative motion between enclaves and host rocks is further emphasized by 

the appearance of curved schlieren in the enclave-rich tonalite unit, suggesting 

deformation of the host mush was related to movement of the enclaves within it (Wiebe 

et al, 2007). The shape of schlieren in the enclave-rich tonalite unit is generally related to 

the enclaves themselves, appearing parallel to the enclave stretching directions or “tails” 

converging behind individual enclaves (Figure 2.17). This suggests that schlieren in the 

enclave-rich tonalite unit formed in response to movement of the enclaves (Wiebe et al, 

2007). The field-scale deformation indicators along with the high crystallinities in both 

host rock units (volume fractions =>0.2), suggests that the mushes displayed a plastic 

rheology with a yield strength (Fernandez and Barbarin, 1991; Wiebe et al, 2007).  Specific 

gravity measurements and simple density models (using KWare MAGMA) suggest the 

enclave rocks are approximately 100-200 kg/m3 (Table D.1) denser than the host rocks 

that contain them, which is expected based on the enclaves having less silicic 

compositions (i.e lower wt % SiO2) than the host rocks that contain them. The variation in 

size and distribution of schlieren in both the enclave-poor tonalite and enclave-rich 

tonalite units likely reflects a heterogenous distribution of crystals within each crystal 

mush. Enclaves likely sank in the mush until they reached regions with higher crystal 

concentrations which had a sufficient yield strength to stop sinking (Wiebe et al, 2007). 
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Simple cooling models (using KWare 3DHEAT) suggest that after being introduced 

into an intermediate mush reservoir of approximately 950 °C, a meter-wide crystal-free 

intermediate enclave at approximately 1100 °C will thermally equilibrate on the order of 

tens of days. Consequently, it is unlikely that enclaves that are compositionally similar to 

their host, such as the Group 1 and 2 enclaves of Wild Cove East, will ever be completely 

solid while the host is still hot. Instead, enclaves quickly reach the approximate 

temperature of the host and then cool together in the reservoir over a much longer time 

(~74 kyrs estimated by KWare 3DHEAT, ~8kyrs estimated by the simple conductive cooling 

timescale 𝜏 =D2/4 𝜅). This is supported by similar rim compositions of plagioclase between 

Group 1 and 2 enclaves and the enclave-rich tonalite unit.  The discrepancy between the 

estimated cooling timescales and the difference in U/Pb zircon ages between the units is 

likely due to inherent limitations involving the accurate resolution of a series of events so 

close in time using the U-Pb zircon technique.   

 

7.6 Emplacement of Wild Cove East Units  

 With respect to the rocks of Wild Cove East, we interpret that nearly all units 

including intermediate host rocks, enclaves, and dykes, experienced “unzipping” 

processes, as described by Burgisser and Bergantz (2011), earlier in their magmatic 

histories at deeper levels. This is supported by the heterogeneity in mineral textures and 

samples observed in most samples. Field relationships suggest the enclave-rich tonalite 
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unit intrudes the enclave-poor tonalite in various parts of the study area, such as 

inclusions of enclave-poor tonalite material occurring within parts of the enclave-rich 

tonalite. Our interpretation is that the enclave-rich tonalite represents a remobilized melt 

that intruded through areas of structural weakness in the enclave—poor tonalite mush.  

Refractory minerals such as pyroxene may have been sheared out and deposited along 

the boundaries between the mobile enclave-rich tonalite and the more crystalline 

enclave-rich tonalite. 

 It is possible that multiple “unzipping” events affected the rocks of Wild Cove East 

and the current configuration of the rocks represents a snapshot of the last events frozen 

in place. During the second stage of the unzipping process, the rapid remobilization and 

rise of the melt-rich layer causes vigorous mixing to take place in the mush. This may 

account for the wide range in mineral textures and compositions within the enclave-poor 

tonalite unit. The heterogeneity in the amount of resorbed plagioclase observed in 

samples taken from different parts of the enclave-poor tonalite unit may indicate that 

some regions were affected by these earlier mixing events and some were not. One 

composition of magma involved in these recharging events may be represented by the 

intrusion of the mafic layered sill at the eastern end of the study area and the related 

layered gabbros of the coeval Tilting Layered Suite. 

The enclaves present in the enclave-rich tonalite unit may represent either the 

disaggregation of earlier mush material (Group 2 or 3 enclaves) or the break-up of smaller 

injections into the mobile melt-rich layer at depth (Group 1 or 2 enclaves). Vigorous mixing 
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during the unzipping processes may have resulted in the juxtaposition of enclaves of 

different chemical groups in the same part of the study area. The scarce enclaves present 

in the enclave-poor tonalite unit may have been emplaced during previous unzipping 

events that affected the crystal mush reservoir.  

 

7.7 Conclusion 

This study, through the integration of observations at the map scale, outcrop scale, 

thin section scale, and mineral scale, highlights the pervasive effects of interactions 

between liquid and crystals that can arise during magma mingling. Complexity is not only 

present at the current interpreted shallow level, but also occurred at depth based on units 

being composed of complex aggregations of crystals and liquid with disparate chemistries 

and ages. This internal petrologic complexity has important implications for the 

interpretation of whole-rock chemical analyses of such a suite of diorite to tonalite, 

especially in the interpretations of linear trends on chemical plots. The interpretations of 

U-Pb isotopic ages of zircon is also affected if the processes involved extended to lengths 

of time greater than the age resolution of the technique. The processes also explain why 

two zircon crystals yielding the same age from the same rock sample (within the 

resolution of the technique) may display very different degrees of internal complexity. 

Likewise, adjacent plagioclase and pyroxene crystals may have different chemical 

zonation and internal complexity. Therefore, it is important to stress that bulk rock 
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chemistry and U/Pb zircon ages taken from crystal mushes might be misleading and 

cautious appraisal is therefore required.     
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Figure 7.1. Simulation of the intrusion of new magma below an olivine crystal 

mush with ~40% porosity by Schliecher et al (2016). Colours represent 

mechanically neutral particles that act as tracers for the mixing simulation. 

The initial neighbor distance (IND) mixing index (Deen et al., 2010) is used to 

quantify the progression of mixing in the crystal mush and is obtained by 

recording the distances between initially neighbouring particles at the start 

of mixing and then summing them at every subsequent step as the particles 

are dispersed. 
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Figure 7.2. Illustration of a potential process that formed Group 1 and Group 

2 enclaves at Wild Cove East. Due to rheological instability, a dyke 

experiences break-up into globules when intruded into a more felsic crystal-

pool magma.  
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Figure 7.3. Illustration of a potential process that formed Group 2 and Group 

3 enclaves at Wild Cove East. A hot magma injected through a colder crystal 

mush causes localized melting and mixing to take place in the mush. Pieces 

of the mush are plucked by the injected magma which are rounded into 

globules during transport to higher levels. 
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Appendix A. Sample Numbers and Locations 

 

 Sample locations were acquired using a Garmin GPSmap 62 unit and are accurate 

to 2-3 meters. Grid 1 samples were taken from the detailed map area of Figure 2.4. Grid 

2 samples were taken from a second hand-drawn map area (not shown) near b in Figure 

2.2. Numbering system is based on the date when the sample was taken (e.g. 072803B 

was the second sample taken on from a third location on July 28, 2015). Samples 

beginning with 16 were taken in the summer of 2016 (e.g. 16070906 was the sixth sample 

taken on July 9, 2016). 

 

 

Table A.1. Sample Locations, UTM zone 21 U 

Sample # Sample Description Easting Northing 

Eastern Map Area    

071001 Enclave-poor tonalite w/o enclaves Grid 2 Grid 2 

071002 Enclave contained in enclave-poor tonalite Grid 2 Grid 2 

071003 Diorite on Turpins trail near shore 709677 5511350 

071004 Granite on Turpins trail near forest 709690 5511388 

071005 Massive Diorite Grid 2 Grid 2 

071302 Biotite granite Grid 2 Grid 2 

071303 Rhyolite dyke near metasedimentary xenoliths 709701 5511588 
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071414 

Pyroxne-rich rock at base of mafic layered 

intrusion 710176 5511484 

071415A 

Pyroxene-rich rock near middle of mafic layered 

intrusion 710226 5511476 

071415B Pegmatite differentiate in mafic layered intrusion  710226 5511476 

071416 

Feldspar rich rock near top of mafic layered 

intrusion 710257 5511497 

071417 Potential top of mafic layered intrusion 710406 5511640 

072606 Sample of enclave-poor tonalite 709980 5511555 

072607 Contact across schlieren 709980 5511555 

072804A 

Small fine grained mafic enclave without 

phenocrysts 709701 5511623 

072804B 

Fine-grained enclave taken close to 

metasedimentary unit 709807 5511578 

072804C Large fine-grained mafic enclave, no phenocrysts 709807 5511578 

072805A 

Large medium-grained enclave; cuts across 

schlieren 710028 5511561 

072805B Fine-grained mafic enclave w fldsp phenocrysts 710028 5511561 

072806A Fine-grained mafic enclave, w plag phenocrysts 710121 5511539 

072806B Fine-grained mafic enclave, w plag phenocrysts 710121 5511539 

072806C Fine-grained mafic enclave; no plag phenocrysts 710121 5511539 

080301 Metasedimentary xenolith 709654 5511741 

080302 Biotite granite 709651 5511736 

16070901 

Host Rock several meters east of northern 

intermediate dykes 709760 5511595 

16070902 Host Rock 100 m SE of 16070901 709651 5511820 

16070903 Enclave-poor tonalite unit 709653 5511860 

16070904 

Enclave-poor tonalite host a few hundred m east 

of 16070903 709834 5511558 

16070905 

Enclave-rich tonalite on other side of gulley from 

16070904 709916 5511523 

16070906 Large Felsic Dyke 709956 5511565 

16070907 Schlieren sample swirling around enclave 709956 5511565 
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16070908 

Host rock sample taken close to mafic layered 

intrusion 709956 5511565 

16070909 

Piece of mafic layered intrusion further up from 

olivine-rich sample 709956 5511565 

16070910 

"pre-pegmatite" (rock taken immediately adjacent 

to pegmatite) 709956 5511565 

16070911 Sample taken near top of mafic layered intrusion 709956 5511565 

Northern Map Area    

071601 

med-grained brecciated mafic dyke w feldspar 

phenocrysts 710005 5511587 

071601B 

Med-grained brecciated mafic dyke w feldspar 

phenocrysts 710005 5511587 

071601C 

nearby enclave of similar composition to above 

dyke 710005 5511587 

071602 diorite host containing previous samples 710021 5511565 

071603A Dark mafic enclave further east down shore 710044 5511567 

071603B diorite host which contains above sample 710044 5511567 

071604 mafic enclave that looks similar to 071603A 710024 5511577 

072001A Gabbro base of sill W of Grid 1 707689 5511688 

072001B Taken from center part of sill 707689 5511688 

072001C Dioritic top of sill 707689 5511688 

072001D Diorite unit in contact with top of sill 707689 5511688 

072601 Sample of thinner S dyke 709653 5511864 

072602 Sample of larger N dyke 709653 5511864 

072603 Sample of host diorite 709653 5511864 

072604 Sample of diorite "block" 709660 5511697 

072605 Sample of diorite  709660 5511697 

072608 Contact between granite dyke and diorite host 709953 5511553 

072609A Enclave; med grained w plag phenocrysts 710001 5511568 

072609B Enclave; fine grained w plag phenocrysts 710001 5511568 
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072609C Enclave; med grained w fldpr phenocrysts 710001 5511568 

072801A 

fine-grained mafic enclave, cuspate margins, no 

phenocrysts 709657 5511845 

072801B 

fine-grained mafic, rounded margin, border 

granite unit 709657 5511845 

072802A diorite type enclave contained in leucodiorite host 709667 5511782 

072802B 

fine-grained mafic enclave with cuspate margins, 

sparse fldspr phenocrysts 709667 5511782 

072802C 

med-grained mafic enclave w plag phenocrysts. 

Large, contains smaller enclave within it 709667 5511782 

072802D Sample of host diorite 709667 5511782 

072803A Medium-grained enclave w cuspate margins 709669 5511718 

072803B 

fine-grained mafic enclave w cuspate margins and 

plag phenocrysts 709669 5511718 

072804D 

med-grained enclave contained in diorite host 

rock 709908 5511560 

16070803 Sample of chilled diorite dyke 709956 5511565 

Detailed Map Area    

071301 Rhyolite/aplite  Grid 1 Grid 1 

071401 Piece of broken-up tonalite dyke 709691 5511642 

071402 

contact between granite and enclave-poor 

tonalite 709689 5511641 

071404 Sample of enclave-poor tonalite w/o xenoliths 709693 5511638 

071405A Sample of biotite granite 709685 5511645 

071405B 

Sample of contact between biotite granite and 

enclave-poor tonalite 709685 5511645 

071406 Enclave-rich tonalite w enclaves 709688 5511636 

071407 Enclave-rich tonalite w enclaves 709687 5511645 

071408 Enclave-poor tonalite far from enclave rich zone 709694 5511633 

071409 Sample of biotite granite  709686 5511651 

071410 enclave within enclave-rich tonalite 709689 5511635 

071411 

Contact between enclave-rich tonalite and 

enclave 709688 5511635 
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071412 

Dark enclave with cuspate margin and contact w 

host diorite 709705 5511624 

071413 Intermediate dyke w chilled margins 709947 5511518 

BG-0620 Quartz Diorite  Grid 1 Grid 1 

BG-0621 Biotite granite Grid 1 Grid 1 

Appendix B. Petrographic Characteristics of Units 

 

Table B.1. Mineralogy and petrographic characteristics of samples 

Sample # Field Name Mineralogy IUGS Classification 

Eastern Map Area    

071004 

Granite on Turpin's 

Trail 

Qtz (35%), Plag (30%), 

Kspar (25%), Bt (<5%) 

Biotite 

Monzogranite 

071302 

Granite Unit 

Contained in Grid 2 

Kspar (55%), Qtz (30%), 

Plag (10%), Bt (5%) Biotite Syenogranite 

071413 

Mafic dyke along 

shore near 

metasedimentary 

xenoliths 

Plag (45%), Opx (25%), Hbl 

(15%), Cpx (15%) Gabbroic rock * 

071414 

Pyroxene-rich rock at 

base of sill 

Olv (40%), Plag (25%), Opx 

(20%), Bt (15%) Troctolite 

071415A 

Pyroxene-rich rock 

further up sill from 

071414 

Plag (35%), Opx (20%), Cpx 

(15%), Olv (15%), Hbl (10%), 

Bt (10%) Olivine Gabbro 

071417 

Potential top of 

mafic sill 

Plag (35%), Qtz (20%), Cpx 

(15%), Bt (15%), Hbl (5%), 

Opx (5%)  

Hornblende Augite 

Biotite Tonalite 

071602 

Host rock of Grid 2 

area mafic dyke 

Plag (65%), Hbl (20%), Qtz 

(5%), Opx (5%), Bt (5%), 

<Cpx (5%) 

Opx-bearing Biotite 

Hornblende Quartz 

Diorite 

072606 

Massive diorite north 

of Grid 2  

Plag (55%), Qtz (15%), Hbl 

(10%), Bt (10%), Cpx (5%), 

Opx (<5%) 

Biotite Hornblende 

Tonalite 

072804A 

Small fine-grained 

mafic enclave 

without phenocrysts 

Plag (50%), Bt (30%), Hbl 

(15%), Qtz (5%) 

Hornblende Biotite 

Quartz Diorite 
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072804B 

Fine-grained 

metasedimentary 

xenolith 

Qtz (50%), Cpx (35%), Plag 

(20%), Opx (<5%) 

Granulite Facies 

Metasedimentary 

Rock 

072804C 

Large fine-grained 

dark enclave without 

phenocrysts 

Qtz (50%), Plag (35%), Hbl 

(10%), Cpx (10%), Bt (5%) 

Metasedimentary 

Rocks 

072804D 

Medium-grained 

enclave contained in 

diorite host rock 

Plag (55%), Hbl (20%), Bt 

(15%), Qtz (10%), Cpx (<5%) 

Biotite Hornblende 

Quartz Diorite 

072803A 

Medium-grained 

enclave with cuspate 

margins 

Plag (50%), Bt (25%), Hbl 

(10%), Qtz (10%), Opx (5%), 

Cpx (<5%) 

Biotite Hornblende 

Quartz Diorite 

Northern Map Area    

071601 

Brecciated mafic 

dyke near Grid 2 

Plag (55%), Qtz (15%), Bt 

(10%), Hbl (5%), Opx (5%), 

Cpx (<5%) 

Opx-bearing 

Hornblende Biotite 

Quartz Diorite 

071601A 

Brecciated mafic 

dyke near Grid 2 

Plag (45%), Opx (20%), Bt 

(15%), Hbl (10%), Qtz 

(10%), Cpx (<5%) 

Opx-bearing 

Hornblende Biotite 

Quartz Diorite* 

071601C 

Nearby large (1m) 

long enclave of 

similar composition 

to nearby dyke  

Plag (75%), Cpx (15%), Bt 

(5%), Opx (5%) 

Pyroxene-bearing 

Biotite Diorite * 

071603A 

Mafic enclave further 

east down shore 

Plag (40%), Qtz (15%), Hbl 

(15%), Opx (15%), Cpx 

(10%), Bt (5%) 

Pyroxene-bearing 

Biotite Hornblende 

Quartz Diorite * 

071603B 

Diorite host w fine-

grained mafic 

enclave contact 

Plag (80%), Qtz (10%), Bt 

(10%), Hbl (5%), Opx (5%), 

Cpx (<5%) 

Opx-bearing 

Hornblende Biotite 

Quartz Diorite 

071604 

Mafic enclave that 

looks similar to 

071603A 

Plag (50%), Hbl (25%), Bt 

(10%), Qtz (10%) 

Biotite Hornblende 

Quartz Diorite 

072802A 

Diorite-type enclave 

contained in 

leucodiorite host 

Plag (40%), Qtz (35%), Hbl 

(10%), Bt (10%), Cpx (5%) 

Biotite Hornblende 

Tonalite 

072802A 

Diorite-type enclave 

contained in 

leucodiorite host 

Plag (35%), Qtz (20%), Hbl 

(20%), Bt (15%), Cpx (<5%) 

Biotite Hornblende 

Tonalite 
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072802B 

Fine-grained mafic 

enclave with cuspate 

margins and sparse 

feldspar phenocrysts 

Plag (40%), Qtz (25%), Hbl 

(20%), Bt (10%), Cpx (5%) 

Biotite Hornblende 

Tonalite 

072802C 

Medium-grained 

mafic enclave with 

feldspar phenocrysts 

Plag (50%), Hbl (30%), Bt 

(15%), Qtz (5%), Cpx (<5%) 

Biotite Hornblende 

Quartz Diorite 

072803B 

Fine-grained mafic 

enclave with cuspate 

margins and sparse 

feldspar phenocrysts 

Plag (40%), Qtz (20%), Hbl 

(20%), Bt (15%),  Cpx (5%) 

Biotite Hornblende 

Tonalite 

Detailed Map Area    

071002A 

Enclave contained in 

enclave-poor tonalite 

Plag (50%), Qtz (25%), Hbl 

(15%), Bt (10%), Cpx (5%)  

Biotite Hornblende 

Tonalite 

071301 Aplite unit Plag (60%), Qtz (40%) Aplite 

071401 

Broken-up tonalite 

dyke 

Plag (40%), Qtz (35%), Cpx 

(10%), Bt (5%), Hbl (<5%), 

Opx (<5%), Kspar (<5%) 

Augite-Bearing 

Hornblende Biotite 

Tonalite * 

071402 

Granite Unit 

(including contact 

with Grid 1)  

Plag (50%), Qtz (35%), Bt 

(10%), Kspar (5%) Biotite Tonalite (?) 

071403 

Intrusion displaying 

chilled margin on one 

side 

Plag (70%), Qtz (10%), Hbl 

(10%), Cpx (5%), Bt (5%), 

Opx (<5%) 

Augite Biotite 

Hornblende Quartz 

Diorite 

071404 

Sample of contact 

enclave-poor tonalite 

host and enclave 

(Enclave Side) 

Hbl (35%), Plag (30%), Qtz 

(25%), Bt (5%), Cpx (5%), 

Opx (<5%) 

Biotite Hornblende 

Tonalite 

071404 

Sample of enclave-

poor tonalite host 

and enclave (Host 

Side) 

Plag (60%), Qtz (15%), Bt 

(15%), Hbl (10%), Cpx (<5%) 

Hornblende Biotite 

Quartz Diorite 

071405 Granite Unit  (Grid 1) 

Qtz (40%), Kspar (35%), 

Plag (25%), Bt (<5%) 

Biotite 

Monzogranite 

071405A Granite Unit (Grid 1) 

Kspar (40%), Qtz (40%), 

Plag (20%), Bt (<5%) 

Biotite 

Monzogranite 
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071405B 

Granite unit including 

contact with enclave-

poor tonalite unit 

(not seen in thin 

section) 

Qtz (35%), Kspar (30%), 

Plag (30%), Bt (5%) 

Biotite 

Monzogranite 

071406 

Enclave-rich tonalite 

unit  

Plag (75%), Qtz (20%), Bt 

(5%), Hbl (<5%), Cpx (<5%) Biotite Tonalite 

071408 

Host rock far from 

enclave-rich zone 

Plag (75%), Qtz (10%), Cpx 

(10%), Bt (5%), Opx (<5%) 

Biotite Augite 

Quartz Diorite * 

071410 

Whole enclave 

contained in enclave-

rich tonalite 

Plag (30%), Qtz (35%), Hbl 

(15%) Bt (10%),  Opx (10 %) 

Biotite Hornblende 

Tonalite 

071412 

Dark cuspate enclave 

w contact with host 

rock (Host Side) 

Plag (45%), Qtz (20%), Bt 

(10%), Hbl (10%), Cpx (5%), 

Opx (<5%) 

Augite-bearing 

Hornblende Biotite 

Tonalite 

071412 

Dark cuspate enclave 

w contact with host 

rock (Enclave Side) 

Plag (30%), Qtz (25%),  Bt 

(20%), Hbl (15%), Cpx (5%), 

Opx (5%) 

Pyroxene-bearing 

Hornblende Biotite 

Tonalite 
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Appendix C. Results of geochemical analyses 

 

Table C.1. ICP-MS analyses for host rocks 
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Table C.2. ICP-MS analyses for mafic magmatic enclaves 
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Table C.3. ICP-MS analyses for dykes and sills 
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Table C.4. EMPA results for enclave plagioclase 
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Table C.4. EPMA results for enclave plagioclase (cont) 
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Table C.5. EPMA results for enclave pyroxene 
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Table C.6. EPMA results for enclave biotite 

 

 

  

 

 

Table C.7. EPMA results for enclave hornblende 
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Table C.7. EPMA results for host rock plagioclase 
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Table C.9. EPMA results for host rock pyroxene 
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Table C.10. EPMA results for host rock biotite 

 

 

 

 

 

 

 

Table C.11. EPMA results for host rock amphibole 
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Table C.12. EPMA results for dyke/sill plagioclase 
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Table C.12. EPMA results for dyke/sill plagioclase (cont) 

 

 

 

 

 

 

 

Table C.13. EPMA results for dyke/sill pyroxene 
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Table C.14. EPMA results for dyke/sill hornblende 

 

 

Table C.15. EPMA results for dyke/sill olivine 
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Table C.16 Extended EPMA results for enclave plagioclase 
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Table C.17. Extended EPMA results for enclave plagioclase (cont) 

 

 

 

 

 

 



 
 

 
 

2
36

 

Table C.18. Extended EPMA results for enclave pyroxene 
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Table C.19. Extended EPMA results for enclave biotite 

  

 

 

Table C.20. Extended EPMA results for enclave hornblende 
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Table C.21. Extended EPMA results for host rock plagioclase  
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Table C.22. Extended EPMA results for host rock pyroxene 
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Table C.23. Extended EPMA results for host rock biotite 

 

 

Table C.24. Extended EPMA results for host rock amphibole 
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Table C.25 Extended EPMA results for dyke/sill plagioclase  
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Table C.26 Extended EPMA results for dyke/sill pyroxene 
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Table C.27. Extended EPMA results for dyke/sill hornblende 

 

 

Table C. 28. Extended EPMA results for dyke/sill olivine  
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Appendix D. Rheological Properties of Units 

Table D.1. Comparison of estimated density using specific gravity versus KWare MAGMA 

Type Specific Gravity (Kg/m^3) MAGMA Value (Kg/m^3) 

Enclave-Poor Tonalite 2787 2876 

Enclave-Rich Tonalite 2713 2769 

Biotite Granite 2658 2662 

Group 1 Enclave 2792 2905 

Group 2 Enclave 2856 2942 

Group 3 Enclave 2919 2980 

 

 

 

 

 

 

 

 

 

 

 

 


