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Abstract 

A model for the tectono-magmatic mid-Cretaceous (110-80 Ma) evolution of the 

southern Coast belt is proposed. The first magma pulse represented by the 107-100 Ma 

Breakenridge pluton intruded within a magmatic arc as a set of shallow sills. It was 

initially buried by orogen-parallel contraction, followed by the emplacement of the 96-94 

Ma Snowshoe pluton, which belongs to the second magma pulse. The Snowshoe pluton 

was emplaced by similar mechanisms in structurally higher levels of the crust. Orogen-

normal compression was the final mechanism for deep burial and attainment of peak 

metamorphic conditions (500-680°C at 6.5-10.3 kbar) of the study area between 91-86 

Ma. Following orogen-normal contraction and regional folding, oblique right-lateral strike-

slip shearing occurred while rocks were in a ductile environment. The third magma pulse 

(86-84 Ma) was synchronous with the late stages of high-grade metamorphism and early 

stages of oblique strike-slip movement.  

Keywords:  Canadian Cordillera; Coast Plutonic complex; pluton emplacement; 
regional accretion; LA-ICPMS geochronology; geothermobarometry 
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Original Contributions 

This research has made new contributions to geological mapping, 

geothermobarometry, U-(Th)-Pb geochronology and zircon rare earth element 

geochemistry that enhance our understanding of the regional geological and tectonic 

framework of the southern Coast Belt.  

Field work was carried out during the summer of 2011 in, and around, the 

Breakenridge complex along the northeast shore of Harrison Lake, British Columbia. 

Bedrock lithologies, deformational structures and metamorphic assemblages were 

mapped and at a 1:20 000 scale. Over two hundred samples of the various phases of 

the Breakenridge complex and the surrounding country rocks were collected for 

petrological, geochronological and geothermobarometric study. The sites were accessed 

by truck and helicopter-supported camps.  

Of the 210 hand samples taken, twenty-five were carefully selected for 

petrographic analysis. Several considerations were taken in account when choosing 

samples. Thin sections were made for the samples used for age analysis. Other 

samples were chosen based on mineral assemblages that could be used for 

metamorphic petrology and thermobarometry. Another important consideration was to 

ensure the samples represented key locations and lithologies across the Breakenridge 

complex and host country rocks for petrographic and microstructural analysis. 

Geochronology consisted of U-(Th)-Pb analysis of igneous and metamorphic 

zircon and metamorphic monazite. Twelve samples were prepared at the SFU, ten of 

which were analysed using the Laser Ablation-Inductively Coupled Plasma Mass 

Spectrometry (LA-ICPMS) at University of California, Santa Barbara. The LA-ICPMS had 

a split-stream mode that consisted of a of Nu Plasma HR MC-ICPMS and a Nu AttoM 

SC-ICPMS for simultaneous measurement of U-Th-Pb (Nu Plasma) and rare earth 

elements (AttoM). U-Pb concordia diagrams, weighted mean plots and calculated ages 

were constructed using Isoplot v. 3.76. The new U-Th-Pb data provided: (A) new age 

constraints for the Breakenridge pluton that are older than previously reported for this 
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and other mid-Cretaceous plutons within the Coast Plutonic Complex, and are 

significantly older than the timing of peak metamorphism; (B) evidence that helped to 

differentiate a new, younger plutonic body within the study area, but still older than the 

peak metamorphic ages; and (C), new metamorphic ages, supported by petrographic 

and structural analysis, that showed peak heating and burial of the host country rock 

post-dated pluton emplacement by at least 10 Myr. This study also offers the first 

metamorphic zircon ages for the Breakenridge complex, as well as zircon REE 

compositions; both provided excellent insight into the timing and possible mechanisms 

responsible for peak metamorphism within the study area.    

Minerals in polished thin sections were analysed petrographically and using the 

scanning electron microscope (SEM) at SFU to confirm the mineral species, assess 

textural equilibrium and to ensure the composition was appropriate for thermobarometric 

analysis. The elemental compositions of the minerals were measured using an electron 

microprobe (EMP) analyses. 

Taken together, the new results presented in this study require revision of 

previously proposed models for the construction of the Breakenridge complex, and more 

generally, the tectonic evolution of the southern Coast Cascade orogen. Central to this 

thesis, is a new model that addresses the interplay between the emplacement history, 

deformation and metamorphism of plutons and adjacent country rocks. 
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1. Introduction 

The Coast Cascade orogen (CCO; Monger and Brown, in press) as a mid-

Mesozoic to early Cenozoic orogen that envelops plutons and associated metamorphic 

rocks from the north Cascades in Washington State, through the Coast Mountains in BC 

to southern Alaska. The CCO is over 1800 km long and displays features related to 

many fundamental geologic processes, such as emplacement of batholithic magmas, 

dynamic continental arc systems, transitions from sinistral transpression (in the Early 

Cretaceous) to dextral transtension (in the Late Cretaceous to Paleogene). 

In this study, the Coast Plutonic Complex (CPC) refers to portions of the CCO 

that contain a high percentage of plutonic rocks that range in age from 170-45 Ma. 

Described as the largest batholithic complex in the world (Rusmore and Woodsworth, 

1994; Andronicos et al., 1999; Andronicos et al., 2003), the CPC (Rusmore and 

Woodsworth, 1991) welds together the Intermontane and Insular terranes in British 

Columbia, southern Alaska (Rusmore and Woodsworth, 1994) and northern Washington 

state (Figure 1). These younger Late Cretaceous and early Cenozoic plutons (85-45 Ma) 

are widespread along the north-western Pacific coast of North America are also referred 

to as the Coast Mountain Batholith (Andronicos et al., 1999). 

This study focuses on the Breakenridge complex that is located on the 

northeastern side of Harrison Lake in southern British Columbia (yellow box in Figure 1). 

The area east of Harrison Lake (Figure 2) offers an excellent natural laboratory for 

examining the important relationship between high-grade metamorphism and complex 

deformation. In addition, this region allows us to study fundamental geological processes 

such as pluton emplacement, thrusting and large-scale shearing. The location of the 

study area, sensu stricto, is shown in yellow box in Figure 2, and in detail in Figure 3. 

The relationships between magmatism, metamorphism and deformation are 

important for studying and understanding magma emplacement in a dynamic continental 

arc system, These relationships have been recognized and investigated in previous 
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studies (Crawford and Hollister, 1982; Brown and Walker, 1993; Journeay and 

Friedman, 1993; Klepeis et al., 1998; Crawford et al., 1999; Brown and McClelland, 

2000; Brown et al., 2000) and led to several different models. Of particular significance 

to the study area is a model that suggests magma loading as a primary mechanism for 

crustal thickening and deep burial of adjacent country rock (Brown and Walker, 1993; 

Brown and McClelland, 2000). According to this model, arc magmatism ascending into 

the crust brings thermal energy upward as it intrudes. The crust beneath it sags 

downwards due to thermal weakening. Over time, sheeted batholiths are emplaced 

incrementally, creating space by vertical displacement of the wall-rock. Ultimately, this 

process results in crustal thickening and a metamorphic gradient similar to Barrovian 

metamorphism. The magma loading model is supported by recent arguments in favor of 

incremental emplacement of magma bodies (Annen, 2011). 

Other models argue that crustal thickening within the CCO was a result of intra-

arc contraction involving thrusting and/or pure shear thickening (Whitney et al., 1999). 

Many parts of the CCO are interpreted to have experienced crustal thickening related to 

significant orogen-normal contraction during mid- to Late Cretaceous arc activity (e.g., 

Rusmore and Woodsworth, 1994; Whitney et al., 1999). Hollister and Andronicos (2006) 

proposed a slightly different model, according to which the exotic terranes belonging to 

Insular superterrane were translated northwards from 85-58 Ma in a more orogen-

parallel trajectory during transpression, leading to thickening of the crust to about 55 km. 

This was followed by collapsing of the arc due to a change of relative plate motions from 

transpression to transtension. Monger et al. (1994) suggested there was a change in 

plate convergence from dominantly sinistral oblique transpression during Middle Jurassic 

to Early Cretaceous to dextral oblique transtension in Late Cretaceous to early Cenozoic 

time. The transition from sinistral transpression (in the Early Cretaceous) to dextral 

transtension (Late Cretaceous to Paleogene) additionally complicates the relationships 

between arc magmatism and crustal thickening, and subsequently our understanding of 

it (Monger and Brown, in press).  

Recent studies have argued crustal thickening by a combination of pluton 

emplacement and contractional deformation (Crawford et al., 1999). This study presents 

newly acquired data (Table 1) and a model supporting this approach. The model 

addresses what Monger and Brown recognized as “the critical period between 105-85 
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Ma” for the southern CCO and it investigates the tectonic framework prior to, during, and 

following the mid-Cretaceous change in the relative plate convergence, and the 

processes responsible for the construction of an igneous complex, its deep burial and 

rapid exhumation. 

1.1. Geological Setting 

The Mesozoic to Cenozoic arc-derived plutons of the Coast Plutonic Complex 

(Figure 1) generally have primitive isotopic signatures that indicate little or no 

incorporation of old continental crust (Friedman et al., 1995). Of significance to this study 

are the mid-Cretaceous plutons (110-95 Ma) that span the time of emergence of the 

CCO (Monger and Brown, in press). The region east of Harrison Lake, including the 

current study area, is characterized by intrusive suites varying in size from sills and dikes 

to batholiths, with a range in age from mid-Cretaceous to Tertiary. Table 2 summarizes 

previously published age analyses for the Harrison Lake area. 

The Harrison Lake area, as a part of the CCO, includes rocks present in Coast 

and North Cascade mountain ranges, and incorporates information important for 

understanding the overall evolution of the Cordilleran orogen. The CCO consists of 

terranes and structures that were part of a mid-Cretaceous to early Cenozoic orogen 

formed within hot, weak arc lithosphere along the western North American continental 

margin. The Pasayten fault outlines the western limit of the margin east of the southern 

CCO. It is an east-dipping reverse fault that was active as a sinistral strike-slip fault in 

late Early Cretaceous time (109-97 Ma; Hurlow, 1993). At the latitude of this study, the 

final accretion of the Wrangellia terrane to the western margin of the North American 

continent (~100 Ma; Gehrels et al., 2009) caused thrust imbrication and amalgamation of 

the terranes to the east. This amalgamation of terranes includes the Nooksack-Harrison 

terrane, an arc-related rock assemblage in the southern CCO that consists of Middle 

Triassic (~235 Ma; Monger and Brown, in press) to mid- Cretaceous (~102 Ma; Monger, 

1986) volcano-sedimentary succession. The most representative section of this terrane 

lies west of Harrison Lake, and if traced north-northwestwards along strike it can be 

correlated with stratigraphy of the Stikine terrane (Schiarizza et al., 1997). Rocks 

belonging to the Nooksack-Harrison terrane east of Harrison Lake are metamorphosed 
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to form the Slollicum schist (Brown and McClelland, 2000). Within the broader study 

area (Figure 2), the Slollicum schist is divided into a lower metasedimentary and an 

upper metavolcanic unit (Feltman, 1997 and references therein). Protoliths for the lower 

unit consist of pelites, sandstone and conglomerates. The upper unit is characterised by 

rhyolitic to andesitic lava and tuff. The U-Pb ages for the volcanic protoliths typically 

range between 176-146 Ma (Journeay and Friedman, 1993), and possibly as young as 

102 Ma (Parrish and Monger, 1992; Table 2).  

The Breakenridge complex, shown in Figure 3, is an elongated metaplutonic 

body oriented NW-SE, parallel to the grain of the orogen. The complex has a sheeted 

structure of intercalated plutonic sills and screens of country rock. In many places, 

especially in the northern flank of study area (Figure 3), solid-state deformation fabrics 

are pervasive. It is folded into an upright northwest-southeast trending doubly-plunging 

antiform. Plutonic rocks dominate the core, while sills are infolded with country rock 

nearer the margins. The interpreted age after zircon U-Pb dates, was thought to range 

from 96.0 ± 1.0 Ma to 103.8 ± 0.5 Ma (Brown and McClelland, 2000), but newer dating 

narrows this range to 101.69  - 103.50 Ma (Gibson et al., 2010) and casts doubt on the 

validity of the 96 Ma age.  
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Figure 1.  Geological map of the British Columbia showing major terranes.  
 The yellow box represents the location of the Figure 2. Modified after GSC online 

source http://www.empr.gov.bc.ca/mining/geoscience/bedrockmapping). 

http://www.empr.gov.bc.ca/mining/geoscience/bedrockmapping/�
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1.2. Metamorphism 

The metamorphic grade generally increases from southwest to northeast in the 

study area, ranging from subgreenschist facies to upper amphibolite facies 

metamorphism over a distance of 10 km (Figure 2). According to Brown and McClelland 

(2000) the cause of the high-grade metamorphism is not completely known in the sense 

of plutonism versus tectonism. Mineralogic overprinting relationships within metamorphic 

aureoles that surround the plutons nearby suggest polyphase metamorphic events (e.g., 

andalusite that is pseudomorphed by sillimanite, kyanite, staurolite, and other minerals), 

that likely represent crustal thickening by a combination of both plutonic and tectonic 

processes (Brown and Walker, 1993).  

Brown et al. (2000) suggested that there were 4 metamorphic events. The 

earliest metamorphic event (M1) occurred during terrane thrusting, which is recorded by 

the greenschist facies regional recrystallization and mineral alignment. The second 

metamorphic event (M2) is interpreted to be a result of contact metamorphism caused by 

intrusion of the older plutons (104-95Ma). Where M2 is preserved, it is represented by a 

relatively low pressure (less than 3 kbar) andalusite + biotite assemblage. The next 

metamorphic event (M3) recorded higher pressures (8-10 kbar) and temperatures (650-

700°C). This M3 event is thought to have occurred due to progressive magmatic loading 

over the period of 96-91 Ma, and is interpreted as being pre- to syn-macroscopic folding 

of the Breakenridge complex. The youngest metamorphic event (M4) was localized 

within aureoles around the youngest magmatic intrusions (92-84 Ma).  

1.3. Structure 

As a part of the CCO, the present day crustal architecture of the Harrison Lake 

area is largely the result of accretion and assembly of terranes and intrusions of 

magmatic suites from Jurassic to Tertiary time. According to Journeay and Friedman 

(1993), the research area is also an important structural link between the thrust systems 

of the NW Cascades and the NW Coast Belt.  
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Brown and McClelland (2000) described four tectonic events that occurred within 

the Harrison Lake area. The earliest deformation (D1) is represented by southwestward 

thrust faulting which juxtaposed the Slollicum, Cogburn and Settler Schist terranes. 

Although initially shallow-dipping toward the east, the faults were subsequently folded 

into subvertical to vertical attitudes. The age of thrust faulting is bracketed between ca. 

146-96 Ma by dacite in the Slollicum schist and cross cutting plutons, respectively. The 

Breakenridge pluton has a tectonite fabric which has previously been interpreted to 

range in age from 96-91 Ma (Brown et al., 2000), and is thought to have developed 

coincident with northwest-directed thrusting (D2) and an early phase of magma loading 

(M3 in Metamorphism section). D2 structures have been deformed by regional 

macroscopic, northwest-southeast trending, upright to locally overturned folds (D3), 

which aside from overprinting D2, were also interpreted to have the same age constraints 

of 96-91 Ma. The latest event (D4) was dextral-reverse oblique faulting that post-dated 

the macroscopic folds and appears to have been active prior to the emplacement of the 

92-91 Ma plutons within this area. The Breakenridge fault zone (Figure 2) and the 

Harrison fault zone are assigned to D4 and are the two most prominent structures 

identifiable in the research area, both having significant implications for the tectonic 

history of the area. 

The Breakenridge fault zone along the west side of the Breakenridge complex is 

identified by a rapid eastward transition from weakly deformed greenschist facies rocks 

to high-grade gneisses. It is crosscut to the north by the Lillooet pluton (91 Ma) whose 

lower pressure aureole (5 kbar) overprints high-pressure (8-10 kbar) metamorphic rocks 

of the Breakenridge complex, suggesting that around 15 km of uplift occurred on the 

Breakenridge fault prior to 91 Ma (Brown and McClelland, 2000). 40Ar-39Ar data suggest 

continued uplift and cooling of the Breakenridge complex at ca. 88 - 82 Ma (Brown et al., 

2000). 

Similarly, the Harrison Lake fault zone is marked by the steep increase in 

metamorphic grade from west to east across the fault (Brown et al., 2000). The rocks 

from both sides of the fault have the same age, and Gambier Group rocks can be 

mapped across the fault from west to east at the south end of Harrison Lake. Therefore 

it was proposed that instead of large strike-slip displacement along the fault (Monger, 

1986), there was oblique right-lateral reverse faulting, with the east side uplifted with 
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respect to the west side of the Harrison Lake (Brown et al., 2000). It is questionable if 

the Breakenridge fault system is part of the Harrison Lake fault. Journeay and Friedman 

(1993) considered them as two separate entities, while Brown et al. (2000) suggested 

they are part of the same structural system, but highlighted the dominance of the strike-

slip component in the south compared to the reverse fault component in the north. 

 

1.4. Previous Research within the study area 

The geological mapping in the Harrison Lake area (Figure 2) started with 

reconnaissance-scale work of Roddick (1965). Santer (1969) described the petrology of 

the pelitic gneiss and Roddick and Hutchison (1969) described the structural, 

metamorphic and plutonic character of the area. The first detailed mapping and research 

in the area was conducted by Reamsbottom (Reamsbottom, 1971; Reamsbottom, 1974), 

which focused on the Breakenridge area. He produced a detailed geological map and 

cross-section as well as descriptions of lithological relationships, and petrology of pelitic 

rocks and metamorphism of ultramafites. Feltman (1997) and Lapen (1998), with their 

MSc projects under supervision of Ned Brown, refined our knowledge of the structures 

and metamorphism of the Breakenridge area.  

Regional studies in the early 1990’s brought with them different interpretations of 

the origin of high grade metamorphism and deformation, with Journeay and Friedman 

(1993) attributing it to contraction and burial related to mid-Cretaceous terrane accretion, 

whereas Brown and Walker (1993) contending that some of the high grade 

metamorphism was due to magma loading related to arc magmatism. The magma 

loading hypothesis was refined by Brown and McClelland (2000) and Brown et al. (2000) 

based on additional research focused on the regional deformation, metamorphism, and 

plutonism in Harrison Lake area. The most recent studies were undertaken by Gibson et 

al. (2010), which significantly refined the zircon U-Pb ages for plutons within the 

research area, and Monger and Brown (in press) with a comprehensive overview of the 

tectonic evolution of the CCO of the southern Coast Belt. 
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The magma loading model proposes a mechanism of crustal thickening by 

downward displacement of the country rock due to the progressive and/or episodic 

emplacement of magma in sill-like bodies. Brown and McClelland (2000) and Gibson et 

al. (2010) offered the following arguments supporting the magma loading model: (1) 

Plutons have multiple sheets with shallow floors dipping inward, suggesting multiple sill-

like injections that served to vertically inflate the plutons; (2) plutons are interpreted to 

have grown over an extended period of time (up to 8 Myr), which included several 

intrusive events that consisted of stacking and/or vertical inflation of subhorizontal 

sheets; (3) within the contact aureoles of the Urquhart and Scuzzy plutons that flank the 

Breakenridge complex to the east (Figure 2) there is evidence for an early low-pressure 

metamorphism (less than 3 kbar according to coexistence of andalusite and biotite) that 

was statically replaced by higher pressure, ca. 5-6 kbar, metamorphic assemblages 

(Kyanite and/or Sillimanite replace Andalusite). This indicates that country rocks under 

the plutons were displaced downward and underwent a pressure increase of at least 2-3 

kbar within the contact aureole, indicating crustal thickening by plutonism of more than 

7-12 km. 

In addition to the careful documentation of the geologic relationships within and 

around the plutons, Gibson et al. (2010) proposed that a test for this hypothesis is to 

carefully date the plutons and their contact aureoles to see if a correlation can be made 

between components of the plutons and the earlier low pressure and later higher 

pressure metamorphic recrystallization events. 

1.5. Objectives 

The main goal of this research was to provide a better understanding of how the 

Breakenridge complex (Figure 3) was constructed and developed structurally and 

compositionally through time. Some of the critical problems of the study area that have 

been discussed by previous researchers were highlighted earlier in this chapter. This 

chapter, Chapter 1, presents a general overview of geology of the CPC and the CCO, 

and the outstanding problems. 
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The main objectives of the study are: (1) Evolution of the Breakenridge complex 

through time within a convergent arc setting, (2) The cause and timing of the 

deformational events, (3) The cause and timing of the metamorphic events, (4) 

Evaluation of the magma loading versus tectonic loading models in light of new results, 

(5) Propose a new model that reconciles the data and accounts for magma 

emplacement in a dynamic arc system. 

In order to address the objectives, the relationships between pluton growth and 

the host country rock were examined through detailed mapping, combined with 

metamorphic petrology and structural analysis of the plutonic and host country rocks. 

Using conventional and in-situ U-Pb and U-Th-Pb geochronology, new ages for the 

pluton phases along with deformation and metamorphic recrystallization events are 

constrained. The existing and newly acquired thermobarometry of the pluton phases and 

surrounding country rocks provided insight into the evolving P-T conditions during pluton 

emplacement and peak metamorphism. A model for the tectonic evolution of the study 

area is proposed, which is a hybrid of previously proposed models. 

Following chapter, Chapter 2, summarizes the critical problems of the study area, 

describes in detail methods, results and interpretations conducted during this study and 

proposes a new model. The last chapter, Chapter 3, summarizes the model and 

addresses detailed conclusions and future work. Appendices provide detailed 

petrography (Appendix 1) and analyzed spots used for the age analyses (Appendix 2).  
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Figure 2.  Geological map of the Harrison Lake area. 

 (a) terranes, plutons, representative structural measurements and summarized 
pressure isograds, (b) terranes and plutons color-coded by age; the study area is 
represented by yellow box; modified after present study and Brown et al. (2000). 
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2. A model for the tectono-magmatic evolution 
of the Breakenridge Complex and its 
implications for mid-Cretaceous tectonics of 
the southwestern Coast-Cascade orogen 

2.1. Abstract 

The Coast-Cascade orogen records the interplay of transpression and plutonism 

in the crust. This interplay is examined in the present study by investigating the structural 

relationships between the Breakenridge complex and its adjacent country rock, the 

Slollicum schist, situated along the east side of Harrison Lake within southwest British 

Columbia. The Breakenridge complex was emplaced at 107-100 Ma as a sheeted 

intrusion at relatively shallow crustal levels (pressures less than 4 kbar). At least three 

distinct deformational events have affected the plutonic complex, whose burial resulted 

in the attainment of peak metamorphic conditions of 6.5 to 10.3 kbar at 500 to 680°C. 

The first deformational event (100-96 Ma) was an orogen-parallel northward 

displacement attributed to the San Juan- NW Cascades thrust system. The second 

deformational event was associated with the emplacement of a younger plutonic suite 

(96-91 Ma) at structurally higher crustal levels. The third event overlapped in time with 

peak metamorphism at 91-86 Ma, and broadly coincides with the time when the 

convergence of the Farallon oceanic plate changed to a more orthogonal subduction 

under the North American plate.   

This chapter also proposes identification of a new plutonic body, the Snowshoe 

pluton (96-94 Ma), and offers a revised tectonic model for this part of the mid-

Cretaceous (110-80 Ma) CCO, that emphasizes both contraction and magma loading as 

mechanisms affecting the study area and resulting in significant crustal thickening. 
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2.2. Introduction 

The southern Coast Belt of British Columbia preserves geology that illustrates 

the mid-Cretaceous to early Cenozoic evolution of the southern Canadian Cordillera 

(Figure 1), which is characterized by magmatism coeval with the development of a broad 

thrust-system following the boundaries of the Coast Plutonic Complex and adjacent 

Intermontane and Insular terranes (Rusmore and Woodsworth, 1991; Rusmore and 

Woodsworth, 1994). Moreover, rocks belonging to the southeastern Coast Belt, east of 

the Harrison Lake (Figure 2), represent the northernmost extent of rock packages mostly 

exposed in the North Cascades and Cascade crystalline core of Washington State 

(Brown and Walker, 1993; Monger and Brown, in press). The purpose of this chapter is 

to examine the emplacement history, deformation and metamorphism of the 

Breakenridge plutonic complex, which crops out along the northeast side of Harrison 

Lake, British Columbia. 

 The Breakenridge complex, as a part of the area east of Harrison Lake, offers an 

excellent natural laboratory for examining the important relationships between accreted 

terranes of both the Coast Belt and the Cascade crystalline core. These terranes were 

affected during and following the mid-Cretaceous arc-related magmatism of the Coast 

Plutonic Complex that was accompanied by high-grade metamorphism and complex 

deformation. In addition, this region allows us to observe various geological features that 

provide insight into fundamental processes such as pluton emplacement mechanisms 

involving multiple injections of granitic sills (Menand, 2011), magmatic loading (Brown 

and Walker, 1993), thrusting and large-scale shearing. Moreover, the change in the 

dominant tectonic setting in an interval of less than 20 Myr is recorded in the study area.  

Many recent studies (e.g., Brown and McClelland, 2000; Brown et al., 2000; 

Whitney, 2003; Himmelberg et al., 2004; Stowell et al., 2011a) have focused on the 

crustal thickening and attendant Barrovian metamorphism developed in the CCO. In 

particular, magma loading was proposed for the study area to be a viable model to 

explain the abrupt increase in metamorphic grade from zeolite to upper amphibolite 

facies within a distance of 15-20 km (Brown and Walker, 1993). The supporting 

arguments involved structural and metamorphic characteristics of several plutons and 

the adjacent country rock within the eastern side of the Harrison Lake area, including the 
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Breakenridge complex (Figure 2). The opposing models (Journeay and Friedman, 1993; 

Monger et al., 1994; Crawford et al., 1999; Whitney et al., 1999; Himmelberg et al., 

2004) involved orogen-orthogonal compression as the primary mechanism driving 

crustal thickening observed across the orogen from South Alaska to the North 

Cascades. 

In this chapter, newly acquired zircon and monazite U-Pb data, thermobarometry, 

mapping, petrologic and structural analyses are presented. Together these data refine 

the age of the Breakenridge complex and provide new age constraints for a peak 

metamorphism, and are used to define a new intrusive body, the Snowshoe pluton, 

which parallels the eastern margin of the Breakenridge complex. A modified model for 

the tectonic evolution of the southern CCO is presented, which involves at least three 

magmatic pulses that reflect the evolving geodynamic setting along the western margin 

of North America during Early to Late Cretaceous time. 
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Figure 3.  Geology of the Breakenridge pluton. 
 The study area with representative structural features and sample locations (Table 1, 

2); geology modified after Brown and McClelland (2000). 
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Table 1. Summary of new geochronologic and thermobarometric data. 

Map 
No. 

Sample 
No. UTM E UTM N Isotopic age 

(Ma) 
Termo-
metry Barometry Temp. 

(C) 
Pres. 
(kbar) 

Breakenridge pluton 
1 IM11-230 574415 5514643 105.3±0.3zrn     
2 IM11-228 574107 5514316 105.7±0.2zrn     
3 IM11-219 574075 5513909 106.7±0.4zrn     
6 IM11-216 574669 5513573  grt-bt GAPQ 650-680 6.5-7.5 
7 HL11-11 576115 5515481 101.1±0.4zrn     
8 IM11-25 580782 5502883 101.6±0.3zrn grt-bt GMAP 550-590 9.3-10.3 
9 IM11-146 580320 5500699 101.1±0.4zrn     
10 IM11-133 583032 5500856 100.7±0.3zrn grt-bt GAPQ 580-630 7.9-9.2 

Pegmatite 
4 IM11-223 574587 5514598 89.1±0.3zrn     

Slollicum schist 
5 IM11-221 574558 5513817 89-84zrn,  

94-87mnz 
 GASP, 

GRAIL,GRIPS 
500-620 6.5-8.1 

Snowshoe pluton 
11 IM11-10 583010 5505011 94.1±0.3zrn     

Note: Map No. corresponds to numbers representing sample location in Figure 3; 
zrn = zircon; mnz = monazite; grt = garnet; bt = biotite 
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Table 2. Summary of previous age constraints 

No. Description Isotopic age (Ma)  

12 Breakenridge 101.69 ± 0.02zrna  
13 Breakenridge 103.5 ± 0.05zrna 
14 Snowshoe 96.06 ± 0.02zrna; 96 ± 1zrnb Reference: 

a-Gibson et al. (2010) 
b-Parrish &Monger (1992) 
c-Brown & Walker (1993) 
d- Brown & McLelland (2000) 
e-Brown et al. (2000) 

15 Snowshoe 96.13 ± 0.01zrna 
16 pegmatite 88.48 ± 0.08zrna 
17 Big Silver 89.82 ± 0.01zrna; 91.4 ± 0.8zrnc 
18 Clear Creek 102.9 ± 1.8zrna; ca. 226zrnc 
19 Hornet Creek 96.16 ± 0.03zrna; 98.3 ± 2zrnd 
20 Big Silver 93.33 ± 0.06zrna 
21 Pegmatite sill 90.8±1.0zrnd Mineral: 

zrn- zircon 
hbl- hornblende 
bt- biotite 
ms- muscovite 
mnz-monazite 

22 Fir creek 154.05± 0.03zrna; 157.4 ± 0.5zrnd 
23 Scuzzy 86.42 ± 0.04zrna; 84 ± 1zrnb 

24 Gambier dacite 102±1zrnb 

25 Breakenridge 103.8 ± 0.5zrnd 
 cooling 88.2±0.4hble; 82.2±0.2bte; 82.1±0.4mse 

26* Settler schist 89±1mnze; 90±1mnze 

Note: Map No. corresponds to numbers representing sample location in Figure 3; 
* sample is located within contact aureole of Urquhart pluton (Figure 2),  ~16km east of Clear Creek pluton 
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2.3. Geological setting 

The Breakenridge complex and host Slollicum schist are situated along the 

eastern side of Harrison Lake (Figure 2, 3) in southern British Columbia as a part of the 

south-central CCO (Monger and Brown, in press). The CCO extends over 1800 km from 

northwestern Washington, along the coastal mainland of British Columbia to 

southeastern Alaska, comprising an amalgamation of terranes stitched by younger mid-

Cretaceous to early Cenozoic plutons that are a part of the Coast Plutonic Complex. 

When the intervening Tyaughton-Methow basin closed, the Wrangellia terrane accreted 

onto the North American continent (ca. 100 Ma); this led to imbrication and telescoping 

of the terranes to the east of the basin and the formation of the present day southern 

CCO. Terranes important to this study include the Nooksack-Harrison (NH) terrane, an 

arc-related assemblage, and terranes belonging to San Juan-Northwest Cascades, 

especially the Chilliwack terrane in British Columbia. The Chilliwack terrane is 

structurally above the NH terrane, while the other terranes of the San Juan-Northwest 

Cascades are thrusted onto the Chilliwack terrane. Although located in northwestern 

Washington state and southwestern British Columbia, the most complete section of the 

NH terrane is considered to be west of Harrison Lake (Monger and Brown, in press). 

That part of the terrane is the Harrison Lake-Gambier sequence (Brown and McClelland, 

2000) that consists of sedimentary and volcanic rocks of Middle Triassic to Early 

Cretaceous age (Monger, 1986; Monger, 1991; Monger et al., 1994). Along the eastern 

side of the Harrison Lake, within the study area (Figure 3), is the Slollicum schist, which 

is interpreted as the metamorphic correlative of the Harrison Lake-Gambier sequence 

(Brown and McClelland, 2000; Monger and Brown, in press).  

2.3.1. Slollicum schist country rock 

The Slollicum schist is divided into a lower metasedimentary and an upper 

metavolcanic unit (Feltman, 1997). Protoliths for the lower unit consist of pelites, 

sandstone and conglomerates. The upper unit is characterised by rhyolitic to andesitic 

lava and tuff. The U-Pb ages for the volcanic protoliths typically range between 176-146 

Ma (Journeay and Friedman, 1993), and possibly as young as 102 Ma (Parrish and 

Monger, 1992).   
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Important lithologies for this study include metaconglomerate and metapelite. 

The metaconglomerate (Figure 4) contains locally deformed igneous, pelitic and 

quartzite clasts in a matrix of volcanic origin (Lapen, 1998), and has been correlated to 

the south with the nearby Peninsula Formation that is part of the Harrison Lake- 

Gambier sequence (Arthur, 1986; Lapen, 1998). Metapelitic layers consist of pelites with 

minor psammite. The southern extent of this layer has distinct rust-colored outcrops 

(Figure 4) with dark gray, strongly foliated fresh surfaces (Feltman, 1997). The eastern 

and northern exposures are gray, strongly foliated, and rich in garnet, muscovite, 

staurolite and kyanite. The exposure of the metapelitic layer across the study area was 

used as a stratigraphic marker to define the Breakenridge antiform (Reamsbottom, 1971; 

Reamsbottom, 1974; Feltman, 1997).  

The metavolcanic unit consists of layered rocks whose protoliths are rhyolitic to 

andesitic in composition. It has been mapped as chlorite and plagioclase-biotite schist 

within the southwestern part of the study area. The chlorite schist transitions 

northeastward into plagioclase-hornblende schist that is characterized by metamorphic 

hornblende that commonly crosscuts the foliation (Feltman, 1997). Lapen (1998) 

described mafic and felsic schist within the northern part of the study area as being 

penetratively deformed in the form of L-S tectonites with a mineral assemblage of 

plagioclase+biotite+hornblende+epidote/clinozoisite±quartz±garnet±pyrite±ilmenite±  

hematite. 
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Figure 4.  Photographs of the Slollicum schist along the western margin of the 

Breakenridge pluton. 
 (a) typical, rusty-colored, outcrop, with representative schistosity measurements (S); 

(b) strained conglomerates, with stretching lineation (L) and representative foliation 
(S), that contain igneous, pelitic and quartzite clasts in a meta-volcanic matrix; a 
geologic hammer for scale.
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2.3.2. Breakenridge Pluton 

The Harrison Lake area is characterized by intrusive suites belonging to the 

Coast Plutonic Complex, varying in size from sills and dikes to batholiths,  with dioritic to 

tonalitic composition that vary in age from mid-Cretaceous to Tertiary. In focus of the 

research is the Breakenridge complex (Figure 3), an elongated metaplutonic body 

oriented NW-SE, parallel to the grain of the orogen, with a sheeted structure represented 

by plutonic sills, mainly tonalitic to dioritic in composition, intercalated with screens of 

country rock, all with penetrative foliation. The foliation is well developed close to the 

margins, and mostly absent in the central parts of the complex. The complex was folded 

into an upright doubly-plunging antiform (Figure 3). Prior to this study, the interpreted 

age based on zircon U-Pb dates was thought to range from 103.8 ± 0.5 Ma to 96.0 ± 1.0 

Ma (Table 2; Brown et al., 2000).  

2.3.3. Four metamorphic events 

The metamorphic grade varies significantly within the area east of Harrison Lake 

(Figure 2), and this variation has been described as one of the crucial problems of the 

region (Brown and Walker, 1993). In particular, the metamorphic grade changes from 

zeolite and lawsonite zones, found on the western shore of the Harrison Lake, towards 

the east and northeast, where the highest grade conditions are recorded within the 

kyanite and sillimanite zones along the northeast side of the lake. The symmetry and 

sharp increase of the metamorphic gradient across the region and some of the key fabric 

indicators led previous researchers to propose different models to explain mechanisms 

for crustal thickening (e.g., Whitney et al., 1999; Brown and McClelland, 2000; Brown et 

al., 2000; Stowell et al., 2011a,b) as discussed in the Chapter 1.  

The metamorphic history of the Breakenridge complex consists of several 

metamorphic events recorded in textures and fabrics within the country rocks (Brown 

and McClelland, 2000). The earliest metamorphism (M1) is interpreted to have reached 

greenschist facies during regional thrusting related to terrane accretion in the late Early 

Cretaceous. The M1 event was followed by contact metamorphism (M2) related to 

shallow intrusion of the mid- to Late Cretaceous plutons (104-95 Ma). The deepest burial 

related to crustal thickening is interpreted as the cause of M3, which represents “peak” 
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metamorphic conditions previously constrained to 8-10 kbar and 650-700°C. The crustal 

thickening related to M3 event is proposed to have occurred due to progressive 

magmatic loading during the period of 96-91 Ma. Locally developed contact 

metamorphism (M4) was caused by the intrusion of younger plutonic bodies (92-84 Ma).  

Key metamorphic textures, such as andalusite pseudomorphed by kyanite and 

sillimanite and strongly zoned garnet porphyroblasts, record a pressure increase of 

about 4 kbar (Brown and Walker, 1993). This chapter will focus on the M2 and M3 

events, and examining the pressure increase and the possible mechanism/s responsible 

for the increase in crustal thickness.    

2.3.4. Four deformational events 

According to Brown et al. (2000), the earliest deformation (D1) is represented by 

faulting which juxtaposed the terranes found within the CCO, including the Nooksack-

Harrison terrane which hosts the Slollicum schist. The age of thrust faulting is bracketed 

between 146-96 Ma by the age of dacite in the Slollicum schist and cross cutting 

plutons, respectively. The second deformation event (D2) is recorded as a penetrative 

tectonite fabric within the Breakenridge pluton and the timing was constrained by the 

youngest interpreted age of the Breakenridge pluton at ca. 96 Ma and the age of 

undeformed younger plutonic bodies at ca. 91 Ma. D2 was interpreted by Brown and 

McClelland (2000) to have developed coincident with northwest-directed, orogen-parallel 

thrusting and an early phase of magma loading. D2 structures have been deformed by 

regional macroscopic, northwest-southeast trending, upright to locally overturned folds 

(D3) which, although overprinting D2, have the same age constraints as D2 (96-91 Ma). 

The latest deformation event (D4) was dextral-reverse oblique faulting that post-dates the 

macroscopic folds. Included in D4 deformation are the Harrison Lake and the 

Breakenridge fault zones which bound the study area to the west and the Butter creek 

fault zone that bounds it to the east (Figure 2, 3). 

The Harrison Lake fault zone is marked by a steep increase in metamorphic 

grade from west to east across the fault, although the rocks from both sides of the fault 

have the same age. It was proposed that instead of large strike-slip displacement along 

the fault (Monger, 1991; Monger et al., 1994), there was oblique right-lateral reverse 
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faulting, with the east side uplifted with respect to the west side of the Harrison Lake 

(Brown and McClelland, 2000; Brown et al., 2000). The relationship between the 

Breakenridge and the Harrison Lake faults is equivocal, but they appear to be part of the 

same system given their similarity in relative age, orientation, geometry. These 

evidences suggest they are oblique faults with reverse northeast-side-up dextral 

kinematics. The Breakenridge fault zone along the west side of the Breakenridge 

complex is identified by a transition from weakly deformed greenschist facies rocks 

nearest the eastern lake shore eastward to high grade gneisses toward the centre of the 

complex (Feltman, 1997).  

The Butter Creek fault zone found along the east side of the complex is a 

subvertical structure that separates the Slollicum schist from the Settler schist (Brown et 

al., 2000). It is most likely a reactivated fault zone that overprinted an earlier thrust fault 

related to D1. Journeay and Friedman (1993) originally described the Butter Creek fault 

with an east-side-up displacement. However, later work by Brown and McClelland 

(2000) attributed a west-side-up displacement as a possible mechanism for uplift and 

exhumation of the high pressure metamorphic rocks within the Breakenridge complex. 

Brown et al. (2000) constrained the timing of the dextral displacement to be younger 

than a 90 Ma pegmatite affected by dextral strain and a Rb-Sr age of 93 ± 11 Ma for 

feldspar and muscovite within the host schist.  

2.4. Methods   

2.4.1. Field work and petrography 

Field work consisted of detailed 1:20 000 scale mapping of the bedrock, 

structures and metamorphic assemblages and sampling the various phases of the 

Breakenridge complex and the surrounding country rock. Representative hand samples 

of most lithologies were collected. Carefully selected thin sections were used for 

microstructural and petrographic analyses to better characterize the deformation and 

metamorphic events, their relationship to each other and to the intrusion of the 

Breakenridge complex. A suite of samples were also collected to characterize the 

compositional variability of the phases of the Breakenridge pluton. 
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2.4.2. Mineral analysis and Geothermobarometry 

The P-T conditions were calculated from mineral analysis of three samples from 

the Breakenridge orthogneiss, and one sample from a metapelitic unit of the Slollicum 

schist near the north end of the complex. Samples were chosen based on the 

metamorphic mineral assemblage, textural indications of mineral equilibrium in the rock 

sample, and absence of retrograde alteration. Elemental compositions of the minerals 

were measured using an electron-microprobe (EMP) at the University of British 

Columbia. For thermobarometric estimates, TWEEQU software was applied based on 

Berman (1991) with representative mineral compositions presented in Table 3 for garnet 

and Table 4 for the other minerals used. Geothermometers and geobarometers were 

chosen according to the metamorphic mineral assemblage present, and used to 

generate phase equilibria curves whose intersections were applied to constrain the P-T 

space of metamorphic event. All thermobarometry results are considered to have errors 

of ±50°C and ±1.0 kbar for the temperature and pressure estimates as recommended by 

Berman (1991).  
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Table 3. Garnet electron microprobe data used for TWEEQU calculations. 

IM11-25 Ox%(Fe) Ox%(Mg) Ox%(Al) Ox%(Si) Ox%(Ca) Ox%(Ti) Ox%(Cr) Ox%(Mn) 

Grt1 22.3894 0.99906 21.559 37.4838 13.3936 0.10092 0.01645 3.818093 
Grt2 22.3072 0.82076 21.688 37.5415 13.7722 0.08291 0.01109 3.8062 

IM11-133 Ox%(Fe) Ox%(Mg) Ox%(Al) Ox%(Si) Ox%(Ca) Ox%(Ti) Ox%(Cr) Ox%(Mn) 
Grt1 25.9582 2.67729 21.767 37.4323 8.94023 0.25046 0.01063 3.061306 
Grt2 25.6952 2.71851 21.72 37.603 9.09134 0.07512 0.00714 2.989514 
Grt3 24.3899 2.1762 21.823 37.9088 9.95998 0.08224 0.00524 3.408394 
Grt4 24.9267 1.99042 21.809 37.5509 9.69432 0.07591 0.01543 4.0621 

IM11-216 Ox%(Fe) Ox%(Mg) Ox%(Al) Ox%(Si) Ox%(Ca) Ox%(Ti) Ox%(Cr) Ox%(Mn) 
Grt1 25.0346 2.92074 21.391 37.2526 6.23556 0.09757 0.00767 6.855375 
Grt2 24.7603 3.02191 21.169 37.224 6.22391 0.14303 0.01209 6.87995 
Grt3 26.0092 2.78827 21.293 37.2516 6.27975 0.09221 0.01019 5.948542 

IM11-221 Ox%(Fe) Ox%(Mg) Ox%(Al) Ox%(Si) Ox%(Ca) Ox%(Ti) Ox%(Cr) Ox%(Mn) 
Grt1 36.9654 1.91144 21.385 36.6052 2.53496 0.02217 0.03047 0.164843 
Grt2 35.7443 1.8668 21.197 36.4675 3.0151 0.00085 0.01315 0.28005 
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Table 4. Mineral electron microprobe data used for TWEEQU calculations. 

 

O% is equal to Ox% in Table 3 
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2.4.3. U- (Th-) Pb Geochronology and zircon REE analysis 

To constrain the timing of intrusions, metamorphism and deformation present in 

the study area, sampling localities were carefully chosen based on their position and 

relative geologic relationships within the plutonic complex (Figure 3). Ten samples for U-

Th-Pb age analysis were collected along two transects across the study area parallel 

and perpendicular to the general northwest trend of the Breakenridge complex. The 

sample preparation for igneous rocks followed standard mineral separation methods, 

which involved crushing and grinding, gravitational separation using a Wilfley table and 

heavy liquids (Methylene Iodide), and magnetic separation using Frantz® Magnetic 

Barrier Laboratory Separator. Minerals were manually picked, set in epoxy grain mounts, 

polished to their cores and imaged at SFU using cathodoluminescence and 

backscattered electron to reveal possible zonation and inheritance. The metamorphic 

zircon and monazite were analyzed in situ in polished thin section within domains where 

the ages can be linked to meaningful metamorphic and deformation fabrics and textures. 

All zircon and monazite were analyzed using a split-stream Laser Ablation - Inductively 

Coupled Plasma Mass Spectrometry (LA-ICPMS) system, at the University of California, 

Santa Barbara. The instrument consists of a dual ICPMS that includes a Nu Plasma HR 

MC-ICPMS and a Nu AttoM SC-ICPMS that allow simultaneous measurement of U-Th-

Pb (Nu Plasma) and rare earth elements (AttoM). Analytical protocol is similar to that 

described by Cottle et al. (2009a,b) with the modification that the collector arrangement 

on the Nu Plasma at UCSB allows for simultaneous determination of 232Th and 238U on 

high-mass side Faraday cups equipped with 1011 ohm resistors and 208Pb, 207Pb, 206Pb, 

and 204Pb on four low-mass side ETP discrete dynode secondary electron multipliers. U-

Th-Pb analyses consisted of 20 seconds dwell time using a spot diameter of 20 μm for 

zircon and a 7.9 μm for monazite. U-Th-Pb and rare earth element (REE) data from 

samples IM11-10, 25, 133, 146, 219, 221a, 223, 228 and 230 were collected during a 

single 48 hour analytical session. Samples IM11-221b and HL11-11 were analyzed in a 

separate session, collecting only U-Th-Pb data, without REE. An in-house primary 

reference monazite (512 ± 0.2 Ma) was employed to monitor and correct for mass bias 

as well as Pb/U and Pb/Th fractionation. Three secondary reference monazite standards 

were used to monitor data accuracy: the moacyr monazite (474 Ma; Seydoux-Guillaume 

et al., 2002), manangotry (554 Ma; Paquette et al., 1994), and FC1 (55.6 Ma; Horstwood 

et al., 2003). These reference monazite grains were analyzed once every 5–7 analyses 
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concurrently with the unknown monazite and were mass bias- and fractionation 

corrected on the basis of measured isotopic ratios of the primary reference material. 

Data reduction was carried out using Iolite software version 2.1.5 according to Paton et 

al. (2011). A 207Pb-based correction was applied using a common lead composition 

derived from the single stage model of Stacey and Kramers (1975) at the inferred 

crystallization age. All uncertainties are quoted at the 95% confidence or 2σ level. 

Concordia diagrams were constructed using Isoplot 3.67 (Ludwig, 2008). Initially, the 

Wetherill concordia diagrams were plotted; but most of the ages were normally 

discordant, with a slight pull to the right. An elevated content of common Pb in minerals 

was recognized as a cause of the ages being shifted into the 207Pb/235U space. As 

recognized by Horstwood et al. (2003), although zircon and monazite typically have high 

ratio of radiogenic Pb to common Pb, enrichment in common Pb may occur due to the 

youth of the analyzed crystal, or due to a crystallographic reason. Therefore, the Tera-

Wasserburg concordia diagrams were plotted, as they are largely independent of the 

common Pb. Considering the relatively high closure temperature of the zircon and its 

resistance to dissolution and re-setting (Cottle et al., 2009a), it was assumed no 

significant thermally-induced volume Pb-loss occurred.  

The rejection of data was largely based on anomalous contents of U, Th. and/or 

Pb isotopes. The preferred ages for zircon analyses were calculated using the weighted 

mean of the 206Pb/238U dates and the 208Pb/232Th dates are used for monazite.The 

analytical data are shown in Table 5, 6, 7 for U-Th-Pb analysis and Table 8 for the trace 

elements. 
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Figure 5. Photographs showing various contact zones around the margin of 

Breakenridge complex. 
 (a) screens of Slollicum schist and sheets of Breakenridge intrusion; (b) xenoliths of 

Slollicum schist in tonalitic Breakenridge pluton near its southern exposure; (c) 
northern exposure of the contact between the tonalitic Breakenridge pluton and its 
wall-rock (note the inset as a closeup of part of the metamorphic fabric overprinting 
original injection fabric); (d) contact zone between Breakenridge and Snowshoe 
plutons. Abbreviations used: BK – Breakenridge; Sl. – Slollicum. 
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Table 5. LA-ICPMS U-Pb data for igneous zircon in the Breakenridge complex. 

 
 Measured Isotopic Ratios   Age c 

Spot U p a Th p a Th/U  207Pb/235U 2σ 206Pb/238U 2σ Rho b  206Pb/238U 2σ 
Breakenridge pluton 

IM11-219 

1 470.3 322.3 0.69  0.1082 0.0016 0.0161 0.0002 0.708  102.7 1.1 

2 385.7 158.7 0.42  0.1081 0.0017 0.0161 0.0002 0.645  102.6 1.0 

3 111.9 45.5 0.41  0.1139 0.0036 0.0163 0.0002 0.381  103.8 1.3 
4 147.0 38.1 0.26  0.1134 0.0033 0.0161 0.0002 0.504  102.4 1.5 

5 458.6 283.8 0.63  0.1085 0.0019 0.0160 0.0002 0.687  102.3 1.2 

6 166.1 46.5 0.28  0.1112 0.0028 0.0161 0.0002 0.471  102.5 1.2 
7 152.5 44.1 0.29  0.1126 0.0026 0.0163 0.0002 0.546  103.6 1.3 

8 207.2 51.5 0.25  0.1235 0.0027 0.0164 0.0002 0.561  103.9 1.3 

9 163.0 72.5 0.45  0.1118 0.0030 0.0159 0.0002 0.466  101.5 1.3 
10 164.4 74.8 0.46  0.1112 0.0029 0.0160 0.0002 0.423  102.0 1.1 

11 121.6 23.8 0.20  0.1134 0.0034 0.0165 0.0002 0.361  105.3 1.2 

12 576.0 151.5 0.27  0.1102 0.0018 0.0165 0.0002 0.762  105.1 1.3 

14 259.9 117.3 0.45  0.1100 0.0023 0.0166 0.0002 0.651  105.9 1.5 
15 178.6 69.2 0.39  0.1105 0.0030 0.0166 0.0002 0.536  106.1 1.5 

17 1340.0 398.0 0.30  0.1094 0.0017 0.0167 0.0002 0.889  106.5 1.5 

18 309.0 67.9 0.22  0.1118 0.0023 0.0168 0.0002 0.673  107.1 1.5 
20 265.4 107.4 0.41  0.1125 0.0024 0.0166 0.0002 0.618  105.9 1.4 

21 378.0 128.1 0.34  0.1107 0.0021 0.0165 0.0002 0.772  105.6 1.5 

22 346.3 130.4 0.38  0.1103 0.0021 0.0165 0.0002 0.682  105.5 1.3 
23 355.0 129.8 0.37  0.1116 0.0022 0.0166 0.0002 0.748  106.1 1.6 

24 302.3 127.0 0.42  0.1115 0.0020 0.0168 0.0002 0.763  107.3 1.5 

25 324.9 142.3 0.44  0.1122 0.0025 0.0167 0.0003 0.738  106.8 1.7 

26 582.0 268.2 0.47  0.1116 0.0022 0.0170 0.0003 0.845  108.5 1.8 
27 320.7 137.6 0.43  0.1086 0.0023 0.0166 0.0002 0.681  106.0 1.5 

28 596.0 169.3 0.29  0.1126 0.0020 0.0170 0.0002 0.754  108.6 1.5 

29 950.0 248.3 0.26  0.1113 0.0019 0.0168 0.0003 0.894  107.3 1.6 
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 Measured Isotopic Ratios   Age c 

Spot U p a Th p a Th/U  207Pb/235U 2σ 206Pb/238U 2σ Rho b  206Pb/238U 2σ 
30 962.1 253.7 0.26  0.1102 0.0018 0.0169 0.0002 0.861  107.9 1.5 
31 187.4 42.6 0.23  0.1136 0.0031 0.0167 0.0003 0.572  106.7 1.7 

33 398.0 121.1 0.31  0.1145 0.0021 0.0170 0.0002 0.709  108.7 1.4 

34 195.6 62.7 0.32  0.1152 0.0028 0.0169 0.0003 0.619  107.9 1.6 

35 405.5 205.0 0.50  0.1116 0.0022 0.0165 0.0002 0.756  105.5 1.6 
36 372.9 153.6 0.41  0.1104 0.0021 0.0165 0.0002 0.733  105.1 1.5 

37 376.3 152.0 0.41  0.1100 0.0022 0.0167 0.0002 0.742  106.5 1.6 

39 425.0 206.0 0.48  0.1123 0.0022 0.0167 0.0002 0.764  106.4 1.6 
40 489.7 274.6 0.56  0.1121 0.0021 0.0168 0.0003 0.789  107.6 1.6 

41 417.7 169.6 0.41  0.1098 0.0021 0.0166 0.0002 0.755  106.4 1.5 

43 183.3 42.5 0.23  0.1143 0.0028 0.0169 0.0003 0.696  108.0 1.9 
44 299.7 109.2 0.37  0.1110 0.0022 0.0166 0.0002 0.718  106.0 1.5 

45 666.0 165.7 0.25  0.1127 0.0021 0.0169 0.0003 0.881  108.1 1.8 

46 121.4 26.3 0.22  0.1204 0.0032 0.0169 0.0003 0.603  107.3 1.7 

47 357.0 89.3 0.25  0.1135 0.0024 0.0169 0.0003 0.740  108.2 1.7 
48 229.9 50.9 0.23  0.1140 0.0026 0.0167 0.0003 0.679  106.8 1.7 

49 420.0 154.4 0.37  0.1104 0.0022 0.0165 0.0003 0.802  105.5 1.7 

50 4172.0 2276.0 0.55  0.1129 0.0019 0.0170 0.0003 0.967  108.5 1.8 
52 3040.0 1365.0 0.46  0.1119 0.0020 0.0170 0.0003 0.966  108.7 1.9 

53 439.0 150.3 0.35  0.1128 0.0024 0.0169 0.0003 0.815  108.1 1.9 

54 251.1 85.1 0.34  0.1127 0.0027 0.0168 0.0003 0.709  107.1 1.8 

55 155.8 35.5 0.23  0.1117 0.0030 0.0166 0.0003 0.650  105.8 1.8 
56 546.0 148.5 0.28  0.1134 0.0023 0.0170 0.0003 0.834  108.4 1.9 

57 318.7 145.0 0.47  0.1110 0.0024 0.0165 0.0003 0.791  105.4 1.8 

58 331.1 139.7 0.43  0.1106 0.0023 0.0166 0.0003 0.760  105.8 1.7 
59 432.0 198.7 0.47  0.1125 0.0023 0.0168 0.0003 0.784  107.1 1.7 

 IM11-228 
1 216.3 91.8 0.43  0.1142 0.0021 0.0165 0.0002 0.567  105.2 1.1 

2 219.4 95.6 0.44  0.1126 0.0025 0.0165 0.0002 0.496  105.5 1.1 

3 147.4 39.9 0.27  0.1145 0.0028 0.0163 0.0002 0.471  104.1 1.2 
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 Measured Isotopic Ratios   Age c 

Spot U p a Th p a Th/U  207Pb/235U 2σ 206Pb/238U 2σ Rho b  206Pb/238U 2σ 
4 246.5 106.4 0.43  0.1112 0.0021 0.0164 0.0002 0.513  104.6 1.0 
5 202.2 83.8 0.42  0.1119 0.0023 0.0164 0.0002 0.503  104.4 1.1 

6 188.7 78.2 0.41  0.1124 0.0023 0.0162 0.0002 0.519  103.5 1.1 

7 559.0 149.8 0.27  0.1114 0.0016 0.0166 0.0002 0.685  105.7 1.0 

8 233.1 104.8 0.44  0.1133 0.0022 0.0164 0.0002 0.559  104.7 1.1 
9 191.9 52.4 0.27  0.1132 0.0022 0.0165 0.0002 0.497  105.3 1.0 

10 353.1 185.4 0.52  0.1125 0.0019 0.0165 0.0002 0.712  105.2 1.3 

11 272.1 131.3 0.48  0.1132 0.0021 0.0166 0.0002 0.598  105.8 1.1 
12 175.7 39.1 0.22  0.1234 0.0032 0.0169 0.0002 0.466  107.1 1.3 

13 113.5 27.4 0.24  0.1161 0.0032 0.0165 0.0002 0.376  104.8 1.1 

14 90.6 21.0 0.23  0.1199 0.0038 0.0167 0.0002 0.402  106.0 1.3 
15 167.4 65.6 0.39  0.1150 0.0023 0.0166 0.0002 0.541  105.6 1.1 

16 192.2 83.8 0.44  0.1124 0.0024 0.0165 0.0002 0.503  105.5 1.1 

17 138.5 58.0 0.41  0.1178 0.0031 0.0167 0.0002 0.437  106.3 1.2 

18 135.4 54.8 0.41  0.1163 0.0029 0.0166 0.0002 0.485  106.0 1.3 
19 155.7 58.6 0.38  0.1154 0.0028 0.0164 0.0002 0.474  104.1 1.2 

20 98.2 23.7 0.24  0.1186 0.0038 0.0167 0.0002 0.412  106.3 1.4 

21 186.7 62.6 0.34  0.1132 0.0027 0.0168 0.0002 0.504  107.2 1.3 
22 210.7 79.1 0.38  0.1131 0.0023 0.0164 0.0002 0.536  104.7 1.1 

23 138.3 33.0 0.24  0.1171 0.0027 0.0168 0.0002 0.499  106.7 1.2 

24 233.8 93.4 0.40  0.1111 0.0022 0.0162 0.0002 0.591  103.5 1.2 

25 205.2 85.9 0.43  0.1086 0.0025 0.0162 0.0002 0.526  103.8 1.3 
26 102.2 32.5 0.32  0.1170 0.0032 0.0164 0.0002 0.517  104.3 1.5 

27 217.0 96.2 0.45  0.1124 0.0025 0.0164 0.0002 0.556  104.8 1.3 

28 108.8 32.5 0.29  0.1155 0.0030 0.0164 0.0002 0.461  104.2 1.3 
29 436.3 256.3 0.60  0.1101 0.0019 0.0163 0.0002 0.688  104.0 1.2 

30 495.6 301.1 0.62  0.1111 0.0017 0.0164 0.0002 0.757  104.7 1.2 

31 292.2 128.8 0.45  0.1123 0.0021 0.0166 0.0002 0.615  106.0 1.2 
32 253.7 112.2 0.45  0.1105 0.0021 0.0165 0.0002 0.591  105.6 1.2 

33 178.8 58.8 0.34  0.1132 0.0027 0.0168 0.0002 0.562  107.0 1.4 
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 Measured Isotopic Ratios   Age c 

Spot U p a Th p a Th/U  207Pb/235U 2σ 206Pb/238U 2σ Rho b  206Pb/238U 2σ 
34 120.1 36.6 0.31  0.1134 0.0029 0.0166 0.0002 0.497  105.6 1.3 
35 272.3 117.9 0.44  0.1111 0.0019 0.0164 0.0002 0.633  104.4 1.1 

36 290.6 64.8 0.23  0.1128 0.0021 0.0167 0.0002 0.635  106.9 1.3 

37 223.2 97.3 0.44  0.1138 0.0024 0.0166 0.0002 0.571  105.9 1.3 

38 175.7 76.8 0.44  0.1137 0.0026 0.0165 0.0002 0.552  105.2 1.3 
39 242.9 89.2 0.37  0.1123 0.0022 0.0166 0.0002 0.555  105.7 1.1 

40 209.9 63.7 0.31  0.1100 0.0023 0.0163 0.0002 0.563  104.3 1.2 

41 205.2 92.4 0.46  0.1109 0.0023 0.0165 0.0002 0.547  105.2 1.2 
42 159.1 43.4 0.27  0.1131 0.0025 0.0166 0.0002 0.564  105.6 1.3 

43 102.6 40.9 0.40  0.1146 0.0035 0.0166 0.0002 0.411  106.1 1.3 

44 67.4 20.4 0.30  0.1228 0.0042 0.0166 0.0002 0.400  105.5 1.5 
45 135.7 35.8 0.26  0.1179 0.0027 0.0166 0.0002 0.546  105.7 1.3 

46 214.4 76.0 0.36  0.1141 0.0023 0.0167 0.0002 0.588  106.3 1.3 

47 220.2 80.1 0.37  0.1110 0.0025 0.0165 0.0002 0.545  105.3 1.3 

48 101.1 23.2 0.23  0.1190 0.0035 0.0166 0.0002 0.424  105.8 1.3 
49 179.8 50.4 0.28  0.1176 0.0031 0.0168 0.0002 0.550  107.2 1.5 

50 191.2 65.8 0.34  0.1151 0.0025 0.0167 0.0002 0.584  106.8 1.3 

51 163.1 52.8 0.32  0.1129 0.0026 0.0167 0.0002 0.519  106.5 1.3 
52 251.3 113.6 0.46  0.1142 0.0023 0.0167 0.0002 0.615  106.6 1.3 

53 162.4 65.0 0.37  0.1161 0.0026 0.0168 0.0002 0.568  107.1 1.3 

54 180.6 80.5 0.45  0.1169 0.0026 0.0167 0.0002 0.592  106.6 1.4 

55 229.3 105.6 0.46  0.1136 0.0025 0.0166 0.0002 0.608  105.8 1.4 
56 318.3 160.0 0.51  0.1151 0.0021 0.0167 0.0002 0.695  106.6 1.3 

57 222.8 102.7 0.46  0.1159 0.0024 0.0168 0.0002 0.571  107.0 1.3 

58 191.9 83.3 0.44  0.1117 0.0025 0.0162 0.0002 0.587  103.2 1.3 
59 212.7 92.5 0.44  0.1115 0.0024 0.0164 0.0002 0.620  105.0 1.4 

60 499.0 119.1 0.24  0.1102 0.0020 0.0164 0.0002 0.785  105.0 1.5 

61 648.0 169.0 0.27  0.1092 0.0019 0.0164 0.0002 0.774  104.6 1.4 
62 137.4 34.1 0.25  0.1096 0.0033 0.0160 0.0002 0.477  102.3 1.5 

63 134.8 31.8 0.23  0.1094 0.0029 0.0161 0.0002 0.535  103.0 1.5 
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 Measured Isotopic Ratios   Age c 

Spot U p a Th p a Th/U  207Pb/235U 2σ 206Pb/238U 2σ Rho b  206Pb/238U 2σ 
64 167.0 30.4 0.18  0.1104 0.0029 0.0162 0.0002 0.534  103.7 1.5 
65 213.7 92.9 0.43  0.1099 0.0025 0.0162 0.0002 0.633  103.4 1.5 

66 199.1 81.1 0.40  0.1066 0.0025 0.0161 0.0002 0.544  102.9 1.3 

67 234.7 103.2 0.43  0.1090 0.0022 0.0162 0.0002 0.638  103.3 1.3 

68 195.5 78.2 0.39  0.1118 0.0023 0.0163 0.0002 0.650  104.1 1.4 
69 172.4 65.5 0.37  0.1159 0.0028 0.0163 0.0002 0.614  103.9 1.5 

70 226.8 94.8 0.41  0.1110 0.0023 0.0162 0.0002 0.662  103.4 1.4 

71 247.4 125.4 0.51  0.1106 0.0023 0.0161 0.0002 0.655  102.6 1.4 
72 476.0 316.1 0.68  0.1100 0.0020 0.0162 0.0002 0.747  103.5 1.4 

73 258.0 142.2 0.56  0.1112 0.0024 0.0164 0.0002 0.624  104.9 1.4 

74 413.0 174.4 0.43  0.1104 0.0023 0.0162 0.0002 0.717  103.2 1.5 
75 350.6 140.9 0.41  0.1095 0.0021 0.0161 0.0002 0.695  103.0 1.4 

 IM11-230 
1 78.6 16.8 0.22  0.1169 0.0040 0.0165 0.0002 0.424  104.8 1.5 

2 225.2 81.1 0.38  0.1133 0.0025 0.0164 0.0002 0.667  104.3 1.5 

3 112.5 24.2 0.23  0.1157 0.0031 0.0166 0.0002 0.569  105.7 1.6 
4 120.2 25.3 0.22  0.1185 0.0034 0.0166 0.0002 0.483  105.6 1.5 

5 174.9 29.2 0.17  0.1132 0.0029 0.0164 0.0002 0.539  104.3 1.5 

6 81.7 27.6 0.35  0.1577 0.0090 0.0168 0.0003 0.294  104.5 1.8 
7 109.1 42.0 0.41  0.1199 0.0038 0.0163 0.0002 0.475  103.8 1.6 

8 77.8 21.1 0.28  0.1212 0.0043 0.0166 0.0003 0.438  105.6 1.7 

9 95.3 29.5 0.32  0.1154 0.0033 0.0166 0.0002 0.455  106.1 1.4 

10 90.4 19.6 0.23  0.1213 0.0041 0.0167 0.0003 0.456  106.2 1.7 
11 108.1 34.1 0.33  0.1152 0.0036 0.0166 0.0002 0.445  105.9 1.5 

12 156.8 55.1 0.37  0.1185 0.0028 0.0167 0.0002 0.580  106.0 1.5 

13 167.2 43.7 0.28  0.1157 0.0026 0.0166 0.0002 0.592  105.9 1.4 
14 127.1 46.1 0.38  0.1128 0.0031 0.0165 0.0002 0.498  105.3 1.5 

15 141.5 51.9 0.39  0.1141 0.0034 0.0165 0.0002 0.472  105.4 1.5 

16 154.9 39.4 0.27  0.1139 0.0027 0.0166 0.0002 0.564  105.6 1.4 
17 143.5 53.2 0.39  0.1131 0.0032 0.0166 0.0002 0.511  106.0 1.5 
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 Measured Isotopic Ratios   Age c 

Spot U p a Th p a Th/U  207Pb/235U 2σ 206Pb/238U 2σ Rho b  206Pb/238U 2σ 
18 117.2 23.2 0.21  0.1133 0.0033 0.0166 0.0002 0.435  105.7 1.3 
19 135.0 47.2 0.37  0.1128 0.0034 0.0163 0.0002 0.508  104.0 1.6 

20 91.7 18.9 0.22  0.1154 0.0038 0.0164 0.0002 0.443  104.8 1.5 

21 168.5 59.8 0.38  0.1104 0.0030 0.0165 0.0002 0.555  105.5 1.6 

22 103.7 18.6 0.19  0.1148 0.0035 0.0166 0.0002 0.428  106.0 1.4 
23 139.7 48.8 0.37  0.1134 0.0033 0.0165 0.0002 0.438  105.1 1.3 

24 118.9 41.0 0.37  0.1139 0.0031 0.0166 0.0002 0.483  105.6 1.4 

25 88.7 20.2 0.24  0.1186 0.0042 0.0165 0.0002 0.407  104.8 1.5 
26 136.2 55.4 0.43  0.1183 0.0033 0.0169 0.0003 0.531  107.9 1.6 

27 135.7 52.8 0.41  0.1153 0.0036 0.0165 0.0002 0.464  105.4 1.5 

28 93.0 23.1 0.25  0.1189 0.0045 0.0163 0.0003 0.423  103.6 1.7 
29 101.1 22.0 0.23  0.1159 0.0039 0.0166 0.0003 0.465  106.1 1.7 

30 99.9 23.3 0.24  0.1182 0.0037 0.0167 0.0002 0.378  106.6 1.3 

31 277.8 106.0 0.40  0.1118 0.0023 0.0165 0.0002 0.698  105.6 1.5 

32 268.9 100.4 0.39  0.1100 0.0025 0.0163 0.0002 0.649  104.3 1.5 
33 68.3 14.7 0.22  0.1239 0.0058 0.0165 0.0002 0.324  104.8 1.6 

34 70.1 16.0 0.24  0.1228 0.0048 0.0165 0.0003 0.433  104.9 1.8 

35 84.1 26.9 0.34  0.1162 0.0040 0.0164 0.0002 0.424  104.4 1.5 
36 121.5 38.2 0.33  0.1154 0.0033 0.0164 0.0002 0.483  104.1 1.5 

37 96.3 32.7 0.35  0.1199 0.0038 0.0165 0.0002 0.453  105.1 1.5 

38 93.4 31.7 0.35  0.1200 0.0031 0.0165 0.0002 0.569  105.2 1.5 

39 108.1 36.1 0.35  0.1139 0.0033 0.0165 0.0003 0.578  105.2 1.8 
40 74.7 17.1 0.24  0.1278 0.0047 0.0170 0.0003 0.436  107.6 1.7 

41 86.6 16.5 0.20  0.1208 0.0042 0.0166 0.0003 0.473  105.4 1.7 

42 94.6 19.2 0.21  0.1161 0.0038 0.0166 0.0002 0.454  105.7 1.6 
44 225.0 81.0 0.38  0.1136 0.0025 0.0165 0.0002 0.633  105.2 1.5 

45 179.2 61.7 0.36  0.1117 0.0033 0.0164 0.0002 0.453  104.7 1.4 

 IM11-25  
1 71.2 17.7 0.25  0.1111 0.0038 0.0159 0.0002 0.407  101.4 1.4 
3 75.8 18.9 0.25  0.1140 0.0039 0.0161 0.0002 0.425  102.2 1.5 
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 Measured Isotopic Ratios   Age c 

Spot U p a Th p a Th/U  207Pb/235U 2σ 206Pb/238U 2σ Rho b  206Pb/238U 2σ 
4 82.6 17.3 0.21  0.1115 0.0039 0.0159 0.0002 0.424  101.3 1.5 
5 114.4 37.2 0.33  0.1079 0.0032 0.0158 0.0002 0.458  100.7 1.4 

6 140.9 44.7 0.32  0.1069 0.0027 0.0158 0.0002 0.569  101.1 1.4 

7 120.9 24.0 0.20  0.1109 0.0029 0.0158 0.0002 0.580  100.7 1.5 

8 94.2 18.2 0.19  0.1077 0.0030 0.0160 0.0003 0.592  102.0 1.7 
10 133.0 93.0 0.43  0.1271 0.0045 0.0162 0.0003 0.447  102.1 1.6 

13 70.3 18.8 0.26  0.1069 0.0034 0.0157 0.0002 0.465  100.0 1.5 

14 264.9 116.8 0.45  0.1100 0.0023 0.0158 0.0002 0.640  100.7 1.4 
15 149.9 44.4 0.30  0.1049 0.0027 0.0160 0.0002 0.588  102.3 1.6 

16 58.5 11.7 0.19  0.1100 0.0045 0.0158 0.0003 0.391  100.9 1.6 

17 87.8 19.8 0.22  0.1091 0.0037 0.0160 0.0003 0.464  102.1 1.6 
18 412.0 102.0 0.25  0.1093 0.0021 0.0158 0.0002 0.756  101.0 1.5 

21 93.6 20.4 0.22  0.1051 0.0035 0.0158 0.0003 0.482  101.3 1.6 

22 88.2 28.6 0.33  0.1098 0.0033 0.0159 0.0002 0.508  101.4 1.6 

23 126.2 36.0 0.30  0.1070 0.0033 0.0159 0.0003 0.586  101.9 1.8 
24 168.9 60.4 0.36  0.1058 0.0025 0.0159 0.0002 0.613  101.9 1.5 

25 76.0 18.2 0.24  0.1098 0.0038 0.0159 0.0003 0.498  101.4 1.7 

26 99.6 19.3 0.20  0.1077 0.0033 0.0161 0.0002 0.494  102.7 1.6 
27 154.7 53.9 0.29  0.1131 0.0036 0.0159 0.0003 0.506  101.4 1.6 

28 90.9 22.7 0.25  0.1081 0.0035 0.0161 0.0002 0.452  102.9 1.5 

29 75.2 17.0 0.22  0.1120 0.0040 0.0162 0.0002 0.429  103.2 1.6 

30 300.1 102.9 0.35  0.1500 0.0031 0.0219 0.0003 0.767  139.4 2.2 
31 308.9 166.7 0.54  0.1493 0.0030 0.0217 0.0003 0.775  138.4 2.2 

32 138.1 38.6 0.28  0.1603 0.0038 0.0235 0.0004 0.638  149.5 2.3 

33 153.5 42.7 0.28  0.1581 0.0035 0.0234 0.0004 0.674  149.4 2.3 
34 193.7 62.2 0.33  0.1587 0.0034 0.0235 0.0004 0.698  149.5 2.3 

35 186.0 66.7 0.36  0.1603 0.0037 0.0233 0.0004 0.664  148.4 2.3 

IM11-133 
1 81.1 19.5 0.25  0.1154 0.0039 0.0159 0.0002 0.456  101.2 1.6 

2 82.8 29.1 0.37  0.1102 0.0039 0.0157 0.0003 0.461  100.3 1.6 



 

37 

 
 Measured Isotopic Ratios   Age c 

Spot U p a Th p a Th/U  207Pb/235U 2σ 206Pb/238U 2σ Rho b  206Pb/238U 2σ 
3 61.0 13.3 0.23  0.1211 0.0058 0.0158 0.0003 0.340  100.3 1.7 
4 95.0 25.6 0.29  0.1116 0.0035 0.0157 0.0002 0.487  99.8 1.5 

5 75.8 22.5 0.30  0.1174 0.0050 0.0159 0.0003 0.384  100.7 1.6 

6 80.1 17.6 0.23  0.1109 0.0041 0.0155 0.0003 0.450  98.9 1.6 

7 61.5 12.9 0.22  0.1256 0.0050 0.0159 0.0003 0.404  100.7 1.6 
8 62.2 19.5 0.31  0.1205 0.0047 0.0158 0.0002 0.397  100.1 1.6 

9 53.0 12.0 0.24  0.1215 0.0053 0.0157 0.0003 0.433  99.7 1.9 

10 124.7 46.7 0.40  0.1120 0.0032 0.0159 0.0002 0.553  101.2 1.6 
11 66.7 20.7 0.31  0.1186 0.0047 0.0161 0.0003 0.452  101.9 1.8 

12 82.7 17.8 0.23  0.1140 0.0041 0.0157 0.0002 0.424  99.8 1.5 

13 98.9 22.4 0.24  0.1118 0.0035 0.0156 0.0003 0.522  99.3 1.6 
14 108.4 28.8 0.28  0.1081 0.0035 0.0156 0.0002 0.494  99.4 1.6 

15 57.1 12.8 0.24  0.1211 0.0045 0.0158 0.0002 0.402  100.1 1.5 

16 51.2 12.1 0.25  0.1175 0.0053 0.0158 0.0002 0.346  100.0 1.6 

17 71.6 14.9 0.22  0.1140 0.0043 0.0158 0.0003 0.429  100.4 1.6 
18 92.8 33.1 0.37  0.1173 0.0040 0.0160 0.0003 0.473  101.6 1.6 

19 87.6 22.4 0.27  0.1208 0.0050 0.0160 0.0002 0.363  101.2 1.5 

20 58.1 13.0 0.23  0.1340 0.0061 0.0160 0.0003 0.411  101.0 1.9 
21 69.4 23.0 0.35  0.1178 0.0043 0.0159 0.0002 0.424  100.6 1.6 

22 78.7 17.6 0.24  0.1182 0.0049 0.0161 0.0003 0.420  102.0 1.8 

23 72.4 23.8 0.35  0.1147 0.0043 0.0158 0.0003 0.489  100.7 1.8 

24 73.7 20.0 0.29  0.1149 0.0044 0.0159 0.0003 0.454  100.9 1.8 
25 102.0 37.3 0.39  0.1120 0.0040 0.0158 0.0003 0.503  100.9 1.8 

26 82.5 18.2 0.24  0.1167 0.0040 0.0159 0.0003 0.487  101.3 1.7 

27 98.8 22.6 0.24  0.1085 0.0035 0.0158 0.0002 0.487  100.8 1.6 
28 71.1 16.8 0.24  0.1176 0.0049 0.0164 0.0003 0.394  104.1 1.7 

29 362.0 44.8 0.13  0.0920 0.0021 0.0136 0.0002 0.711  86.9 1.4 

30 141.7 27.4 0.21  0.0917 0.0032 0.0133 0.0003 0.585  85.1 1.7 
31 1281.0 129.7 0.11  0.0904 0.0017 0.0135 0.0002 0.887  86.6 1.4 

32 56.0 11.8 0.22  0.1176 0.0056 0.0159 0.0003 0.365  100.7 1.8 
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 Measured Isotopic Ratios   Age c 

Spot U p a Th p a Th/U  207Pb/235U 2σ 206Pb/238U 2σ Rho b  206Pb/238U 2σ 
33 61.1 13.3 0.22  0.1139 0.0047 0.0161 0.0003 0.434  102.8 1.8 
34 65.3 14.0 0.22  0.1223 0.0048 0.0160 0.0003 0.492  101.0 2.0 

35 59.4 13.7 0.24  0.1153 0.0045 0.0160 0.0003 0.490  101.5 2.0 

36 61.7 12.9 0.21  0.1210 0.0056 0.0159 0.0003 0.431  101.0 2.0 

37 70.1 16.7 0.25  0.1162 0.0045 0.0157 0.0003 0.493  99.4 1.9 
38 121.9 37.7 0.29  0.1146 0.0036 0.0162 0.0003 0.601  103.2 2.0 

39 47.3 10.2 0.19  0.1281 0.0061 0.0162 0.0003 0.412  102.3 2.0 

40 108.0 34.8 0.34  0.1197 0.0043 0.0165 0.0003 0.523  105.2 2.0 
41 51.7 12.0 0.24  0.1287 0.0055 0.0163 0.0003 0.444  102.8 2.0 

42 53.4 13.4 0.26  0.1159 0.0054 0.0159 0.0003 0.373  101.0 1.8 

43 54.0 12.1 0.23  0.1242 0.0047 0.0159 0.0003 0.474  100.7 1.8 
44 53.3 11.6 0.23  0.1214 0.0057 0.0162 0.0003 0.365  102.4 1.8 

45 73.9 21.7 0.32  0.1245 0.0067 0.0161 0.0005 0.556  101.7 3.0 

46 106.5 31.7 0.33  0.1145 0.0036 0.0159 0.0003 0.530  101.4 1.7 

47 97.9 22.1 0.24  0.1192 0.0037 0.0161 0.0003 0.537  102.4 1.7 
48 181.2 66.1 0.39  0.1097 0.0027 0.0158 0.0002 0.587  100.7 1.4 

49 94.6 32.2 0.36  0.1136 0.0044 0.0163 0.0003 0.490  104.0 2.0 

50 95.3 22.8 0.25  0.1172 0.0037 0.0158 0.0003 0.559  100.3 1.8 
 IM11-146 

1 142.8 35.5 0.25  0.1065 0.0030 0.0156 0.0002 0.496  99.9 1.4 

2 75.8 22.1 0.30  0.1141 0.0045 0.0160 0.0002 0.361  101.9 1.5 

3 108.2 33.3 0.31  0.1083 0.0032 0.0158 0.0002 0.464  101.0 1.4 

4 78.1 15.4 0.20  0.1114 0.0041 0.0160 0.0002 0.403  102.2 1.5 
5 93.6 23.9 0.26  0.1106 0.0036 0.0159 0.0002 0.418  101.5 1.4 

6 138.9 27.3 0.21  0.1099 0.0034 0.0158 0.0002 0.459  101.0 1.5 

7 80.1 22.8 0.30  0.1142 0.0041 0.0157 0.0002 0.439  99.8 1.6 
8 94.2 24.7 0.27  0.1102 0.0038 0.0158 0.0002 0.385  100.5 1.3 

9 111.4 27.3 0.25  0.1148 0.0036 0.0159 0.0002 0.382  100.9 1.2 

10 102.0 25.1 0.25  0.1115 0.0032 0.0157 0.0002 0.479  100.3 1.4 
11 135.9 55.5 0.41  0.1104 0.0033 0.0158 0.0002 0.506  100.7 1.5 



 

39 

 
 Measured Isotopic Ratios   Age c 

Spot U p a Th p a Th/U  207Pb/235U 2σ 206Pb/238U 2σ Rho b  206Pb/238U 2σ 
14 209.1 71.3 0.34  0.1054 0.0025 0.0157 0.0002 0.579  100.1 1.4 
17 55.5 13.3 0.24  0.1161 0.0045 0.0159 0.0002 0.357  101.0 1.4 

19 204.2 104.2 0.50  0.1091 0.0023 0.0159 0.0002 0.522  101.4 1.1 

20 91.0 20.4 0.22  0.1133 0.0038 0.0158 0.0002 0.392  100.6 1.3 

21 116.5 31.7 0.27  0.1137 0.0028 0.0161 0.0002 0.518  102.2 1.3 
22 215.2 74.4 0.34  0.1068 0.0026 0.0156 0.0002 0.624  99.9 1.5 

23 153.3 34.1 0.22  0.1075 0.0030 0.0156 0.0002 0.517  99.7 1.4 

24 119.2 28.4 0.24  0.1134 0.0033 0.0161 0.0002 0.502  102.7 1.5 
25 89.1 15.7 0.17  0.1132 0.0039 0.0159 0.0002 0.434  101.3 1.5 

26 92.6 21.7 0.23  0.1156 0.0035 0.0159 0.0002 0.490  101.2 1.5 

27 139.6 28.0 0.20  0.1132 0.0030 0.0158 0.0003 0.610  100.5 1.6 
28 90.5 19.8 0.22  0.1086 0.0033 0.0158 0.0002 0.500  100.7 1.5 

29 125.7 48.5 0.38  0.1072 0.0033 0.0158 0.0002 0.494  100.9 1.5 

30 82.1 18.2 0.22  0.1115 0.0043 0.0159 0.0002 0.391  101.1 1.5 

31 108.2 23.4 0.21  0.1102 0.0038 0.0158 0.0003 0.497  100.5 1.7 
32 98.7 29.4 0.29  0.1167 0.0034 0.0162 0.0002 0.524  103.1 1.6 

34 138.4 54.6 0.39  0.1169 0.0033 0.0161 0.0002 0.465  102.3 1.3 

35 179.0 57.4 0.32  0.1129 0.0029 0.0163 0.0002 0.542  103.6 1.5 
 HL11-11 

1 445.0 242.0 0.55  0.1068 0.0028 0.0159 0.0001 0.363  101.6 0.9 

3 105.0 30.9 0.30  0.1089 0.0079 0.0158 0.0002 0.190  101.1 1.5 

4 225.7 73.8 0.33  0.1022 0.0043 0.0158 0.0002 0.159  101.3 1.2 

5 148.8 42.2 0.29  0.1380 0.0100 0.0165 0.0002 0.169  103.8 1.4 
6 184.7 66.7 0.37  0.1098 0.0049 0.0156 0.0002 0.171  99.5 1.2 

7 129.9 33.5 0.26  0.1084 0.0076 0.0158 0.0003 0.373  101.1 1.7 

8 180.6 58.6 0.33  0.1100 0.0059 0.0160 0.0002 0.897  102.4 1.3 
9 225.7 93.1 0.42  0.1155 0.0045 0.0155 0.0002 0.326  98.4 1.5 

10 116.6 36.3 0.30  0.1088 0.0064 0.0163 0.0003 0.249  104.2 1.8 

13 234.1 73.2 0.32  0.1101 0.0038 0.0159 0.0002 0.091  101.1 1.3 
14 401.0 172.0 0.42  0.1078 0.0033 0.0162 0.0003 0.563  103.8 1.6 
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 Measured Isotopic Ratios   Age c 

Spot U p a Th p a Th/U  207Pb/235U 2σ 206Pb/238U 2σ Rho b  206Pb/238U 2σ 
15 148.7 38.7 0.27  0.1062 0.0057 0.0159 0.0003 0.266  101.5 1.6 
16 225.1 57.7 0.26  0.1076 0.0047 0.0162 0.0002 0.321  103.7 1.5 

17 123.5 36.4 0.30  0.1052 0.0067 0.0160 0.0003 0.222  102.7 1.9 

18 194.2 62.1 0.33  0.1097 0.0050 0.0162 0.0002 0.451  103.3 1.4 

19 282.0 95.8 0.35  0.1039 0.0041 0.0157 0.0002 0.283  100.6 1.0 
20 588.0 278.0 0.48  0.1049 0.0028 0.0157 0.0002 0.487  100.3 1.5 

22 142.3 36.8 0.26  0.1123 0.0064 0.0163 0.0002 0.244  103.7 1.4 

23 118.5 28.2 0.24  0.1211 0.0067 0.0162 0.0003 0.339  102.7 2.1 
24 1353.0 246.0 0.18  0.1107 0.0021 0.0165 0.0002 0.599  105.5 1.4 

25 221.5 78.9 0.36  0.1016 0.0047 0.0159 0.0002 0.213  102.0 1.4 

26 191.9 61.0 0.32  0.1075 0.0047 0.0160 0.0002 0.207  102.0 1.5 
27 862.0 333.0 0.39  0.1175 0.0037 0.0159 0.0002 0.468  101.0 1.3 

28 208.9 70.8 0.34  0.1261 0.0061 0.0163 0.0002 0.434  103.2 1.3 

29 176.1 51.4 0.30  0.1113 0.0055 0.0164 0.0003 0.142  104.9 1.7 

30 151.0 37.6 0.25  0.1119 0.0058 0.0159 0.0003 0.383  101.3 1.9 
31 129.0 33.7 0.26  0.1142 0.0065 0.0160 0.0003 0.225  102.1 1.7 

32 274.8 126.0 0.46  0.1099 0.0040 0.0159 0.0002 0.318  101.2 1.4 

33 197.4 63.2 0.32  0.1108 0.0048 0.0161 0.0002 0.269  103.0 1.4 
34 437.1 169.1 0.39  0.1065 0.0027 0.0156 0.0002 0.345  99.6 1.3 

35 729.0 443.0 0.61  0.1034 0.0027 0.0154 0.0002 0.558  98.6 1.4 

 Snowshoe pluton 

IM11-10 
1 68.4 18.7 0.27  0.1071 0.0042 0.0148 0.0002 0.386  94.2 1.4 
2 63.9 16.6 0.25  0.1056 0.0039 0.0147 0.0002 0.372  93.8 1.3 

3 173.6 31.1 0.18  0.0971 0.0024 0.0146 0.0002 0.537  93.7 1.2 

4 64.4 15.3 0.23  0.1073 0.0042 0.0150 0.0003 0.439  95.7 1.6 
5 97.4 38.6 0.40  0.1062 0.0033 0.0145 0.0002 0.445  92.2 1.3 

6 88.5 34.0 0.38  0.1027 0.0032 0.0147 0.0002 0.468  93.5 1.4 

7 81.3 29.0 0.36  0.1064 0.0043 0.0147 0.0002 0.342  93.7 1.3 
8 85.2 22.2 0.26  0.1056 0.0036 0.0147 0.0002 0.443  93.8 1.4 
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 Measured Isotopic Ratios   Age c 

Spot U p a Th p a Th/U  207Pb/235U 2σ 206Pb/238U 2σ Rho b  206Pb/238U 2σ 
9 59.0 18.3 0.31  0.1158 0.0045 0.0148 0.0002 0.425  93.6 1.6 
10 93.5 38.4 0.42  0.1093 0.0035 0.0147 0.0002 0.407  93.2 1.2 

11 80.8 24.6 0.29  0.1100 0.0040 0.0149 0.0002 0.392  94.9 1.4 

12 81.2 25.3 0.32  0.1073 0.0036 0.0149 0.0002 0.425  94.9 1.4 

13 97.1 40.8 0.42  0.1362 0.0046 0.0148 0.0002 0.452  92.4 1.4 
14 114.2 46.7 0.41  0.1076 0.0031 0.0148 0.0002 0.427  93.8 1.2 

15 87.0 36.3 0.42  0.1039 0.0037 0.0147 0.0003 0.482  93.9 1.6 

16 80.0 22.3 0.27  0.1044 0.0044 0.0148 0.0002 0.347  94.5 1.4 
17 84.5 37.7 0.44  0.1061 0.0035 0.0146 0.0002 0.384  92.7 1.2 

18 60.7 19.2 0.32  0.1076 0.0042 0.0147 0.0002 0.408  93.3 1.5 

19 123.8 27.7 0.22  0.1040 0.0031 0.0150 0.0002 0.485  95.7 1.4 
20 74.7 28.9 0.37  0.1059 0.0045 0.0147 0.0002 0.341  93.4 1.4 

21 119.0 28.2 0.23  0.1005 0.0030 0.0148 0.0002 0.462  94.8 1.3 

22 96.1 43.6 0.44  0.1028 0.0036 0.0145 0.0002 0.446  92.1 1.4 

23 75.0 20.4 0.26  0.1086 0.0043 0.0148 0.0002 0.422  93.7 1.6 
24 112.9 43.9 0.38  0.1057 0.0031 0.0147 0.0002 0.505  93.5 1.4 

25 58.5 17.8 0.30  0.1062 0.0046 0.0148 0.0002 0.378  94.3 1.6 

26 83.2 35.6 0.42  0.1090 0.0038 0.0148 0.0002 0.429  94.3 1.4 
27 62.7 19.0 0.30  0.1097 0.0045 0.0150 0.0003 0.411  95.4 1.6 

28 145.7 31.1 0.21  0.1018 0.0030 0.0149 0.0002 0.482  95.1 1.4 

29 50.9 15.6 0.30  0.1101 0.0046 0.0149 0.0002 0.374  94.5 1.5 

30 50.7 13.7 0.25  0.1110 0.0045 0.0150 0.0002 0.389  95.1 1.5 
31 84.2 29.2 0.34  0.1067 0.0041 0.0148 0.0002 0.433  94.1 1.6 

32 134.0 53.0 0.39  0.1032 0.0029 0.0148 0.0002 0.523  94.2 1.4 

33 54.1 18.4 0.33  0.1136 0.0055 0.0150 0.0003 0.364  94.8 1.7 
35 70.6 19.9 0.28  0.1093 0.0042 0.0148 0.0002 0.378  94.0 1.4 

36 120.1 22.3 0.18  0.1011 0.0029 0.0149 0.0002 0.542  95.3 1.5 

37 82.2 33.7 0.41  0.1044 0.0042 0.0145 0.0002 0.403  92.5 1.5 
38 53.1 14.5 0.26  0.1113 0.0047 0.0149 0.0002 0.389  94.7 1.6 

39 301.0 57.4 0.20  0.0997 0.0022 0.0149 0.0002 0.594  95.2 1.2 
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 Measured Isotopic Ratios   Age c 

Spot U p a Th p a Th/U  207Pb/235U 2σ 206Pb/238U 2σ Rho b  206Pb/238U 2σ 
40 118.0 27.0 0.23  0.1002 0.0029 0.0148 0.0002 0.527  94.6 1.4 
41 56.7 18.3 0.32  0.1122 0.0047 0.0149 0.0003 0.405  94.7 1.6 

42 82.3 34.5 0.43  0.1091 0.0039 0.0149 0.0002 0.441  94.7 1.5 

 Pegmatite 

IM11-223  
1 813.0 8.8 0.01  0.0916 0.0018 0.0138 0.0002 0.874  88.2 1.5 
2 273.7 1.3 0.01  0.0953 0.0022 0.0140 0.0002 0.653  89.3 1.4 

3 2052.0 50.7 0.03  0.0939 0.0015 0.0139 0.0002 0.926  88.9 1.3 

4 517.0 5.4 0.01  0.0943 0.0020 0.0139 0.0002 0.785  88.6 1.5 
5 1448.0 17.9 0.01  0.0922 0.0017 0.0137 0.0002 0.909  87.4 1.5 

6 680.0 13.2 0.02  0.0963 0.0018 0.0144 0.0002 0.839  91.8 1.4 

7 189.3 45.6 0.25  0.1143 0.0028 0.0164 0.0003 0.662  104.5 1.7 

8 626.5 14.8 0.02  0.0913 0.0019 0.0137 0.0002 0.751  87.3 1.4 
9 632.0 5.7 0.01  0.0936 0.0017 0.0137 0.0002 0.786  87.8 1.3 

10 608.0 8.2 0.01  0.1021 0.0021 0.0150 0.0003 0.817  96.0 1.6 

11 330.1 1.6 0.00  0.0983 0.0021 0.0140 0.0002 0.752  89.1 1.4 
12 1378.0 16.5 0.01  0.0907 0.0016 0.0137 0.0002 0.889  87.6 1.4 

14 1663.0 24.8 0.02  0.0917 0.0017 0.0138 0.0002 0.909  88.4 1.5 

15 2267.0 52.9 0.02  0.0936 0.0015 0.0141 0.0002 0.915  90.2 1.4 
16 2244.0 59.2 0.03  0.0927 0.0016 0.0140 0.0002 0.934  89.7 1.4 

17 917.0 12.3 0.01  0.0923 0.0017 0.0139 0.0002 0.850  88.6 1.4 

18 289.2 2.9 0.01  0.0967 0.0023 0.0141 0.0002 0.652  90.1 1.4 

19 1976.0 61.0 0.03  0.0905 0.0014 0.0137 0.0002 0.925  87.6 1.3 
21 1104.0 67.8 0.06  0.0938 0.0018 0.0141 0.0002 0.879  90.4 1.5 

22 1053.0 71.5 0.07  0.0935 0.0015 0.0142 0.0002 0.863  90.8 1.3 

23 297.7 3.1 0.02  0.0944 0.0022 0.0139 0.0002 0.729  89.1 1.5 
24 396.7 2.4 0.01  0.0946 0.0020 0.0141 0.0002 0.623  90.2 1.2 

25 3320.0 78.2 0.02  0.0934 0.0014 0.0141 0.0002 0.939  90.4 1.2 

26 2393.0 34.4 0.01  0.0975 0.0016 0.0146 0.0002 0.932  93.1 1.4 
27 2196.0 22.9 0.01  0.0903 0.0016 0.0136 0.0002 0.949  87.2 1.5 



 

43 

 
 Measured Isotopic Ratios   Age c 

Spot U p a Th p a Th/U  207Pb/235U 2σ 206Pb/238U 2σ Rho b  206Pb/238U 2σ 
28 2626.0 50.8 0.02  0.0931 0.0015 0.0141 0.0002 0.928  90.0 1.4 
29 2587.0 93.9 0.04  0.0911 0.0013 0.0138 0.0002 0.904  88.0 1.2 

30 867.0 17.3 0.02  0.0933 0.0018 0.0141 0.0002 0.835  90.2 1.4 

32 1056.0 47.3 0.05  0.0905 0.0016 0.0137 0.0002 0.838  87.4 1.3 

33 1600.0 16.3 0.01  0.0937 0.0015 0.0141 0.0002 0.881  90.4 1.3 
34 835.0 12.9 0.02  0.0938 0.0016 0.0141 0.0002 0.828  90.1 1.3 

35 2251.0 43.1 0.02  0.0951 0.0015 0.0143 0.0002 0.923  91.4 1.4 

36 249.2 3.1 0.02  0.0968 0.0022 0.0143 0.0002 0.602  91.3 1.2 
37 78.8 0.8 0.13  0.1065 0.0046 0.0147 0.0003 0.398  93.4 1.6 

38 1757.0 36.2 0.02  0.0935 0.0014 0.0140 0.0002 0.879  89.7 1.2 

39 1868.0 80.1 0.04  0.0937 0.0015 0.0140 0.0002 0.890  89.4 1.3 
40 2869.0 220.4 0.08  0.0924 0.0013 0.0139 0.0002 0.929  89.1 1.2 

41 607.0 5.3 0.01  0.0953 0.0018 0.0143 0.0002 0.737  91.4 1.3 

42 1214.0 22.3 0.02  0.0920 0.0014 0.0137 0.0002 0.854  87.9 1.2 

43 20.2 0.5 43  0.1574 0.0107 0.0149 0.0004 0.389  91.9 2.5 
44 49.0 0.0 44  0.1085 0.0057 0.0143 0.0003 0.374  90.8 1.8 

46 850.0 12.4 0.02  0.0932 0.0017 0.0139 0.0002 0.841  88.6 1.4 

47 2455.0 85.8 0.04  0.0939 0.0014 0.0141 0.0002 0.921  89.9 1.2 
48 375.6 70.1 0.19  0.1126 0.0025 0.0164 0.0003 0.706  104.6 1.6 

49 143.9 39.4 0.29  0.1156 0.0033 0.0164 0.0003 0.558  104.5 1.7 

50 939.0 76.3 0.08  0.0917 0.0015 0.0136 0.0002 0.798  87.0 1.2 

51 808.0 5.6 0.01  0.0949 0.0017 0.0140 0.0002 0.825  89.4 1.4 
53 329.8 1.8 0.06  0.0946 0.0020 0.0139 0.0002 0.637  89.0 1.2 

54 2400.0 106.1 0.05  0.0936 0.0015 0.0140 0.0002 0.920  89.3 1.3 

55 972.0 21.6 0.02  0.0915 0.0015 0.0137 0.0002 0.793  87.8 1.2 
56 284.9 2.7 0.01  0.0955 0.0021 0.0142 0.0002 0.615  90.7 1.2 

57 504.0 13.9 0.03  0.0987 0.0020 0.0145 0.0002 0.829  92.6 1.5 

58 774.0 15.3 0.02  0.0940 0.0019 0.0140 0.0002 0.801  89.3 1.4 
59 1306.0 20.3 0.02  0.0956 0.0015 0.0142 0.0002 0.863  90.5 1.2 

 
= data used for plotting interpreted age in blue in T-W diagram  
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 Measured Isotopic Ratios   Age c 

Spot U p a Th p a Th/U  207Pb/235U 2σ 206Pb/238U 2σ Rho b  206Pb/238U 2σ 

 
= data used for plotting interpreted age in blue for weighted mean  

 
= data used for plotting older age in orange in T-W diagram  

 
= data used for plotting older age in orange for weighted mean  

 
= data used for plotting younger age in red in T-W diagram  

 
= data used for plotting younger age in red for weighted mean  

 
= data used for plotting metamorphic age in green in T-W diagram  

 
= data used for plotting metamorphic age in green for weighted mean  

 
= data used for plotting not interpreted age in pink or purple in T-W diagram  

 
= data used for plotting not interpreted age in pink or purple for weighted mean  

a U and Th content in ppm accurate to approximately 10%;  
b Rho is the error correlation coefficient calculated following K. R. Ludwig (unpublished data, 1993). 
c isotopic ratios are corrected for common Pb. Common Pb correction based on a single-stage model 
(Stacey and Kramers, 1975) and the interpreted age of the crystal. 
p ppm. 
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Table 6. Sample IM11-221- In situ LA-ICPMS U-Th-Pb data for monazite in the 
Slollicum schist. 

Sample 
Measured Isotopic Ratios   Isotopic Ages b 

207Pb/235U 2σ abs. 206Pb/238U 2σ abs. Rho a  206Pb/238U 2σ abs. 208Pb/238Th 2σ abs. 
1_3 0.1095 0.0023 0.01426 0.00024 0.66  91.3 1.6 86.4 1.3 
1_7 0.1064 0.0021 0.01386 0.00023 0.69  88.7 1.5 86.4 1.3 
1_10 0.1142 0.0026 0.01411 0.00021 0.66  90.3 1.4 89.7 1.1 
1_17 0.0954 0.0016 0.01369 0.00023 0.85  87.7 1.5 85.9 1.2 
1_18 0.1041 0.0022 0.01435 0.00025 0.63  91.8 1.6 87.0 1.4 
4_12 0.0948 0.0021 0.01366 0.00026 0.78  87.5 1.7 89.3 1.6 
4_14 0.0970 0.0026 0.01410 0.00026 0.66  90.3 1.7 91.3 1.7 
4_18 0.1037 0.0037 0.01438 0.00031 0.60  92.0 2.0 92.8 2.0 
4_19 0.1022 0.0035 0.01412 0.00030 0.48  90.4 1.9 86.6 1.7 
4_20 0.0999 0.0029 0.01441 0.00028 0.49  92.2 1.8 91.6 2.2 
4_21 0.1033 0.0033 0.01457 0.00027 0.53  93.2 1.8 92.5 1.9 
4_24 0.0990 0.0030 0.01405 0.00028 0.38  89.9 1.8 89.5 2.0 
4_26 0.1005 0.0029 0.01394 0.00028 0.68  89.2 1.8 89.1 1.8 
5_5 0.1044 0.0038 0.01442 0.00031 0.55  92.3 2.0 90.9 1.6 
5_6 0.0977 0.0028 0.01390 0.00032 0.73  89.0 2.1 87.0 1.7 
5_7 0.0954 0.0032 0.01376 0.00032 0.64  88.1 2.1 86.5 1.7 
6_5 0.1016 0.0024 0.01465 0.00029 0.83  93.8 1.9 88.5 2.1 
6_6 0.1011 0.0025 0.01474 0.00029 0.79  94.3 1.9 88.4 2.1 
6_10 0.1000 0.0034 0.01425 0.00040 0.82  91.2 2.6 84.1 2.5 
6_12 0.1132 0.0041 0.01474 0.00035 0.67  94.3 2.3 87.5 2.5 
6_14 0.1040 0.0033 0.01429 0.00031 0.69  91.5 2.0 86.5 2.3 

a Rho is the error correlation coefficient calculated following K. R. Ludwig (unpublished data, 1993).  
b isotopic ratios are corrected for common Pb. Common Pb correction based on a single-stage model 
(Stacey and Kramers, 1975) and the interpreted age of the crystal. 
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Table 7. Sample IM11-221 LA-ICPMS U-Pb data for metamorphic zircon in the 
Slollicum schist. 

 
   Measured Isotopic Ratios  Isotopic Ages c 

Sample U p a Th p a Th/U 207Pb/235U 2σ 206Pb/238U 2σ Rho b 206Pb/238U 2σ 

22 1700.0 13.0 0.01 0.0892 0.0013 0.0132 0.0001 0.551 84.4 0.8 
10 1700.0 13.0 0.01 0.0937 0.0016 0.0133 0.0001 0.410 84.5 0.6 
11 1700.0 13.0 0.01 0.0879 0.0012 0.0132 0.0001 0.639 84.7 0.8 
21 1557.0 10.1 0.00 0.0897 0.0015 0.0135 0.0001 0.487 86.1 0.8 
15 1902.0 9.2 0.00 0.0885 0.0013 0.0135 0.0001 0.524 86.2 0.6 
25 1740.0 6.6 0.00 0.0893 0.0014 0.0136 0.0001 0.526 87.4 0.8 
18 1111.0 2.7 0.01 0.0921 0.0017 0.0138 0.0001 0.433 87.9 0.8 
23 845.0 5.6 0.01 0.0905 0.0019 0.0137 0.0001 0.304 87.7 0.8 
12 1400.0 4.6 0.01 0.0950 0.0020 0.0138 0.0001 0.346 88.0 0.6 
20 887.0 1.6 0.01 0.0939 0.0019 0.0139 0.0001 0.480 89.0 0.8 
24 1059.0 4.4 0.01 0.0936 0.0017 0.0140 0.0001 0.483 89.3 0.8 

  = data used for plotting metamorphic age in green in T-W diagram in Figure 26 
  = data used for plotting metamorphic age in blue in T-W diagram in Figure 26 

 
= data used for plotting metamorphic age in orange in T-W diagram in Figure 26 

  = data used for plotting metamorphic age in green for weighted mean in Figure 26 
  = data used for plotting metamorphic age in blue for weighted mean in Figure 26 

 
= data used for plotting metamorphic age in orange for weighted mean in Figure 26 

a U and Th content in ppm accurate to approximately 10%  
b Rho is the error correlation coefficient calculated following K. R. Ludwig (unpublished data, 1993) 
c isotopic ratios are corrected for common Pb. Common Pb correction based on a single-stage model 
(Stacey and Kramers, 1975) and the interpreted age of the crystal 
p ppm; 
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Table 8. Representative zircon REE data. 

 
n chondrite normalized values,  
a-c related to Figure 17,  
d and 1-7 related to Figure 18. 
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2.5. Two Granitic Plutons 

Based on field mapping, petrographic analysis and age consistency, this study 

shows that a peripheral part of the Breakenridge complex is a distinctly younger pluton, 

the Snowshoe pluton (named in this study; Figure 3). 

2.5.1. Breakenridge plutonic complex 

The Breakenridge complex consists of a sheeted, tabular pluton built by the 

intrusion of a series of subhorizontal sills interfingered with country rock (Figure 5 and 6). 

Normal zoning, with mafic composition at the margins and more felsic composition 

towards the core, is attributed to fractional crystallisation. The Breakenridge complex has 

a penetrative foliation with a variably developed lineation, which was subsequently 

folded (F3). The F3 fold has a subvertical axial plane and a hinge line that doubly plunges 

to the northwest and southeast, parallel to the trend of the orogen. In the southern end of 

the complex, the fold is overturned, with limbs dipping northeast (Figure 3, 7). The 

northern end of the fold is near-cylindrical (Figure 3, 7). In some parts of the complex, 

magmatic layering is locally preserved, characterized by laminated and elongated mafic 

schlieren (Figure 6c). The western and southern margins of the complex preserve a 

pristine semi-brittle injection zone near the contact with the wall-rock and various 

xenoliths paralleling the margin (Figure 5b). The eastern and northern margins have 

developed shear zones that overprint an earlier fabric (Figure 5c, 5d).  

Magma intrusions are characterized by two compositionally distinct end 

members: a dioritic and a tonalitic phase. The relationship between these phases is 

unclear, as no direct contact was found. The outcrops of the diorite are mapped in the 

northern part of the study area, but the majority of the Breakenridge complex consists of 

the tonalite. Based on the age analyses described in detail below, the dioritic phase is 

older (107-105 Ma) and generally occurs in the Breakenridge fold hinges in the 

northernmost part of the complex, and the tonalitic phase is younger (101-100 Ma), in 

central part of the complex. The outcrops of a rare intermediate age group (104-102 Ma) 

are mapped in the southernmost part of the study area, structurally also in the fold hinge. 

The same age group occurs as a distinctive age cluster within both dioritic and tonalitic 

samples.  
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Figure 6. Photographs showing the tonalitic phase of Breakenridge pluton. 
 (a) representative outcrop with subvertical penetrative foliation (S; dotted lines) 

(hammer for scale); (b-d) outcrop photos showing various types of foliation within the 
Breakenridge pluton; (e) an example of an outcrop-scale magmatic fractionation, 
with the more felsic to the left, closer to the contact with the country rock; (f) an 
example of lineation (mechanical pen for scale in (e-f)). 
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Figure 7. Lower hemisphere projections showing statistical treatment of structural 

data. 
 (a) S2 foliation within the southern flank of the study area; (b) S2 foliation within the 

northern flank of the study area; (c) the effect of unfolding of the L2 lineation (blue 
circles) about F3 - to determine the pre-F3 orientation (red rectangles). 
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Figure 8. Photographs of the dioritic phase of the Breakenridge pluton (IM11-230). 
 (a) the outcrop; (b-c) close up view of its fabric and the structural characteristics (S3 

and F3); (d) photomicrograph shows a zoned plagioclase within the with inclusion 
trails (Si) almost perpendicular to external foliation (Se).  
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Figure 9. Photographs of the dioritic phase of the Breakenridge pluton (IM11-216). 
 (a) outcrop (snow axe for scale), (b) thin section with well-developed foliation defined 

by hornblende and biotite, orange box represents a photomicrograph in (c) and (c) 
photomicrograph with textural relationships, such as metamorphic epidote 
overgrowths over hornblende and biotite, and apparent rotation of a garnet grain; 
mineral abbreviations after Kretz (1983). 

Breakenridge dioritic phase  

In the northern part of the study area, the Breakenridge pluton occurs as a 

medium-grained, light to dark gray, hornblende diorite. The characteristic mineral 

assemblage is plagioclase-hornblende-quartz-biotite-epidote. The microtexture is 

represented by plagioclase porphyroclasts, elongated, poikilitic hornblende with biotite 

rims, metamorphic epidote and quartz with undulatory extinction. Some of the larger 

plagioclase grains preserve oscillatory zoning (Figure 8) often typical of magmatic origin. 

The whole suite crops out as lenses that are intercalated with adjacent country rock. 
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The northern part of the complex has a strong penetrative foliation, defined by 

aligned hornblende and biotite, and generally dips towards the north-northwest (Figure 

8). A shallow north plunging lineation is defined by both mafic and felsic minerals. The 

north part of the complex is folded into near-cylindrical folds, whose axial surfaces strike 

towards the north and west (Figure 7).   

Breakenridge tonalitic phase  

The most common variety of the Breakenridge pluton is a light gray, medium- to 

coarse- grained biotite tonalite (Figure 6). The tonalitic phase is represented by a 

mineral assemblage of plagioclase-quartz-biotite-epidote±muscovite±alkali-feldspar 

±garnet. The foliation typically dips steeply toward the northeast and southwest, and 

commonly shows mica domains anastomosing around quartz-feldspar domains (Figure 

3). Metamorphic minerals are present in the form of garnet and epidote. Epidote is 

localized within the mica- domains, overgrowing the mafic minerals (similar to sample 

IM11-216 in Figure 9). Garnet is also found in mica domains. It is typically small and 

texturally zoned with inclusion-rich cores and inclusion-free rims. 

New Age constraints for the protracted emplacement of the 
Early Cretaceous Breakenridge complex 

Zircon separates from seven samples were analysed (Table 1) - three belong to 

the dioritic phase: IM11-219 (Figure 10), IM11-228 (Figure 11) and IM11-230 (Figure 

12), and four to the tonalitic phase: IM11-25 (Figure 13), IM11-133 (Figure 14), IM11-146 

(Figure 15) and HL11-11 (Figure 16). The zircon crystals are subhedral to euhedral, 

varying in size from 100-300 μm. The CL images revealed that samples from the dioritic 

phase mostly have sector zoning and no inherited cores, but the tonalitic samples 

usually have well developed oscillatory zoning with less common sector zoning, and 

xenocrystic cores that are mostly sector zoned. Most of the samples show thin 

homogenous rims around the crystals. The analyses of the zircon from the dioritic 

phases show a relatively narrow range in ages, from 107-104 Ma (Table 5). Sample 

IM11-219 has the oldest weighted mean age of 106.7 ± 0.4 Ma, followed by IM11-228 

and IM11-230 with weighted mean ages of 105.7 ± 0.2 Ma and 105.3 ± 0.3 Ma, 

respectively (Figure 10, 11, 12). Only few crystals from samples IM11-219 and IM11-228 

have younger weighted mean age of 102.7 ± 0.5 Ma and 103.9 ± 0.2 Ma. A similar age 
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is seen in tonalitic samples (Table 5) HL11-11 (103.8 ± 0.4 Ma) and IM11-133 (103.8 ± 

0.8 Ma). However, the weighted mean ages for the tonalitic phase plot at ca. 101 Ma 

with 101.1 ± 0.4 Ma, 101.6 ± 0.3 Ma and 101.1 ± 0.4 Ma for samples HL11-11, IM11-25 

and IM11-146 (Figure 13, 14, 15, 16). Zircon crystals from sample IM11-25 also have 

inherited cores of ca. 139 Ma and 149.2 ± 0.4 Ma (Figure 13), which is a known age for 

the host Slollicum schist (Journeay and Friedman, 1993). The youngest weighted mean 

age for the tonalitic phase is 100.7 ± 0.3 Ma produced by sample IM11-133 located 

within the centre of the complex (Figure 3). This sample also yielded one zircon crystal 

with slightly less developed oscillatory zoning that was 86 ± 2 Ma (3 spots). This is likely 

related to metamorphic recrystallization or due to inadvertent incorporation in the sample 

of younger melt veinlets related to younger intrusive events in the region of this age 

(e.g., 86-84 Ma Scuzzy pluton; Table 2; Figure 2). 

The data demonstrate that the Breakenridge pluton was emplaced between 107 

and 100 Ma in three distinct phases. The earliest reported phase, 107-105 Ma has not 

been recognized in previous studies. The intermediate phase is 104-102 Ma was 

reported in earlier studies as the older age constraint (103 Ma) for emplacement of the 

Breakenridge pluton (Brown and McClelland, 2000; Brown et al., 2000; Gibson et al., 

2010). The youngest tonalitic phase was emplaced at 101-100 Ma. In summary, the age 

of the Breakenridge pluton is constrained to 107-100 Ma, which is older age range than 

previously reported at 103-96 Ma (Friedman et al., 1995; Feltman, 1997; Lapen, 1998; 

Brown et al., 2000). 
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Figure 10. Zircon U-Pb data for sample IM11-219. 
 Tera-Wasserburg diagram and 206Pb/238U weighted mean ages show two age 

populations: the older one (blue) and the younger one (red) belonging to the dioritic 
phase of the Breakenridge pluton; analytical data is shown in Table 5. 
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Figure 11. Zircon U-Pb data for sample IM11-228. 
 Tera-Wasserburg diagram and 206Pb/238U weighted mean ages show two age 

populations: the older one (blue) and the younger one (red) belonging to the dioritic 
phase of the Breakenridge pluton; analytical data is shown in Table 5. 
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Figure 12. Zircon U-Pb data for sample IM11-230. 
 Tera-Wasserburg diagram and 206Pb/238U weighted mean ages show that it belongs 

to the dioritic phase of the Breakenridge pluton; analytical data is shown in Table 5. 
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Figure 13. Zircon U-Pb data for sample IM11-25. 
 Tera-Wasserburg diagram and 206Pb/238U weighted mean ages (blue) show it 

belongs to the tonalitic phase of the Breakenridge pluton; note the significantly older 
inherited ages (orange and purple; see discussion in text); analytical data is shown 
in Table 5. 
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Figure 14. Zircon U-Pb data for sample IM11-133. 
 Tera-Wasserburg diagram and 206Pb/238U weighted mean ages show three age 

populations: a ca. 104 Ma population (orange) belonging to the intermediate phase 
of the Breakenridge pluton; a dominant 101 Ma population (blue) assigned to the 
tonalitic phase of the Breakenridge pluton; and a minor ca. 86 Ma population (green) 
that is considered to date metamorphic recrystallization or injection of veinlets 
related to a younger, separate intrusive event (see discussion in text); analytical data 
is shown in Table 5. 
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Figure 15. Zircon U-Pb data for sample IM11-146. 
 Tera-Wasserburg diagram and 206Pb/238U weighted mean age of ca. 100 Ma date the 

tonalitic phase of the Breakenridge pluton; analytical data is shown in Table 5. 

 
Figure 16. Zircon U-Pb data for sample HL11-11. 
 Tera-Wasserburg diagram and 206Pb/238U weighted mean ages show two age 

populations-the older (orange) around 104 Ma dates the intermediate phase and the 
younger (blue) around 101 Ma population dates the tonalitic phase of the 
Breakenridge pluton; analytical data is shown in Table 5. 
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Zircon REE patterns 

Trace element composition in zircon has had increasing significance in the 

understanding zircon petrogenesis, such as providing insight into the ambient conditions 

(P-T), sources (e.g., melt versus solid state) and processes (metamorphic versus 

igneous) responsible for zircon crystallization. For instance, several studies have used 

zircon trace element compositions to infer the composition of parental melts and/or 

provenance of zircon crystals (Hoskin and Ireland, 2000; Belousova et al., 2002; Hoskin, 

2003). However, it is still not fully understood if such relationships are meaningful or not. 

Nevertheless, chondrite normalized REE patterns and Th/U ratios can provide useful 

information. For example, a Th/U ratio of lower or equal to 0.1 for zircon is thought to be 

generally characteristic of a metamorphic origin and higher or equal to 0.1 for igneous 

zircon (Rubatto, 2002a,b). As expected, all zircon crystals from the Breakenridge pluton 

have a Th/U ratio of above 0.1 (0.28-0.38) (Table 5). However, younger 86 Ma zircon 

from sample IM11-133 has slightly lower Th/U ratio of 0.1-0.2, which is a bit more 

equivocal regarding whether it indicates on an igneous versus metamorphic origin. 

Chondrite normalized REE diagrams (Figure 17) plotted for the Breakenridge samples 

exhibit enrichment in HREE, notably Lun/Smn ratio in the range of 130 to 260, a positive 

Ce anomaly and a negative Eu anomaly, characteristics typical for magmatic zircon 

(Rubatto, 2002a,b and references therein). Furthermore, the older phases of the 

Breakenridge pluton are more enriched than the younger phases, with the intermediates 

in between. This is likely due to magma fractionation. The same observation applies for 

the younger age groups in samples IM11-133 and IM11-228 (Figure 18a). Only the REE 

pattern for the inherited cores in sample IM11-25 displays a shallower HREE trend and 

higher Ce anomaly, relative to other igneous zircons in this study. However, there have 

been few, if any, studies within the Canadian Cordillera that report REE compositions for 

zircon, preventing further correlations with zircon from other magmatic systems.  
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Figure 17. Chondrite normalized REE patterns of zircon crystals from the Breakenridge 

pluton. 
 Representative compositions were normalized after Sun and McDonough (1989) and 

McDonough and Sun (1995); data is shown in Table 8, as well as the superscripts 
related to the samples. 
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Figure 18.  Chondrite normalized zircon REE patterns. 
 (a) the Breakenridge pluton, (b) Snowshoe pluton, (c) folded pegmatite and (d) 

metamorphic zircon from the Slollicum schist. The range of the REE composition 
patterns in the Breakenridge complex (Figure 17) is highlighted by a gray band and 
is compared to zircon from the other lithologies; as discussed in the text, zircon from 
the pegmatite (c) and the metamorphic zircon from the Slollicum schist (d) have 
noticeably different REE trends; representative compositions were normalized after 
Sun and McDonough (1989) and McDonough and Sun (1995); data is shown in 
Table 8, as well as the superscripts related to the samples. 
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2.5.2. Differentiating a new intrusive suite: The Snowshoe pluton 

The Snowshoe pluton is newly defined in this study. It is distinguished on the 

basis of consistency in age, structure, petrology and a contact zone that differentiates it 

from the Breakenridge pluton. The Snowshoe pluton is elongated and oriented orogen-

parallel, striking northwest - southeast, steeply dipping towards the northeast, and is 

bounded on both sides by subvertical shear zones. The shear zone along the west side 

that delineates the contact between Breakenridge and Snowshoe plutons, is less than 

500 m wide (Figure 5d), with garnet-rich metapelitic layers within it, suggesting the 

presence of country rock between these two plutonic bodies. The eastern shear zone is 

larger, up to one km wide, with dextral shear sense indicators (Figure 19), and may be a 

splay of the Butter creek fault (Figure 2, 3). The pluton has a L- to L-S fabric, with the 

lineation plunging gently towards the southeast. The pluton reaches a maximum width of 

2 km and is at least 5 km long. It is a diorite to quartz-diorite with a mineral assemblage 

consisting of plagioclase-hornblende-biotite-quartz-epidote. Poikilitic hornblende is 

typically rimmed by biotite and defines a locally developed foliation. Small mafic 

enclaves (Figure 20) are elongate and common throughout the pluton, unlike the 

Breakenridge pluton where they are not typically observed.  

Sample IM11-10 from the Snowshoe pluton (Figure 21) has subhedral, sector- 

zoned zircon crystals with no inherited cores and rare, thin, homogenous rims. The U-Pb 

analyses (Figure 21; Table 5) include ages from 96-93 Ma, with a weighted mean age of 

94.1 ± 0.3 Ma. The zircon trace element composition has the same magmatic 

characteristics as samples from the Breakenridge pluton. The Th/U ratio has an igneous 

character of 0.3 and the chondrite-normalized REE pattern is enriched in HREE, notably 

Lun/Smn ratio equal to 144, with a positive Ce anomaly and a negative Eu anomaly, 

similar to the REE patterns for the Breakenridge pluton (Figure 18).  

Three previously analyzed samples from two locations are taken into 

consideration for the constraints on timing of the emplacement of the Snowshoe pluton. 

The samples are compared with the described sample IM11-10. The comparison was 

based on mapped relationships, similarity in petrographic and structural characteristics 

and it was supported by the newly acquired age analysis of the sample IM11-10. The 

previously reported samples are shown in Table 2 and Figure 3, the 96.06 ± 0.02 Ma 
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(location No. 14; Gibson et al., 2010), the 96 ± 1 Ma (location No. 14; Parrish and 

Monger, 1992), and the 96.13 ± 0.01 Ma (location No. 15; Gibson et al., 2010).  

Analogous to the other plutons in the vicinity (Brown et al., 2000), and at the regional 

scale (e.g., Himmelberg et al., 2004; Stowell et al., 2011a,b), the Snowshoe pluton most 

likely had an older pulse, dated at 96 Ma (Table 2; Figure 3), and a younger pulse, dated 

at 94.1 ± 0.3 Ma (this study, sample IM11-10; Table 5). 

Considering the consistency in age, petrology and structure, the Snowshoe 

pluton was likely emplaced in a similar manner to other plutons via shallow, sill-like 

injections. Taking into consideration the previously reported ages of 96 Ma (Table 2; 

Parrish and Monger, 1992; Gibson et al., 2010), the Snowshoe pluton is most likely a 

part of the larger suite of plutons intruded between 97-91 Ma within the Coast Plutonic 

Complex. Similarly, well documented plutons are Spuzzum, Hut Creek and Hornet Creek 

in the vicinity of the current study (Figure 2, 3; Table 2; Brown and McClelland, 2000; 

Brown et al., 2000) and the Mount Stuart batholith farther south in the central Cascade 

Mountains of Washington State (Stowell et al., 2011a,b). Most of them have a 96 Ma 

mafic phase followed by a thicker 93 Ma tonalitic phase, and are elongated parallel to 

the northwest-southeast, with andalusite-bearing wall-rock within the immediate contact 

aureole (Feltman, 1997; Brown and McClelland, 2000; Stowell et al., 2011a,b; Whitney 

et al., 1999). 
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Figure 19. Photographs show a dextral shear zone along the eastern margin of the 

study area that is inferred to be a splay of the Butter Creek fault. 
 The shear zone foliation is penetrative, subvertical, and strikes NW-SE, with 

horizontal lineation; the erosion surface is oriented perpendicular to the foliation and 
parallel to the lineation which provides an optimal perspective for interpreting the 
sense of shear; dozens of shear sense indicators, including the asymmetric 
shearband boudins shown in the inset, consistently demonstrate a dextral shear 
sense.  
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Figure 20. Photograph showing an outcrop of the Snowshoe pluton. 

 A massive texture in outcrop; inset photograph shows the mafic enclaves that are 
characteristically found within the Snowshoe pluton. 
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Figure 21. Zircon U-Pb data for sample IM11-10. 
 Tera-Wasserburg diagram and 206Pb/238U weighted mean plot for zircon U-Pb data 

for the Snowshoe pluton; analytical data is shown in Table 5.
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2.5.3. Insight into the construction of the two plutons 

Construction of the Breakenridge and Snowshoe plutons is interpreted here to 

have occurred as a result of several magmatic pulses. The earliest pulses were more 

dioritic in composition, becoming felsic with time, transitioning to a dominantly tonalitic 

composition by the final stage of the emplacement. The sheeted, originally subhorizontal 

nature of these plutons suggests that sills were formed by lateral injections from feeder-

dikes, a mechanism well understood and described in detail in several studies (Annen, 

2011; Menand, 2011; Miller et al., 2011). The emplacement occurred at relatively 

shallow crustal levels, based on the preservation of andalusite in the immediate wall 

rocks, both as inclusions in garnet and as individual porphyroblasts, suggesting 

pressures of less than 4 kbar at the time of the intrusion (Brown and Walker, 1993; 

Brown and McClelland, 2000; Brown et al., 2000). 

Menand (2011) has suggested that in order to form a sill, magma requires a 

contrast in rigidity between strata, but once emplaced, the sill will likely act as a more or 

less a rigid body controlling subsequent injection, assuming relatively rapid solidification. 

Annen (2011) further explored this concept by describing characteristics of “under-

accretion”, where each subsequent sill is injected under the previous one, and “over-

accretion”, which involves injection atop the previous sill, or “intra-accretion”, with 

emplacement in the middle of the former sill(s). Due to the lack of directly observed 

contacts between different sheets of the Breakenridge complex, interpretation of its style 

of intrusion is based on map-scale structures. The oldest phase of the Breakenridge 

(107-105 Ma) has been mapped only in the northernmost part of the complex, the middle 

phase (104-102 Ma) in the southernmost part of the complex, and the youngest phase 

(101-100 Ma) throughout the complex. The doubly-plunging character of the 

Breakenridge antiform demonstrates that both older phases are structurally higher than 

the youngest phase, presumably physically controlling the injection of the younger 

phase. Therefore, the younger phases were “under-accreted” according to Annen 

(2011), and the complex grew from the top down. The presence of the country rock 

screens also implies that more rigid layers of the Slollicum schist may have played an 

important role in stacking of the successive sills. 
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2.6. Polyphase metamorphic history of the 
Breakenridge complex  

2.6.1. P-T constraints for the Breakenridge complex 

In order to better constrain the tectono-metamorphic evolution of the 

Breakenridge complex, P-T conditions were calculated based on three samples along a 

north-south transect across the length of the complex (Figure 3; Table 3, 4). The 

samples selected from the Breakenridge orthogneiss contain garnet porphyroblasts, 

which are rarely found in the orthogneiss and are thought to have likely formed by 

metasomatic interaction with interbedded layers of the country rock mapped in the 

vicinity of the sample locations (Figure 3). The garnets are less than 1 cm in diameter 

and show no zoning. Biotite, muscovite, plagioclase, amphiboles and quartz were 

analyzed across each grain in order to determine possible difference in rims versus 

cores. They were also analyzed both adjacent to garnet and farther in matrix, whenever 

possible. 

The garnet-biotite Fe-Mg exchange geothermometer (Figure 22) of Ferry and 

Spear (1978) was used on whole garnet and biotite grains. The yielded temperature 

estimates of 570°C in sample IM11-25 near the central core of the complex, 580-630°C 

for sample IM11-133 near the southern end and 650-680°C in sample IM11-216 at the 

north end.  

Geobarometers for each sample were selected according to the mineral 

assemblage that appeared to be in textural equilibrium in each sample. The GMAP 

(garnet-muscovite-annite-plagioclase; Hoisch, 1990; Hoisch, 1991) geobarometer was 

used for sample IM11-25, which consists of plagioclase-biotite-garnet-muscovite-quartz-

epidote. The GMAP stability curves intersect garnet-biotite thermometry lines at 9.3 kbar 

and 10.3 kbar (Figure 22). The GAPQ (garnet-amphibole-plagioclase-quartz; Kohn and 

Spear, 1989; Kohn and Spear, 1990) geobarometer was used for sample IM11-133, 

which consists of plagioclase-biotite-hornblende-garnet-quartz-epidote. The calculated 

GAPQ stability curves intersect the garnet-biotite curves at pressures that range from 

8.0 to 9.2 kbar (Figure 22). Sample IM11-216 consists of a plagioclase-hornblende-

biotite-garnet-quartz-epidote-ilmenite assemblage (Figure 9), which allowed use of the 
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GAPQ. The intersections of three GAPQ stability curves with the garnet-biotite 

geothermometer curves suggest pressures ranging from 6.5 to 7.5 kbar. 

In summary, the P-T space within the Breakenridge orthogneiss shows the 

highest pressures, over 9 kbar, in the central part of the complex, decreasing towards 

the margins where it ranges from 6.5 - 9 kbar. Temperatures are varying from 570-

680°C. 
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Figure 22. Pressure and temperature curves for each sample analyzed in this study 

together with the representative mineral assemblage. 
 P-T curves determined using TWEEQU; photomicrographs show typical mineral 

assemblages; intersection of the pressure temperature curves constrain the P-T 
space of the last recrystallization event for each sample; boxes outlining the 
photomicrograph are color-coded based on the analyzed garnet (i.e., grt 1, grt 2, 
etc.); mineral data are provided in Table 3 for garnet and Table 4 for other minerals 
in the assemblages. 
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2.6.2. Peak P-T constraints for the host Slollicum schist 

The presence of aluminosilicate minerals and their textures within the country 

rock are key to understanding the polyphase metamorphism of this area. Previous 

studies (Feltman, 1997; Lapen, 1998; Brown et al., 2000) reported andalusite 

pseudomorphed by kyanite and/or sillimanite, interpreted as two different metamorphic 

events M2 and M3, respectively, that affected the Breakenridge complex. Sample IM11-

221 was chosen for thermobarometric analysis of the host Slollicum schist at the 

northern end of the complex where it is interbedded with the Breakenridge orthogneiss 

(Figure 3, 23). It is migmatitic schist that consists of large garnet and kyanite 

porphyroclasts in a quartz-feldspar-muscovite matrix with poikiloblastic staurolite (Figure 

23d) and abundant rutile and ilmenite crystals. The predominance of coarse-grained 

quartz and feldspar comprising the matrix, often enveloping the garnet and kyanite as 

pressure shadows (Figure 23d), suggests anatectic partial melting locally. These 

observations are consistent with the placement of the metamorphic assemblage of this 

sample to the right of the granite wet solidus in the NaKFMASH petrogenetic grid of 

Spear et al., 1999) for anatectic pelites at 6.8 kbar and around 650-680°C (Figure 24d). 

Garnet is chemically zoned (Figure 24b,c) and subhedral, with poikiloblastic 

cores and inclusion-poor rims. Inclusions in garnet consist of muscovite, quartz, alkali 

feldspar, staurolite and andalusite. Kyanite both parallels the foliation (S2) and is often 

randomly oriented across it, which suggests the peak assemblage crystallized late syn- 

to post development of S2. Kyanite commonly contains deformation features such as 

undulatory extinction and kink banding (Figure 23e), which, in part, may be due to the 

late upright folding (D3) that affected the Breakenridge complex. Although not clearly 

visible in thin section, the hand sample displays a coarse foliation defined by feldspar 

and muscovite aggregates (Figure 23); however, this foliation may be the result of a 

mimetic overgrowth of the penetrative foliation. Both alkali-feldspar and plagioclase are 

present, but alkali-feldspar is more abundant. In larger ilmenite crystals, rutile is visible, 

overgrowing ilmenite along its fractures.  

Based on the observed mineral assemblage and their textures, three different 

geobarometers were used to constrain the peak pressures and temperatures (M3) 

recorded in IM11-221. The geobarometers include: garnet-kyanite-quartz-plagioclase 
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(GASP; Holdaway, 2001), garnet-rutile-kyanite-ilmenite-quartz (GRAIL; Bohlen et al., 

1983) and GRIPS. Using these three barometers, intersections of the stability curves for 

rims of one garnet porphyroblast suggest peak temperatures of 580°C at pressures of 

6.5 kbar (Figure 22). The intersections attained from rims of the second garnet provide 

higher P-T points with a temperature of approximately 640°C at pressures of up to 8.8 

kbar. These estimates are generally consistent with those provided by Lapen (1998) in 

this part of the Breakenridge complex, as well as those provided by the placement of 

IM11-221 in the NAKFMASH petrogenetic grid (Figure 24d) of Spear et al. (1999). The 

presence of andalusite and staurolite inclusions in garnet are consistent with previous 

studies, and imply that the country rock was previously metamorphosed (M2) during the 

intrusion of the Breakenridge pluton at relatively shallow crustal levels (lower than 4 

kbar; Brown and Walker, 1993). The absence of andalusite and presence of kyanite in 

the matrix imply an increase of pressure while garnet was still growing. This relationship 

is supported by grossular zoning in garnet (Figure 24) marking an increase in pressure 

during growth, as shown in similar studies (Stowell et al., 2011b). 

In summary, the metamorphic record for the country rock adjacent to the 

Breakenridge pluton indicates an early lower pressure (less than 4 kbar) Buchan event, 

likely related to intrusion of the Breakenridge pluton. The Buchan event was followed by 

a pressure increase of up to 8.8 kbar at temperatures of up to 640°C (Feltman, 1997; 

Lapen, 1998 and this study). These metamorphic conditions are consistent with those 

attributed to reflect the peak metamorphism of the metaplutonic samples from the 

Breakenridge complex.  

2.6.3. Monazite and zircon U-(Th)-Pb geochronology:  
age constraints for the peak metamorphism  
in the Slollicum schist  

Sample IM11-221, used to constrain the thermobarometry of the host Slollicum 

schist, was also used to provide constraints on the timing of the peak metamorphic 

conditions using metamorphic monazite and zircon age analyses. Monazite was 

analysed in situ within thin section, while zircon was analysed both in situ and as mineral 

separates.  
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Monazite in BSE images occurs as anhedral, small (ranging up to 100 μm in 

length) mostly homogeneous, unzoned crystals in the matrix, often associated with rutile 

± ilmenite (Figure 25b). Although scarce, monazite occurs as an inclusion in kyanite and 

garnet (Figure 25d,e). The 208Pb/232Th analyses provide an age range of 93-84 Ma 

(Table 6; Figure 25). Monazite is known to be sensitive to a change in P-T conditions, 

and is widely used for dating metamorphic events (e.g., Rubatto, 2002; Gibson et al., 

2003). Accordingly, the range in ages is attributed to this sensitivity. Nevertheless, 

because of the proximity to plutons in the vicinity that range in age from 96-94 Ma and 

93-91 Ma (Table 2; Figure 2) it is not ruled out that the monazite, in part, may have 

grown in response to the intrusion of the plutons. In this study it is interpreted that the 

growth has continued during a non-intrusion related metamorphic event that occurred 

between 91 and 86 Ma. This range is consistent with a previously reported 90 Ma 

monazite age in the Settler schist approximately 36 km to the southeast (Table 2; Brown 

and McClelland, 2000; Brown et al., 2000).  

Zircon crystals from the matrix of IM11-221 are euhedral to subhedral with long 

axes parallel to the foliation. They commonly occur in close proximity to garnet and 

kyanite, paralleling the long kyanite axes. The CL images show small igneous cores with 

sector zoning surrounded by larger, anhedral homogeneous domains. The textural 

characteristic and lack of zoning in the homogeneous domains, as well as their low Th/U 

ratio of 0.02, high U, over 1000 ppm, and high Pb content, about 185 ppm (Table 7), 

strongly suggest that these zircon crystals grew during metamorphism (Hermann and 

Rubatto, 2003). Furthermore, chondrite normalized REE patterns for these 

homogeneous domains have a significantly different pattern and slope than those 

observed for the magmatic zircon (Figure 18), such as a lower abundance in HREE, a 

less conspicuous Ce anomaly and no Eu anomaly.  

The zircon U-Pb analyses in IM11-221 range in age between 89-84 Ma (Table 7; 

Figure 26). The range in ages could be explained either as a consistent growth during 

high temperature metamorphism or as an analytical error caused by the overlap of the 

age domains from two separate precipitation events. Nonetheless, as seen in Figure 26, 

two age groups could be distinguished – an older group with weighted mean age of 87.8 

± 0.4 Ma, and a younger one with weighted mean age of 84.5 ± 0.4 Ma. These two age 

groups can likely be attributed to the same metamorphic event, as mentioned previously. 



 

76 

However, the relative proximity of the large 86-84 Ma Scuzzy pluton (Table 2; Figure 2) 

may indicate that the younger age group is reflecting zircon growth related to the heating 

from the Scuzzy pluton (Figure 2), and the older age group reflects the high-grade 

metamorphism and anatexis caused by a different, non-intrusion related, metamorphic 

event.  

The metamorphic zircon 87 Ma age overlaps with the 91-86 Ma metamorphic 

monazite for this sample. Rubatto and Hermann (2006) showed that during high grade 

metamorphism, monazite in metapelite is capable of growing during sub-solidus, but 

prior to anatexis, unlike metamorphic zircon that typically precipitates later, subsequent 

to the first appearance of melt. Rubatto and Hermann also demonstrated that 

metamorphic zircon overgrowths progressively increase in volume with a corresponding 

increase in partial melting. Therefore, during the non-intrusion related metamorphic 

event, monazite likely started crystallizing by 91 Ma, prior to partial melting. Once partial 

melting was underway, zircon started precipitating around 87 Ma.  

A direct relationship between the metamorphic zircon analyzed and the garnet 

used to provide the peak P-T estimates was not observed. However, several studies 

(Rubatto, 2002a,b, Hermann and Rubatto, 2003) have shown that low Lun/Smn ratios in 

metamorphic zircon with a relative depletion of HREE (Figure 18d) suggest garnet was 

present during zircon crystallization because garnet acts as a sink for HREE. This 

observation has important implications for linking zircon trace element composition with 

metamorphic conditions. Metamorphic zircon analyzed in sample IM11-221 have 

relatively lower Lun/Smn ratio, about 128, versus all other igneous zircon analyzed, which 

indicates that zircon grew in equilibrium with garnet.  

The complementary ages of the metamorphic monazite and zircon suggest that 

what is here attributed to be a peak metamorphism occurred between 91 and 86 Ma, 

and was not related to a pluton intrusion. However, burial and heating may have been 

accentuated by the emplacement of the 96-91 Ma plutons, as suggested based on the 

monazite ages, and the likelihood that partial melting persisted until at least until 84 Ma, 

as suggested by zircon ages. 
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Figure 23. Key textural relationships for the sample IM11-221. 

 (a) photograph of an outcrop showing the interlayering of the migmatitic Slollicum 
schist (light colored layers)  with the dioritic Breakenridge orthogneiss (dark layer); 
(b) close up view of Ms-St-Grt-Ky-Fsp migmatitic schist in (a) with a penetrative 
foliation (S3) defined by the alignment of kyanite and feldspar porphyroblasts; (c) thin 
section photo under cross‐polarised light (color-coded boxes outlining (d) and (e)); 
(d) a sketch of a typical petro-fabric with kyanite long-axis paralleling foliation (S3-4), 
quartz growing in a pressure shadow between two garnet porphyclasts with tension 
fractures nearly perpendicular to the foliation, and muscovite bent around more 
resistant grains; (e) photomicrograph of a kyanite, kinked around garnet, displaying 
undulatory extinction under cross-polars in (c); red arrows represent interpreted 
dextral shear sense; mineral abbreviations after Kretz (1983). 
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Figure 24. Key textural and compositional relationships for the sample IM11-221. 
 (a) photomicrograph of a garnet with the probe transect line A-B used in graphs for 

(b) & (c); note inclusions of staurolite, muscovite and andalusite in garnet; (b) 
electron microprobe analyses along the line A-B; x-axis plots the distance along the 
line, left y-axis plots mole fraction for pyrope, grossular and spessartine components, 
and right y-axis plots mole fraction for almandine component; note a bell-shape 
spessartine and zoning evident in grossular component; (c) bell-shaped Fe/Fe+Mg 
ratio along the A-B line of transect; (d) NaKFMASH petrogenetic grid modified after 
Spear et al. (1999) showing the inferred metamorphic P–T stability field (pink) for 
IM11-221; (e) AFM diagram Spear et al. (1999) showing the inferred placement for 
IM11-221 (red star) based on the assemblage Grt-St-Ky-Ms-Qtz; mineral 
abbreviations after Kretz (1983). 
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Figure 25. Metamorphic monazite U-Th-Pb data from the Slollicum schist (sample 

IM11-221).  
 (a) Weighted mean ages showing the distribution of metamorphic ages; (b) Tera-

Wasserburg diagram showing the same distribution; (c) BSE image showing textural 
relationships of monazite fully enclosed within rutile and ilmenite, adjacent to kyanite, 
paralleling the foliation defined by muscovite and kyanite; (d) photomicrograph 
showing close up view of monazite in (c) in cross polarized light; (e) cross polarized 
photomicrograph showing a monazite inclusion within kyanite; (f) BSE image of a 
monazite inclusion in garnet; note magnified monazite to the right; mineral 
abbreviations after Kretz (1983); analytical data is shown in Table 6.  
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Figure 26. Metamorphic zircon U-Pb data from the Slollicum schist (sample IM11-221).  
 Tera-Wasserburg diagram and 206Pb/238U weighted mean ages with CL images of 

metamorphic zircon; note that all analytical data is represented, but weighted mean 
ages are shown for the older age group (orange) interpreted to reflect peak 
metamorphism and the younger age group (green) interpreted to reflect the age of 
intrusion of the Scuzzy pluton (Figure 2) in the vicinity; CL images of a zircon show 
likely homogenous core with a metamorphic overgrowths in rims; analytical data is 
shown in Table 7.
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2.6.4. Summary of P-T-t constraints for the deep burial of the 
Breakenridge complex 

Crustal loading and deep burial that led to high grade metamorphism recorded 

across the CCO has been the focus of many studies (Rusmore and Woodsworth, 1991; 

Miller et al., 1993; Rusmore and Woodsworth, 1994; Whitney et al., 1997; Whitney et al., 

1999; Brown and McClelland, 2000; Brown et al., 2000; Stowell and McClelland, 2000; 

Rusmore et al., 2001; Rusmore et al., 2005; Stowell et al., 2011a,b). Previous research 

(Feltman, 1997; Lapen, 1998; Brown et al., 2000) proposed that deep burial and 

recrystallization within the study area occurred some time between emplacement of the 

Breakenridge pluton and the younger suite of undeformed plutons (91 Ma). This study 

offers the first definitive P-T-t constraints for peak metamorphic condition in the southern 

Coast Belt based on linking in situ age analysis with minerals used for thermobarometry. 

Monazite and zircon U (Th)-Pb ages show that high grade metamorphism, with peak 

temperatures reaching 680°C and pressures over 9 kbar, were likely attained by 87 Ma, 

possibly as early as 94 Ma, and may have persisted until 84 Ma. The new age 

constraints overlap with those previously reported for this region, but also includes 

notably younger ages for peak metamorphism. Importantly, the age constraints provided 

by this study clearly demonstrate that high grade metamorphism post-dated 

emplacement of the Breakenridge pluton by at least 7 Myr, suggesting magma loading 

by the Breakenridge pluton had a limited role, if any, in the crustal thickening that lead to 

peak metamorphic conditions.   

2.6.5. Timing of the deformation events 

Deformed pegmatite 

Age constraints for D3 deformation affecting the Breakenridge complex come 

from LA-ICPMS U-Pb analysis of zircon (sample IM11-223; Figure 27; Table 5) from an 

upright, openly folded pegmatite that truncates the penetrative foliation and contains 

foliated xenoliths of the host mafic schist (Figure 28). CL images of zircon from the 

pegmatite show euhedral, oscillatory-zoned crystals with xenocrystic cores. Xenocrystic 

cores have two age groups, the older 104.5 ± 0.9 Ma and the younger 91.8 ± 0.5 Ma, 

which are consistent with the age of the plutons in the vicinity (i.e., Breakenridge and 

Snowshoe plutons, respectively). The weighted mean age for the oscillatory-zoned parts 
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of the zircons yield the age of 89.1 ± 0.3 Ma (Figure 27). This overlaps with the 

interpreted age of the peak of metamorphism and a previously reported age of 88.48 ± 

0.08 Ma from a tightly folded pegmatite (Figure 28; Table 2; Gibson et al., 2010) 

approximately 3 km east of the eastern margin of the Breakenridge complex (Figure 3).  

Curiously, zircon trace elements (Table 8) show low Th/U ratio, around 0.04, and 

high U content, higher than 1000 ppm, features typical for metamorphic zircon (Hermann 

et al. 2001), but the chondrite normalized REE pattern (Figure 18) and the sector zoning 

are characteristic of igneous zircon crystals. The high Hf content (higher than 16 000 

ppm) and relatively high concentrations in HREE, notably Lun/Smn ratio equal to 800, 

suggest that garnet and monazite were absent during zircon crystallization (Rubatto, 

2002a,b). 

The hinge of the folded pegmatite plunges at 30° toward 347°. Veins and 

apophyses of the pegmatite are variably boudinaged and folded. Emplacement of this 

pegmatite is interpreted to post-date the development of the penetrative foliation that 

affected the Breakenridge complex, but preceded, or was coeval with, F3 upright folding 

of the complex due to orogen-normal compression. 

Structure of the Breakenridge complex and the Snowshoe pluton 

The earliest phase of deformation that is observed in this study is represented by 

a penetrative foliation (S2) and lineation (L2) that postdates the Breakenridge complex 

(107-100 Ma) that is affected by this deformational event. Foliation strikes northwest and 

dips steeply to the northeast (Figure 7). Lineation trends towards north-northeast with a 

shallow plunge. This event is older or possibly synchronous with the Snowshoe pluton 

(96-94 Ma), as the structural fabric of the pluton is represented only by lineation and 

differs significantly from the penetrative foliation of the Breakenridge complex.  

The third deformation event affected both plutons and previously described 

pegmatite. Within the Breakenridge complex, D2 fabric was folded during D3 event into 

the F3 Breakenridge antiform. The antiform has doubly-plunging geometry, accompanied 

by rare, small scale F3 folds and down-dip lineation (Feltman, 1997). In the southern part 

of the complex, the antiform has subvertical, overturned limbs, striking northwest-

southeast, and in the northern end of the complex near-cylindrical folds are 
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characteristic. Within the Snowshoe pluton, the third deformational event most likely 

caused the development of fabric, recorded as an L-S tectonite. That would indicate that 

the D3 is younger than the Snowshoe pluton (96-94 Ma), however, there are no clear 

indicators of the origin of this mostly linear fabric. Although Brown and McClelland 

(2000) interpreted D3 to be older than the apparently cross-cutting 91 Ma Lillooet pluton 

to the north (Figure 2, 3; Table 2; Lapen, 1998), previously reported metamorphic 

monazite age of ca. 90 Ma (Table 2; Brown et al., 2000) and metamorphic monazite and 

zircon here interpreted to grow during D3 in an age range of 94-84 Ma, most likely 

between 91-86 Ma, show that D3 is perhaps as young as the unaffected 86-84 Ma 

Scuzzy pluton to the east (Figure 2; Brown et al., 2000). The younger ages are 

interpreted to be synchronous with later stages of development of the penetrative 

foliation and early stages of an upright, orogen-normal folding of the complex. The cross-

cutting relationship of the 91 Ma Lillooet pluton documented by Lapen (1998) and Brown 

et al. (2000) remains incongruous with respect to the timing of D3 and peak 

metamorphism. Perhaps the Lillooet pluton acted as a rheologically stiff unit and the 

younger D3 strain was partitioned around it. 
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Figure 27. Zircon U-Pb data for pegmatite (IM11-223). 
 Tera-Wasserburg diagram and 206Pb/238U weighted mean ages with CL images of 

oscillatory-zoned zircon crystals; note the inherited core ages (orange) similar to the 
intermediate phase of the Breakenridge pluton; the ages in pink are likely inheritance 
from the adjacent plutons (Figure 2, 3); the interpreted age for the pegmatite (blue) 
at 89.1 ± 0.3 Ma; analytical data is shown in Table 5. 
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Figure 28. Photographs of folded pegmatites. 
 (a) sample location for HL09-19 (Figure 3; Table 1, 2) whose geometry and age 

provide evidence in support of the orogen-normal compression that affected the 
Breakenridge complex after 89 Ma; (b-d) sample location for IM11-223, showing (b) 
the outcrop, (c) medium –grained apophysis folded by F3 and crosscutting the S2 
foliation, and (d) folded and boudinaged veins of pegmatite; these observations 
suggest that the pegmatite is younger than the S2 foliation of the Breakenridge 
pluton, and pre- to syn D3 deformation. 
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2.7. Tectonic history  

The data presented in this study that constrain the emplacement history, 

deformation and metamorphism of the Breakenridge and Snowshoe plutons, adjacent 

country rock and other plutonic bodies in the vicinity of the study area allowed 

development of a model to explain the tectonic evolution of the southern CCO. The 

timeline for the tectonic evolution of the region is summarized graphically in Figure 29. 

The proposed model is discussed in the following sections, accompanied by Figure 30 

which presents the general tectonic history of the southern CCO after Monger et al. 

(1994), Gehrels et al. (2009) and Monger and Brown (in press), and Figure 31 which is a 

conceptual sketch of the proposed model specific to the Breakenridge complex. 
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Figure 29. Tectono-magmatic timeline. 
 Based on age constraints are given in Table 1, 2; abbreviations for minerals after 

Kretz (1983); abbreviations for plutons: BK- Breakenridge, CC- Clear creek, Hut- Hut 
creek, SS- Snowshoe, SCP- Settler creek, MM- Mount Mason, LL- Lillooet, BS- Big 
Silver, peg- pegmatite. 
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2.7.1. Proposed model 

The proposed model is largely consistent with previously described metamorphic 

and deformational events in Brown and McClelland (2000) and Brown et al. (2000). 

However, data presented in this study suggest that ages used to constrain the timing of 

pluton emplacement and tectono-metamorphic events require modification. In particular, 

the emplacement timing of the Breakenridge pluton and metamorphic events M2 and M3 

need to be adjusted, as well as deformational events D2-D4. Furthermore, this study 

proposes one extra magmatic event, that will have implications for M2, by splitting it into 

two distinct events, here called M2B and M2S (according to each pluton). Since there is no 

new data that have bearing on metamorphic events M1 and M4, and deformational event 

D1 of Brown and McClelland (2000), they will not be addressed in this discussion; 

readers are referred back to the Geologic Setting section and to Brown and McClelland 

for details regarding these events.  
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Figure 30. Generalized tectonic evolution of the southern CCO. 
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 (a) the Early Cretaceous magmatic belt (green dotted line); (b) the northward 
displacement of the San Juan-northwest Cascades nappe related to sinistral 
transpression (related to Figure 31b); (c) the interpreted time for orthogonal 
convergence (related to Figure 31d); (d) the beginning of dextral transpressional 
shearing (related to Figure 31f); (e) the Late Cretaceous magmatism (red dotted line) 
and continued dextral shearing; (f) the Eocene regional extension (orange dotted 
line); abbreviations used for major towns: A- Anchorage, F- Fairbanks, K- Kamloops, 
P- Prince Rupert, T- Terrace, V- Vancouver, W- Whitehorse, Y- Yakutat bay; (b-d) 
are modified after Monger et al. (1994), Gehrels et al. (2009) and Monger and Brown 
(in press), but (a) and (e-f) are presented as in Gehrels et al. (2009).  
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Figure 31. Conceptual tectonic model. 



 

92 

 (a) emplacement of the Breakenridge pluton as a shallow sheeted intrusion 
constructed by sills and feeder-dikes, (b) north-northwestern displacement of the 
present day northwestern Cascades terranes  over the southernmost parts of the 
present day Vancouver Island and southwestern British Columbia (related to Figure 
30b), (c) emplacement of the Snowshoe pluton and other plutons of the same 
magmatic pulse with a similar sheeted style of emplacement as the older magmatic 
pulse in (a), (d) phase of orogen-normal compression related to the transition to 
more orthogonal convergence  of the Farallon plate relative to the North American 
craton (see Figure 30c; Journeay and Friedman, 1993; Gibson et al., 2005 for further 
references), (e) emplacement of the Scuzzy pluton and other plutons of the same 
magmatic pulse with a different style than previous magmatic pulses in (a) and (c), 
(f) large-scale oblique dextral shearing (see also Figure 30d and 30e). Note: for each 
panel y-axis represents approximately 0 to 30 km depth. 
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Emplacement of the Breakenridge pluton: phase one magmatism and 
contact metamorphism (M2B; Figure 31a) 

The first pulses of magmatic activity for the Breakenridge complex occurred at 

107 Ma. Sheet-like intrusions were emplaced at relatively shallow levels in the crust, 

largely concordant with the host strata, the Slollicum schist, until about 100 Ma. When 

describing the history of Mesozoic arc magmatism along the western North American 

margin, Gehrels et al. (2009) described what they referred to as the western magmatic 

belt, which consists of three phases: oldest 177-162 Ma, second 157-142 Ma and third 

118-100 Ma (Figure 30). Based on the timing and location of emplacement, the 

Breakenridge complex is here interpreted to be part of the third phase of the western 

magmatic belt, as it lies to the west of Fraser- Straight Creek fault system that 

accommodated relative dextral movement (Figure 30).  

The emplacement mechanism of the Breakenridge complex is interpreted to 

have involved a granitic magma that was transported to higher crustal levels via dykes, 

and emplaced as sills that interfingered with volcano-sedimentary package of the 

Harrison Lake - Gambier group (Figure 31a). This relationship between the pluton and 

the wall rock was recognized in previous studies (Reamsbottom, 1971; Reamsbottom, 

1974; Feltman, 1997; Brown et al., 2000) and is confirmed in this study by observations 

of preserved contact zones (Figure 5) along the southern and western margin of the 

pluton. Additionally, screens of the Slollicum schist are found throughout the 

Breakenridge complex, from the margins to the core (Figure 3). The interpreted 

emplacement mechanism for the Breakenridge complex is supported by studies of 

similar granitic plutons worldwide (Passchier et al., 2007, Menand, 2011, and references 

therein) that show the main emplacement mechanisms for the granitic magmas involve 

sill-like intrusions fed by feeder-dykes forming both tabular and wedged shaped shallow 

plutons with subhorizontal sheets. As addressed by Menand (2011), in order to form a 

sill, magma requires a contrast in rigidity between strata, but once emplaced, the sill will 

likely act, more or less, as a rigid body that control future construction. Annen (2011) 

further explored emplacement mechanisms and subdivides them into “under-accretion”, 

where younger sills intrude successively below older sills, “over-accretion”, where 

younger sills are emplaced atop older sills, and “intra-accretion”, where younger sills are 

emplaced within older sills. Due to the lack of directly observed contacts between 
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different sheets of the Breakenridge complex, the following interpretation is based on 

map-scale structures. The oldest phase of the Breakenridge (107-105 Ma) has been 

mapped in the northernmost part of the complex, the middle phase (104-102 Ma) in the 

southernmost part of the complex, and the youngest phase (101-100 Ma) in the central 

parts. Considering the doubly-plunging character of the Breakenridge antiform, it can be 

concluded that the older sills were structurally above the younger sills, acting as a 

barrier. Therefore, younger sills were under-accreted as the complex was growing from 

top to bottom. The presence of the country rock screens also implies that more rigid, 

colder layers of the Slollicum schist may have played an important role in downward 

stacking of the successive sills. Furthermore, some studies show that the compositions 

of sheeted plutons tend to have a compositional gradient that is ascribed to be magmatic 

fractionation. This is in agreement with what has been observed for the Breakenridge 

pluton, namely, the transition from dioritic to tonalitic composition. The range in the age 

of these rock suites, which shows that the Breakenridge complex was not intruded in a 

single event, but as a series of repeated magma intrusions has also been documented in 

similar complexes around the world.  

The emplacement of the Breakenridge pluton caused contact metamorphism 

(M2B) and andalusite growth in the host Slollicum schist. Time constrains for the M2B 

event are inferred to be the same as the Breakenridge pluton at 107-100 Ma. The depth 

of the intrusion is interpreted to be less than 4 kbar as indicated by the presence of 

andalusite included in garnet cores in the adjacent country rock and garnet compositions 

characterised by Ca-poor cores (Fig 24; Brown and Walker, 1993; Stowell et al., 

2011a,b). The similarity in igneous composition, zircon trace element patterns and 

structural characteristics suggest a consanguineous source for the different phases of 

the Breakenridge complex. Moreover, a reported age of 102 ± 1 Ma (Figure 3; Table 7; 

Parrish and Monger, 1992) for a dacitic layer within the Harrison Lake - Gambier rock 

package supports the conclusion that the Breakenridge pluton likely represents 

uppermost levels of a magma chamber that intruded into its own volcanic carapace 

(Figure 31).  
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Early to Late Cretaceous orogen-parallel contraction (D2; Figure 31b) 

The penetrative, largely layer parallel foliation (S2) that affected the Breakenridge 

complex has been well documented in previous studies (Feltman, 1997; Lapen, 1998; 

Brown and McClelland, 2000), together with a dominant NW-SE trending (Brown et al., 

2000), orogen-parallel stretching and mineral lineation (L2). The lineation is locally folded 

about F3 fold axes; when unfolded these lineations show that they mainly plunge 

shallowly towards northwest (Figure 7). The penetrative S2 foliation and L2 lineations, as 

well as top-to-the northwest shear sense documented at the north end of the complex 

(Brown and McClelland, 2000) are interpreted to have developed during orogen-parallel 

contraction (Brown and McClelland, 2000; Brown et al., 2000; this study). The orogen-

parallel contraction is proposed to be caused by northward thrusting of the San Juan 

Islands-northwest Cascades terranes over the south end of Wrangellia and the Coast 

Plutonic Complex, as detailed by Brown (2012). According to Brown, four composite 

nappes were stacked up onto each other in an upward younging sequence, in a time 

span of ca. 100 to 80 Ma. The structurally lowest, Chilliwack nappe (Figure 31b), most 

likely overlaid the protolith of the Slollicum schist. The time constraints overlap within 

error of the latest phase of emplacement of the Breakenridge pluton, ca. 100 Ma, and 

the unaffected younger plutons at ca. 96 Ma. These nappes are interpreted to be 

indicative of “large northward motion” (Figure 30; Gehrels et al., 2009) caused by 

sinistral displacement along Early Cretaceous faults that cut and duplicated the 

magmatic arc along the western margin of the North America (Monger et al., 1994; 

Monger and Brown, in press). This movement accompanied the closing of the 

Tyaughton- Methow basin, between 135 and 85 Ma. An alternative model proposed by 

Whitney et al. (1999) argues for orogen-normal contraction due to the collision of the 

Insular and the Intermontane terranes. However, the kinematics responsible for the 

rotational, non-coaxial strain associated with development of L2 (Lapen, 1998) suggest 

that orogen-normal contraction could not be the dominant tectonic process at that time. 

Emplacement of the Snowshoe pluton: phase two magmatism, contact 
metamorphism (M2S) and possible magma loading (Figure 31c) 

The Snowshoe pluton is interpreted to have been emplaced by sill-like injections 

in a similar manner to that of the older Breakenridge pluton, and to other similarly aged 

plutons within the CCO (e.g., Mount Stuart pluton; Stowell et al., 2011a). The gradient in 



 

96 

composition and a younging in U-Pb age (96-94 Ma; Table 1) indicate that magmatic 

fractionation was a dominant process in forming granitic intrusions in this region. Like the 

Breakenridge pluton the Snowshoe pluton is interpreted to have formed as a shallow, 

sheeted intrusion, most likely tabular in shape. Other similarly aged plutons in the vicinity 

of the study area (Figure 2; Table 2; Brown and McClelland, 2000), as well as the Mount 

Stuart pluton farther south (Stowell et al., 2011a,b), have well documented andalusite 

occurrences in the adjacent country rock. Therefore, an additional contact metamorphic 

recrystallization event (M2S) is proposed related to the intrusion of plutons that range in 

age from ca. 97 Ma such as the Snowshoe, Cogburn, Settler, Spuzzum plutons (this 

study; Brown et al., 2000) to the 91 Ma Urquhart and Lillooet plutons (Brown and 

McClelland, 2000; Brown et al., 2000).  

It is not clear if the Snowshoe pluton belongs to the same magmatic belt as the 

Breakenridge pluton or a magmatic belt composed of post-100 Ma plutons proposed by 

Gehrels et al. (2009). According to that study, the accretion of southern Alexander, 

Wrangellia, Stikine and Yukon-Tanana terranes presently found along the Alaskan and 

BC coast occurred at ca. 100 Ma, marking the initial stages of a “post-100 Ma” magmatic 

belt. The same study suggests that the latest magmatic occurrences of the western 

magmatic belt were partially synchronous with the “post-100 Ma” magmatic belt. In this 

study, based on field observations, thermobarometrical, structural and age analyses, 

and supported by other studies (e.g., Stowell et al., 2011a,b), it is shown that the 

Snowshoe pluton (96-94 Ma) predates the main deformational and metamorphic event 

(D3, 94-84 Ma), therefore can not be a part of what Gehrels et al. (2009) described as 

the “post-100 Ma” magmatic belt. This contradiction needs to be addressed in further 

studies.   

Interestingly, there appears to be a difference in the formation of the mid-

Cretaceous plutons in the southern versus northern part of the CCO. Plutons 

constructed between 100 and 90 Ma in Prince Rupert area and southern Alaska are 

reported to contain magmatic epidote and titanite which implies they were emplaced at 

depths over 25 km (Crawford and Hollister, 1982; Zen and Hammarstrom, 1984; 

Crawford et al., 1999). Conversely, plutons in southwestern British Columbia and 

northwestern Washington indicate shallow depths of intrusion typically at less than 10km 

(Brown and Walker, 1993; Stowell et al., 2011a, this study) that are characteristically 
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sheeted suggesting a growth mechanism via sill-stacking. The reported (Gehrels et al., 

2009) magmatic pulses across the Coast Plutonic Complex are consistent with model 

proposed in this study.   

Based on observed geologic relationships and structural data, this study 

proposes that the Snowshoe pluton was intruded at higher structural levels relative to 

the Breakenridge pluton. In that case, the emplacement of the Snowshoe pluton likely 

caused a loading of the crust above the structurally lower Breakenridge pluton (Figure 

31). Passchier et al. (2007) show that many tabular plutons cause down-warping of older 

wall-rock structures; evidence for this may manifest itself as shear zones along their 

margins. The shear zones parallel the margins of the Snowshoe pluton, while the pluton 

itself is largely free of a penetrative solid state strain. This is probably due to refractory 

characteristics of the plutons. Plutons are more competent than schist in a country rock, 

and they often act as rigid bodies. This difference in strain resistance causes the country 

rock to be far more affected than plutons. Thus, if the Snowshoe pluton, and possibly 

other nearby plutons of similar age, was emplaced over the eastern margin of the 

Breakenridge pluton, it would cause a thermal weakening and relative downward motion 

of the country rock between the plutons, which accentuated the burial of the 

Breakenridge complex (Figure 31c). There is a noticeable lack of the younger plutons 

along the west side of the complex, especially compared to the abundance found along 

the eastern side (Figure 2, 3). This pattern might also explain the eastwardly increasing 

metamorphic gradient from lower greenschist facies to the kyanite zone of the 

amphibolite facies described earlier. Nonetheless, this study proposes that the crustal 

thickening and burial of the Breakenridge complex started during D2 event may have 

been further accentuated by subsequent pluton emplacement at higher crustal levels. 

Late Cretaceous orogen-normal contraction and peak metamorphic 
conditions (D3 and M3; Figure 31d) 

The final stage of crustal loading and subsequent folding (F3), including 

development of the NW-SE trending, km-scale Breakenridge antiform, is attributed to 

orogen-normal contraction, leading to the peak metamorphic conditions (M3). The 

regional metamorphism as a result of this compressional regime is recorded from 

southern Alaska (Himmelberg et al., 2004), across the Coast Belt (Whitney et al., 1999), 
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to the Northern Cascades (Stowell et al., 2011a), commonly represented by the 

presence of high grade metamorphic minerals such as kyanite and sillimanite.  

The observation of M3 kyanite and/or sillimanite after M2 andalusite in the pelitic 

country rocks of the study area and surrounding region indicate a history of significant 

increase in the metamorphic grade by crustal thickening. For example, in sample IM11-

221 the presence of andalusite included in garnet (Figure 24) versus the absence of 

andalusite in the matrix suggests that former matrix andalusite was completely replaced 

by kyanite where it was not armoured by garnet. These textures coupled with the 

thermobarometric analyses have confirmed a pressure increase in the wall-rock from 

less than 4 kbar at 107-100 Ma during intrusion of the Breakenridge pluton, to over 9 

kbar, and a moderate temperature increase from 400°C to 680°C during M3 at 91-86 Ma 

(Table 1; Brown and Walker, 1993; Feltman, 1997; Lapen, 1998; Brown and McClelland, 

2000). Furthermore, Brown and Walker (1993) used garnet porphyroblasts strongly 

zoned in the grossular component as evidence for a pressure increase of at least 3 kbar 

during garnet growth. Similar chemical characteristics of garnet are reported in present 

study, and were used as an additional argument to support the interpreted pressure 

increase. These data and observations indicate that garnet initially grew syn- to post- 

andalusite (107-100 Ma; M2B event), and continued to grow during subsequent crustal 

thickening until at least ca. 84 Ma, according to the ages of coexisting metamorphic 

monazite and zircon (Figure 25, 26; Table 1). This diachroneity in garnet growth is not 

uncommon. In several studies, prograde garnet growth has been shown to have 

persisted over at least 25 Myr (e.g., Skora et al., 2009; Cheng et al., 2011). Interestingly, 

the age constraints for M3 acquired in this study (Table 1) agree well with monazite U-Pb 

ages of 91-88 Ma (Brown and Walker, 1993; Brown et al., 2000) and garnet Sm-Nd age 

of 91.3 ± 2.8 Ma (Stowell et al., 2011a,b) in a country rock adjacent to the Mount Stuart 

batholith in the Cascade crystalline core. The similarity in metamorphic ages and 

proximity of these two study areas strongly suggest a similarity in tectonic setting.  

Regionally, timing for the switch from sinistral transpressional convergence to 

more orthogonal compression comes from the interpreted crystallization age of the 

synkinematic 87 Ma Pagoda orthogneiss in the Waddington thrust belt (Rusmore and 

Woodsworth, 1994), which suggests that thrusting in that area was active at 87 Ma. The 

sinistral Granville Channel shear zone was active until ca. 87 Ma (K-Ar biotite age; 
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Chardon, 2003; Andronicos et al., 2003), as well as two other sinistral crustal-scale 

shear zones, the Princie- Laredo and the Kitkatla (Andronicos et al., 1999; Chardon et 

al., 1999). Thus, it seems that the sinistral transpressional shearing likely ended by 87 

Ma, when the dextral shearing is interpreted to have begun. If we assume that the 

transition from sinistral simple shearing to the dextral shearing resulted in a relatively 

short-lived pure shear regime, perhaps we can constrain this transition to be 91-86 Ma, 

based on the age constraints provided above and those for D3 in this study. 

Emplacement of the Late Cretaceous plutonic suite (Figure 31e) 

A largely post-tectonic Late Cretaceous to Early Cenozoic plutonic suite includes 

the ca. 86 Ma Scuzzy pluton within the immediate vicinity of the study (Figure 2; Table 2; 

Brown et al., 2000; Gibson et al., 2010) and other similarly aged plutons across the 

Coast Plutonic Complex. These plutons are part of the most voluminous magmatic 

activity belonging to the Coast Plutonic Complex (Gehrels et al., 2009). They are 

reported from SE Alaska (Himmelberg et al., 2004) to the Cascade crystalline core 

(Brown and Walker, 1993). The contact aureole around the Scuzzy pluton and Al-in-

hornblende barometry within the pluton indicate increased load during its emplacement. 

Brown et al. (2000) used this as evidence supporting their idea of magma loading by the 

Scuzzy pluton. Perhaps magma loading via the Scuzzy pluton contributed, in part, to the 

crustal thickening and heating that led to peak metamorphic conditions in the 

Breakenridge complex. This timing seems plausible (Figure 31e), considering the ca. 86 

Ma age of the Scuzzy pluton overlaps with the interpreted timing of peak metamorphism 

in the Breakenridge complex.  

Strike-slip movement and rapid exhumation (D4; Figure 31f) 

Following the peak of metamorphism from 91-86 Ma, high-angle oblique-slip 

dominantly dextral-normal shear zones facilitated the exhumation of the Breakenridge 

plutonic complex. These shear zones have steep, often sub-vertical foliation (S4) 

paralleling previously developed planar fabrics (Figure 19). Lineations (L4) are usually 

shallow or up to an angle of 45° to the earlier preserved lineation (L3; Lapen, 1998). In 

sample IM11-221 (Figure 23d,e) kinked kyanite with undulatory extinction indicate a 

phase of post- peak metamorphic deformation. This deformation of kyanite suggest that 

the strike-slip movement started in ductile conditions, while the rocks were still hot, and 
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continued during cooling. The shear zones contain multiple indicators that provide 

dextral, top-to-south sense of shear (Figure 19, 23). Shear zones recognized in previous 

studies (Feltman, 1997; Lapen, 1998; Brown et al., 2000), such as the Harrison Lake 

shear zone, Breakenridge fault and Fire creek fault, share these characteristics. They 

are located along the western side of the Breakenridge complex (Figure 2), and separate 

it from much lower grade, zeolite facies rocks found along the west side of Harrison Lake 

approximately 5 km to the west (Figure 2). However, the Butter Creek fault, located 

along the eastern margin of the Breakenridge complex (Figure 3, 19), is still an 

enigmatic fault zone. Previous researchers mapped it as having both east-side-up 

(Monger and Brown, in press) and west-side-up (Journeay and Friedman, 1993) 

displacement. There are no clear indicators of the dip-slip movement, given that majority 

of the observed lineations are N-S trending with a subhorizontal plunge. Nonetheless, 

based on mapping, observations in the field and structural analysis of this study, it is 

clear that the Butter creek fault is a distributed fault zone that includes a significant 

component of (late?) dextral shear that may have overprinted an earlier normal-sense 

component. The Butter Creek fault affected all of the rock packages situated between 

the eastern margin of the Breakenridge pluton to the western margin of the Scuzzy 

pluton, wrapping around the smaller plutonic bodies (Figure 3). Although previously 

described as being cross-cut by the younger plutons such as the Mount Mason and 

Lillooet (Brown et al., 2000), it is proposed here that the Butter creek shear zone deflects 

around them, because the plutons acted as rigid bodies around which the shear zone 

was partitioned into the less competent pelite and psammite.  

The presence of large-scale shear zones is in agreement with similar structures 

along the trend of the orogen. The Coast Shear zone is a subvertical, 800 km long, 

crustal scale structure that separates high pressure amphibolite facies metamorphic 

rocks to the west, from lower pressure, high temperature rocks to the east, and records 

a protracted, polyphase, deformational history (Andronicos et al., 1999; Andronicos et 

al., 2003). It was intruded by synkinematic 83-59 Ma tonalite plutons, also known as the 

Great Tonalite Sill (Hutton and Ingram, 1992; Ingram and Hutton, 1994; Andronicos et 

al., 1999; Chardon et al., 1999; Andronicos et al., 2003). The Coast Shear zone is 

topographically associated with the Work Channel Lineament in Canada and the Coast 

Range Megalineament in Alaska (Chardon, 2003; Andronicos et al., 2003). The 
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relationships between the Butter creek fault and other faults within the study area with 

the Coast Shear zone are unclear, but likely associated with the Late Cretaceous history 

of the CCO.  

According to Feltman (1997) the southern part of the Breakenridge complex 

records Ar-Ar cooling ages of hornblende at ca. 87 Ma and biotite and muscovite at 82 

Ma (Figure 3; Table 2). That means that the southern end of the complex cooled to 

500°C (Harrison, 1982) by the 87 Ma and down to 350 - 300°C by the 82 Ma (Hames 

and Bowring, 1994; Grove and Harrison, 1996; Harrison et al., 2009; Hames, 2010). 

Considering the majority of metamorphic monazite and zircon provide an age range of 

91-86 Ma, which likely constrains, at least in part, when peak temperatures (~680°C) 

were attained, the overlap with Feltman’s cooling ages indicates that the exhumation of 

the Breakenridge must have been rapid. 

2.7.2. Regional significance 

Plate tectonics 

The proposed model supports previously reported mid- to Late Cretaceous 

changes in plate motion along the western margin of the North America (Figure 30). 

Several studies (Chardon et al., 1999; Klepeis and Crawford, 1999; Gehrels et al., 2009; 

Monger and Brown, in press) have described sinistral strike-slip faults accommodating 

orogen-parallel compression until mid-Cretaceous time. However, during the mid-

Cretaceous, sinistral transpression transitioned into dextral transpression. Terranes 

along the western margin of North American started moving relatively northward 

(Monger et al., 1994; Andronicos et al., 1999; Brown et al., 2000; Gehrels et al., 2009, 

Angen et al., 2012). The dextral transpression was followed by Eocene dextral 

transtension (Figure 30).  

As shown in Figs 30 and 31, the 100-96 Ma D2 event was caused by the final 

stage of the orogen-parallel compression related to sinistral transpression, which caused 

the San Juan-northwest Cascades terranes to be thrust over the Harrison-Nooksack 

terrane, the Breakenridge pluton and its country rock. The San Juan-northwest 

Cascades nappe represented a “forearc sliver” that was thrust northward during regional 

sinistral shearing and eventually obducted onto the southern end of Wrangellia and the 
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Coast Plutonic Complex that represented a west jutting salient along the western margin 

of North America (Brown, 2012).  

The 91-86 Ma D3 event is interpreted to be a consequence of orogen-normal 

compression, due to the orthogonal convergence of the Farallon-North American plates. 

This event was synchronous with the peak of metamorphism affecting the study area, 

with pressures over 9 kbar and temperatures up to 680°C. The plate reconstruction 

scenarios typically present the orthogonal convergence occurring at 100-95 Ma (Gehrels 

et al., 2009), however, the kinematic history of the study area indicates that it happened 

later, between 91 and 86 Ma. Observations reported here are in agreement with 

Chardon (2003). Chardon discussed two possible explanations for the apparent conflict: 

a strike-slip accommodating straight-on convergence until 87 Ma, or a left-oblique 

convergence that might have lasted until 87 Ma. 

Subsequent dextral shearing (D4) began while rocks were still deeply buried and 

under high pressures, as multiple dextral shear sense indicators within ductily deformed 

rocks were recorded throughout the study area. The transpression with dextral 

component was accommodated by the previously described fault zones bounding the 

study area to the west and east, such as Harrison Lake, Breakenridge and Butter creek 

fault zones. 

A new model for Crustal Thickening in the southern CCO   

The newly presented data and proposed model advance our understanding of 

the tectonic evolution of the CCO and Canadian Cordillera in general. Firstly, the 107-

100 Ma age constraints for the Breakenridge pluton are older than previously reported 

for mid-Cretaceous plutons of the Coast Plutonic Complex and are significantly older 

than the 91-86 Ma peak metamorphic conditions. The new age constraints show that the 

Breakenridge pluton could not have played a significant role in the magma loading 

model (Brown and Walker, 1993; Brown and McClelland, 2000). Secondly, the 

Snowshoe pluton (96-94 Ma) is a newly proposed plutonic body and it is also older than 

the peak metamorphic ages. The emplacement of the Breakenridge and the Snowshoe 

plutons likely contributed to the overall crustal thickening during the Late Cretaceous. 

This was not fully recognized in studies supporting contraction as the main mechanism 

for the crustal thickening (Journeay and Friedman, 1993; Whitney et al., 1999). This 
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study suggests that the compressional regime was the primary mechanism for the deep 

burial that occurred prior to and during the magmatic pulses. The model presented in 

this contribution is an attempt to unite both models, highlighting the the combined effect 

of contraction and magma loading processes that led to crustal thickening and peak 

metamorphic conditions recorded within the Breakenridge complex. 

2.8. Conclusions 

The Breakenridge complex was emplaced through multiple, shallow, sill-like 

intrusions of dioritic to tonalitic composition in a time span of 107-100 Ma. Proposed age 

constraints are markedly older than previously reported ages for the Breakenridge 

pluton. The Breakenridge pluton represents the first mid-Cretaceous magma pulse within 

the study area. Orogen-parallel deformation occurred during, or shortly following the 

emplacement of the Breakenridge pluton as a result of the northward thrusting of the 

San Juan-northwest Cascades nappe which imparted a penetrative planar and linear 

fabric on the Breakenridge pluton between 100-96 Ma. The second large magmatic 

pulse by similar sill-like intrusions resulted in the emplacement of the Snowshoe pluton 

structurally above the Breakenridge pluton. While intruding during a time span of 96-94 

Ma, it may have downwardly displaced the adjacent wall rock, including the older 

Breakenridge pluton. The Snowshoe pluton belongs to a suite of the Coast Plutonic 

Complex plutons emplaced between 97-91 Ma.  

Orogen-normal compression was a dominant geological process across the CCO 

during the mid-Cretaceous when the Farallon plate was orthogonally subducting under 

the North American margin. The Breakenridge pluton was folded into a doubly plunging 

antiform, paralleling the grain of the orogen. This event also represents the culminating 

stage of crustal thickening and burial of the study area, which resulted in high-grade 

metamorphism, with pressures of over 9 kbar and temperatures of almost 700°C. 

Metamorphic monazite and zircon U-Pb ages show that peak metamorphic conditions 

were developed from 91-86 Ma. Oblique dextral normal-slip ductile fault zones were 

activated while rocks were still hot, possibly allowing rapid exhumation of the 

Breakenridge complex. Synchronous with the dextral transpression was the third 
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magmatic pulse of the study area (post 86 Ma). This Late Cretaceous to Early Cenozoic 

magmatic activity is recorded along the CCO as the most voluminous magmatic stage. 

Crustal loading accentuated by the emplacement of the younger plutons, 

combined with a regional compressional regime, is offered as a possible explanation for 

the deep burial of the Breakenridge complex. This model unites previously contrasting 

models that were proposed to explain crustal thickening and high grade metamorphism 

present in the Coast Cascade Orogen and study area (Whitney et al., 1999; Brown et al., 

2000; Himmelberg et al., 2004; Stowell et al., 2011a). 
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3. Conclusions 

3.1. General conclusions 

Although the main goal of this research was to provide a better understanding of 

how the Breakenridge complex was constructed and developed structurally and 

compositionally through time within a convergent arc setting, this research has tackled 

several new questions and opened many others.  

This study shows that the Breakenridge complex was emplaced at shallow 

crustal levels, within three magmatic pulses, over a protracted period of time (107-100 

Ma). It experienced at least two distinct deformational events that led to the 

recrystallization at peak metamorphic conditions with pressures of over 9 kbar at 

temperatures up to 680°C. The newly acquired age constraints show that the pluton is 

older than previously reported 103-96 Ma age and significantly pre-dates the peak 

metamorphism at 91-86 Ma. 

A new plutonic body, the 96-94 Ma Snowshoe pluton, is identified in this study 

and is thought to belong to a larger magmatic pulse, intruded between 96 and 91 Ma 

across the orogen. These plutons appear to exhibit a similar emplacement mechanism 

as the older Breakenridge pluton which is interpreted to have occurred by shallow, 

multiple, sill-like intrusions. 

Based on newly collected data, and supported by previous studies, a new model 

for the tectonic evolution of the Breakenridge complex and the surrounding region is 

proposed. Similar to a study in the Prince Rupert area to the north (Crawford et al., 

1999), the model presented here incorporates a combination of mid-Cretaceous pluton 

emplacement and crustal thickening by thrusting (Figure 30, 31). It represents a 

multistage tectonic history that reveals a change in overall convergence of the Farallon 
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plate under the North American craton, occurring synchronously with the development of 

mid-Cretaceous plutons and batholiths.    

3.2. Cretaceous development of the Breakenridge complex 
and new constraints for the tectono-magmatic 
evolution of the southern CCO  

The model presented accounts for the emplacement history, deformation and 

metamorphism of the Breakenridge and Snowshoe plutons, adjacent country rock and 

other plutonic bodies in vicinity of the study area within the context of the CCO. 

3.2.1. Emplacement of the Breakenridge pluton: phase one 
magmatism and contact metamorphism (M2B) 

Between 107 and 100 Ma the first pulses of mid-Cretaceous magmatic activity 

are recorded by a series of sill-like intrusions fed by dikes largely concordant with the 

host strata, the Slollicum schist. The composition changed with time, from a more mafic, 

dioritic phase in the earlier stages to a more felsic, tonalitic phase in the later stages of 

emplacement. The proposed age for the Breakenridge pluton differs markedly from the 

103-96 Ma age range previously reported (Brown and Walker, 1993; Journeay and 

Friedman, 1993; Brown and McClelland, 2000), which was partly due to the inadvertent 

inclusion of a younger plutonic suite, differentiated in this study. The presence of 

andalusite inclusions and Ca-poor garnet cores in the host country rock suggest that the 

intrusion of the Breakenridge pluton occurred in relatively shallow crustal levels 

corresponding to less than 4 kbar and resulting in Buchan metamorphism (M2B) within 

the contact aureole. 

3.2.2. Orogen-parallel contraction (D2): northward thrusting and 
sinistral shearing  

The penetrative foliation (S2) and NW-SE trending, orogen-parallel stretching and 

mineral lineation (L2) record an event that affected the Breakenridge pluton after 

emplacement. The lineation mainly plunges shallowly towards N-NW, and locally to S-

SE. The S2 foliation and L2 lineation, as well as top-to-the NW shear sense documented 
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at the north end of the complex (Brown et al., 2000) are interpreted to be formed by 

orogen-parallel contraction (Feltman, 1997; Lapen, 1998; Brown et al., 2000; this study). 

The orogen-parallel contraction was caused by northward overthrusting of the 

Cascades-San Juan Islands nappes, related to the sinistral transpressional shearing 

reported by several studies (Hutton and Ingram, 1992; Ingram and Hutton, 1994; 

Crawford et al., 1999; Klepeis and Crawford, 1999). The Cascades-San Juan Islands 

nappe was thrust over the south end of Wrangellia and the Coast Plutonic Complex 

(Brown, 2012) in the mid-Cretaceous. According to Brown, thin thrust sheets were 

stacked up onto each other in an upward younging sequence, with Chilliwack terrane 

being the lowest thrust over the Harrison-Nooksack terrane. Time constrains for this 

event overlap with the latest stage of emplacement of the Breakenridge pluton (100 Ma) 

and the intrusion of the Snowshoe pluton (96 Ma).  

3.2.3. Emplacement of the Snowshoe pluton: phase two 
magmatism and contact metamorphism (M2S) 

The Snowshoe pluton was emplaced from 96 to 94 Ma by sill-like injections 

similar to the Breakenridge pluton. The gradient in composition, from dioritic to tonalitic, 

which correlates with a younging in zircon U-Pb ages indicates that magmatic 

fractionation was ongoing during pluton emplacement. Other plutons within the southern 

Coast Plutonic Complex, such as Mount Stuart pluton (Stowell et al., 2011a) have similar 

characteristics (Brown and Walker, 1993; Brown and McClelland, 2000; Gehrels et al., 

2009). Contact metamorphism (M2S) is related to the intrusion of these plutons and it is 

recorded by growth of andalusite and Ca-poor garnet cores in the adjacent wall-rock 

(Stowell et al., 2011a). 

Data and observations made in this study suggest that the Snowshoe pluton was 

emplaced in structurally higher levels than the older Breakenridge pluton. Emplacement 

of the Snowshoe pluton may have caused some down-warping of the structurally lower 

Breakenridge pluton and accentuated its burial following orogen-parallel contraction. 
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3.2.4. Orogen-normal contraction (D3) and peak metamorphic 
conditions (M3) 

Crustal thickening and burial of the Breakenridge complex started during D2 and 

was likely further accentuated by subsequent pluton emplacement at higher crustal 

levels. However, the final stage of crustal loading that led to peak metamorphic 

conditions (M3) and folding (F3) is attributed to orogen-normal contraction. The regional 

metamorphism (M3), represented by the presence of kyanite, sillimanite and migmatite, 

culminated during the regional orthogonal compression and was recorded all the way 

from southern Alaska (Himmelberg et al., 2004), across the Coast Belt (Whitney et al., 

1999), and to the south within the Northern Cascades (Stowell et al., 2011a). It is now 

clear that sinistral-oblique convergence between the Farallon oceanic plate and North 

American craton was recorded, signalling a shift from orthogonal to dextral-oblique 

convergence as expected between 91-86 Ma (this study; Chardon, 2003). 

The D3 event is recorded by the northwest-southeast trending km-scale 

Breakenridge antiform that folded the penetrative S2 and L2 fabrics. During D3 the 

Snowshoe pluton developed its L-S tectonite fabric. D3 also folded a ca. 89 Ma 

pegmatite that cross-cut the S2 foliation and contained xenoliths of the intruded S2-

foliated rock. 

Thermobarometry on peak metamorphic M3 assemblages characterized by 

occurrences of kyanite and sillimanite that post-date M2 andalusite and strong Ca-zoning 

in garnet suggest a pressure increase in the wall-rock from less than 4 kbar to over 9 

kbar (this study; Feltman, 1997; Lapen, 1998; Brown et al., 2000). Initial garnet growth 

was interpreted to be syn- to post- andalusite growth during M2B event (107-100 Ma), 

with continued growth during subsequent crustal thickening. Garnet Nd-St ages from the 

studies within the Northern Cascades (Stowell et al., 2011a,b) show that garnet grew at 

90-89 Ma. This age range overlaps with metamorphic monazite and zircon analyzed in 

this study which suggests peak metamorphism occurred between 91-86 Ma.  

The pressure estimates within the study area decrease from the south-central 

part towards north from 10 to 7 kbar, whereas temperatures increase from 570°C up to 

680°C in the same direction. The pressure gradient is interpreted to be a consequence 

of a regional F3 folding. Higher pressures are recorded in the core of the doubly-plunging 
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F3 anticline that controls the map-scale geometry of the Breakenridge complex, and is 

lower along the margins. The cause for the temperature gradient is unknown but might 

be attributable to a younger plutonic suite emplaced in the vicinity parallel to the 

northeastern margin of the Breakenridge complex.    

3.2.5. Emplacement of a younger Late Cretaceous plutonic suite: 
phase three magmatism  

The Late Cretaceous to Early Cenozoic plutonic suite is widespread across the 

orogen and has been referred to as the Coast Mountain Batholith (Andronicos et al., 

2003). It comprises plutons that range in age from 88-45 Ma, including the voluminous 

86-84 Ma Scuzzy pluton immediately to the northeast of the study area (Figure 2; Brown 

and McClelland, 2000; Brown et al., 2000). These plutons are variously interpreted to be 

emplaced at both shallow and deep levels of Earth’s crust (Hutton and Ingram, 1992; 

Ingram and Hutton, 1994; Himmelberg et al., 2004).     

3.2.6. Oblique strike-slip shearing and rapid exhumation (D4) 

Syn- to post- the peak metamorphic, high-angle oblique-slip dextral-normal shear 

zones likely facilitated the exhumation of the Breakenridge complex. According to 

Feltman (1997) the Breakenridge complex records Ar-Ar cooling ages of hornblende and 

micas to be ca. 87 and 82 Ma, respectively, which suggests the complex cooled to 

500°C (Harrison and Fitz Gerald, 1986) by the 87 Ma and to 350 - 325°C by the 82 Ma 

(Grove and Harrison, 1996 and Harrison et al., 2009). Considering the majority of 

metamorphic monazite and zircon provide an age range of 91-86 Ma that likely 

constrain, at least in part, when peak temperatures (approximately 680°C) were attained, 

the exhumation of the Breakenridge had to be rapid, with a cooling rate on the order of 

60°C/Myr. Harrison Lake shear zone, Breakenridge, Fire Creek and Butter Creek faults 

are the only identified structures so far that may have accommodated the rapid 

exhumation of the Breakenridge complex. 

The shear zones have steep, often sub-vertical foliation (S4) paralleling 

previously developed planar fabrics. Observed kinking of kyanite with undulatory 

extinction and fractured garnet indicate a phase of post- peak metamorphic deformation 
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(Figure 23). It is interpreted to reflect the strike-slip shearing that initiated in ductile 

conditions and continued during cooling. The shear zones, which include the Harrison 

Lake shear zone, Breakenridge and Fire creek faults, contain multiple shear sense 

indicators that provide dextral, top-to-south sense of shear. They are located along the 

western side of the Breakenridge complex.  

The Butter creek fault, on the eastern margin of the Breakenridge complex, is an 

enigmatic fault zone previously mapped as both east-side-up and west-side-up 

displacement (Friedman et al., 1992; Journeay and Friedman, 1993; Monger and Brown, 

in press). There are no clear indicators of the dip-slip movement given that majority of 

the observed lineations are N-S trending with a subhorizontal plunge. It is proposed that 

Butter creek fault should be considered as a reactivated and distributed shear zone. The 

Butter creek fault was most likely accommodating dip- to oblique- slip movement in the 

early stage of dextral transpressional regime, and primarily dextral strike-slip in later 

stages. It has affected all of the rock packages situated between the eastern margin of 

the Breakenridge pluton and the western margin of the Scuzzy pluton. The map patterns 

indicate that it wrapped around these plutonic bodies because they likely acted as rigid 

bodies around which the shear zone was partitioned into the less competent pelite and 

psammite.  

3.3. Future work 

The focus of this study was the Breakenridge complex, which was mapped and 

analysed in detail in its southern and northern area. However, the central part of the 

complex was not accessible for mapping due to the dense woods and steep topography. 

With new age constraints for the geologic evolution of the complex, a detailed map of the 

central area is needed. 

This study opened many questions relating to the other plutons in the vicinity, as 

well as the extent of faults present in this area. For example, according to Gibson et al. 

(2010) the Clear Creek pluton was synchronously emplaced with the Breakenridge 

pluton at 102 Ma. Based on its present texture (Brown and McClelland, 2000), the Clear 

Creek pluton most likely shares the polyphase metamorphic and deformational history of 
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the Breakenridge pluton. Additional detailed mapping would be ideal to compare with the 

data collected for the Breakenridge pluton. Another pluton to take into consideration is 

the Big Silver pluton. According to age analyses that constrain it to 90-89 Ma, (Brown 

and McClelland, 2000; Gibson et al., 2010) it is partly synchronous with the peak 

metamorphic conditions (91-86 Ma), but displays characteristics different from the other 

proposed magmatic pulses (96-94 Ma and 86-84 Ma; this study). A detailed map might 

elucidate the structure and age of the Big Silver pluton, as well as the relationships with 

other plutons and peak metamorphism. Lastly, the Scuzzy pluton (86-84 Ma; Brown and 

Walker, 1993; Brown and McClelland, 2000) is a voluminous pluton that is partly 

synchronous with the peak metamorphic conditions identified in the Breakenridge 

complex. What is its relationship to the peak of metamorphism and why is it not 

deformed? 

The Butter creek fault and other large fault systems in the study area need to be 

revisited in order to definitively establish their style, timing and sense-of-shear. More 

importantly, the spatial distribution and mutual relationships between these fault systems 

and other large structures (Coast shear zone, Work Channel Lineament; Andronicos et 

al., 1999; Crawford et al., 1999; Andronicos et al., 2003) along the CCO have to be 

clarified in order to fully understand the tectonic evolution of the Canadian Cordillera.   
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Appendix A.  
 
Detailed Petrology, Petrography and Mineral Analyses for 
the Breakenridge complex, Harrison Lake, British Columbia 
The most representative samples across the study area, containing metamorphic index minerals, 
were cut for thin sections and polished. Polished thin sections with pristine minerals and 
characterized by the presence of textural equilibrium were analyzed with the Scanning Electron 
Microscope at Simon Fraser University. The most instructive thin sections from textural and/or 
mineralogical perspective were chosen for further analyses. Sample IM11-221 described as 
garnet-kyanite schist was collected from one of the screens of the Slollicum schist as a country 
rock hosting plutonic sills in the northern part of the Breakenridge complex. Samples IM11-25, 
IM11-133 and IM11-216 belong to the Breakenridge orthogneiss. The first two samples were 
collected from the southern part of the metaplutonic body and were also used for the U-Pb age 
analysis. Sample IM11-216 belongs to the northern extent of the older phase of the metapluton.  

Petrology and Petrography of the Slollicum schist  
The protolith of the Slollicum schist is a stratigraphic succession of sedimentary and volcanic 
rocks that range in age from Middle Triassic to Early Cretaceous (Monger, 1986). This arc-related 
assemblage is divided into a lower metasedimentary and an upper metavolcanic unit (Feltman, 
1997 and references therein). The U-Pb ages for the volcanic protoliths range between 176-146 
Ma (Journeay and Friedman, 1993) and up to 102 Ma (Parrish and Monger, 1992).   

Some of the significant lithologies within the Slollicum schist are metaconglomerate and 
metapelite, layers of metasedimentary unit, and rhyolitic to andesitic flows and tuffs of 
metavolcanic unit. Metaconglomerate contain volcanic, plutonic, pelitic and quartzite clasts in 
matrix of volcanic origin. Pelitic layers consist of both metapelite and psammite, also referred to 
as aluminous schist (Lapen, 1998). The southern extent of this layer has distinct rust-colored 
outcrops with dark gray, strongly foliated fresh surfaces (Feltman, 1997). The eastern and 
northern exposures are gray, strongly foliated, and rich in garnet, muscovite, staurolite and 
kyanite. Appropriate mineralogical composition of this rock sequence has been used for 
thermobarometric calculations.  

The metavolcanic unit is exposed as a schist of different composition and metamorphic grade. As 
described by Feltman (1997), the chlorite schist, sitting in the southwestern part of the study area 
transitions towards the northeast into plagioclase-hornblende schist, characterized by 
metamorphic hornblende that commonly crosscuts the foliation. Plagioclase-biotite schist 
outcrops close to the southwestern rim of the Breakenridge orthogneiss. Lapen (1998) described 
mafic and felsic schist within the northern part of the study area, being penetratively deformed in 
the form of L-S tectonites.  

The sample IM11-221 is garnet-kyanite schist that represents the country rock metamorphism. It 
consists of large garnet and kyanite porphyroclasts in quartz-feldspar-muscovite matrix with 
presence of staurolite, rutile and ilmenite grains. Garnet is sub- to eu- hedral, with poikiloblastic 
cores and inclusion-poor rims. Inclusions in garnet are muscovite, quartz, alkali feldspar and 
andalusite (Figure 23). Andalusite is present only as an inclusion in garnet core. Kyanite parallels 
the foliation and contains deformation features such as undulatory extinction and kink bands. 
Although not as clearly visible in thin section, as in hand sample, foliation is defined by muscovite. 
Alkali feldspar is more abundant than plagioclase. Staurolite has characteristic swiss-cheese 
texture in smaller grains. Subhedral grains of ilmenite and rutile are present in the matrix.  
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Petrology and Petrography of the Breakenridge complex 
The Breakenridge plutonic body has distinctive phases of dioritic to tonalitic composition. This 
study proposes that the evolution of the Breakenridge complex started at 106 Ma with dioritic 
phase and ended at 100 Ma with tonalitic phase of magmatic intrusion. 

The sample IM11-25 is biotite-metatonalite and consists of plagioclase-biotite-garnet-muscovite-
quartz-epidote mineral assemblage. Biotite is associated with epidote aggregates and it defines a 
foliation within a coarse-grained quartz and plagioclase rich metaplutonic rock. Although scarce, 
muscovite is commonly found between garnet and biotite grains. There is a certain degree of 
doubt whether the equilibrium is preserved in this sample. The reason for doubt is broken garnet, 
although with no evidence of alteration (Figure 22). However, consistency with older data 
collected in this study and previous studies provide a higher degree of confidence in the 
calculated temperatures and pressures. 

The sample IM11-133 consists of plagioclase-biotite-hornblende-garnet-quartz-epidote 
assemblage. This finer-grained metatonalite has plagioclase, garnet and quartz grains mostly 
equal in size. Hornblende and garnet are mostly euhedral, and plagioclase and quartz sub- to 
anhedral. Biotite grains are large with plagioclase, quartz and garnet inclusions (Figure 22). 
Garnet grains are texturally zoned with a poikiloblastic core and inclusion-free rims, with no 
chemical zoning. 

The sample IM11-216 is metadiorite that consists of a plagioclase-hornblende-biotite-garnet-
quartz-epidote-ilmenite assemblage. Felsic minerals form plagioclase- and quartz- rich layers 
parallel to the foliation. Mafic minerals are also parallel to the foliation with characteristic large 
hornblende porphyroclasts, rimed by biotite. Within mafic aggregates, epidote is abundant, garnet 
scarce. Minerals are mostly coarse-grained, sub- to anhedral. Elongated minerals commonly 
provide shear-sense indicators (Figure 22). 

Mineral analysis 
Minerals from described four thin sections, with the representative textural and/or mineralogical 
characteristics, were analyzed with the Cameca SX-50 electron microprobe at University of 
British Columbia. Beam current of 20 nA was used with accelerating potential of 15 kV and beam 
diameter of about 2 microns, running for 20 s or 10000 counts. Plagioclase, garnet, ilmenite, 
micas, hornblende and epidote were analyzed for F, Na, Mg, Al, Si, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, 
Nb and Ta. At least two, and up to six, mineral grains per mineral group per sample were 
analyzed, with the exception of plagioclase in the schist sample. Data is presented in Table 15, 
16.  

Plagioclase. The feldspar component of the metaplutonic samples largely consists of plagioclase. 
Medium- to coarse-grained, typically twinned, plagioclase grains are sometimes zoned. Analyzed 
minerals are homogeneous, regardless of the distance from garnet grains. Anorthite composition 
varies from 24 to 60 % depending on the sample. Average values are 33 % for the sample IM11-
25, 46 % for IM11-133 and IM11-221 and 56 % for IM11-216.     

Garnet. Spot traverses across garnet grains were undertaken in order to identify chemical 
zonation. Average distance between spots, depending on the size and mineral inclusions, was 
0.03 mm, becoming denser closer to the rims. Garnet grains in the samples of plutonic origin are 
typically small and texturally zoned, with no chemical zoning.  Almandine component is dominant 
for each sample, varying from an average of 49 % for IM11-25 to 56 % for IM11-133 and IM11-
216. Grossular has an average of 38 % for IM11-25, 27% for IM11-133 and 17 % for IM11-216. 
Spessartine component is higher in IM11-25 and IM11-216 with an average of 8 % and 14 % 
(respectively). Pyrope component varies from 3 % to 11 % per sample. Garnet grains in the schist 
sample (IM11-221) are significantly larger, up to 3 cm in diameter. Analyzed grains are chemically 
zoned. The average almandine component of about 80 % in the garnet core becomes slightly 
enriched toward the rims, up to about 84 %. Similar to the almandine, the pyrope component has 
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a concave shape across the garnet grain, with a lower core component (4.5 %) that rises towards 
the rims (up to 8 %). Conversely, the outline of the spessartine distribution has a convex shape 
with a higher concentration in core (4.5 %) and lower in rims (1 %). The grossular component has 
probably the most instructive outline of the distribution, with inner core characterized by an 
average of 11 %, and outer core shows higher concentration of up to 13 %. Nevertheless, rims 
show significant decrease in grossular component to as low as 5 %. The calculated Fe/Fe+Mg 
ratio has a distinct bell shape, showing depletion from about 0.945 in the core to less than 0.915 
towards the rims. 

Biotite. The most common mafic mineral in orthogneissic samples from the southern study area, 
biotite is less abundant in plutonic rocks in northern part of the study area and it is absent from 
the schistose sample. Biotite grains are almost always aligned, defining the foliation of the rock. 
In several samples biotite forms rims around hornblende or is in the gaps between amphibolitic 
grains. It is pleochroic in plane light and has characteristic bird-eye extinction under cross 
polarized light. Chlorite overgrowths are common; however those samples were not used for 
mineral analysis. The FeO/FeO+MgO ratio for analyzed biotite in sample IM11-25 is 0.59-0.61. 
The same ratio for samples IM11-133 and IM11-216 is 0.47-0.5. Unlike sample IM11-25 where 
biotite is the only mafic mineral, the other two samples have both hornblende and biotite as mafic 
minerals. Accordingly, this may be one of the possible explanations for the lower FeO/FeO+MgO 
ratio in those samples compared to IM11-25. Fe-Mg distribution across biotite grains is likely 
influenced by Fe-Mg diffusion caused by the proximity of garnet grains. 

Muscovite. Muscovite is typically scarce in samples of plutonic origin. When present, it is fine- to 
medium-grained, aligned parallel to the foliation, and has an average K2O/K2O+Na2O+CaO ratio 
of 0.96. Unlike granitoid samples, the schist sample (IM11-221) has more abundant muscovite 
paralleling the foliation. Analyzed grains within the matrix have the K2O/K2O+Na2O+CaO ratio of 
0.81. Although present, muscovite inclusions in garnet were not analyzed with EMP. 

Hornblende. Hornblende in the plutonic rocks is abundant in the northern study area and scarce 
in the southern area. Hornblende is often light green, sometimes with even blue shades, possibly 
marking a transition towards other amphibolitic minerals. Grains are always aligned parallel to the 
foliation and are pleochroic. Small euhedral grains are evenly distributed in sample IM11-133, 
and anhedral are rotated in sample IM11-216. Some of the larger porphyroclasts have biotite rims 
and serve as useful shear sense indicators. These grains typically have inner poikiloblastic zones 
and outer zones with significantly less inclusions. The orientation of inclusions within the inner 
zone forms an acute angle (about 45°) with the external foliation. Mineral analysis of hornblende 
shows homogenous composition, similar in both samples.       

Ilmenite. Ilmenite is found only in the samples from the northern study area as subhedral to 
anhedral grains. Ilmenite grains are homogenous within the same sample, but their composition 
differs among the samples. Ilmenite from the metaplutonic sample has higher iron and 
magnesium content, but lower titanium then ilmenite in the schist. 

Epidote

 

. Epidote is abundant in metaplutonic rocks and is typically associated with mafic 
minerals. Grains are subhedral to anhredral, with high relief. Some textural characteristics, such 
as epidote overgrowths, suggest its metamorphic origin. Analyzed grains are homogeneous 
within a sample, and their compositions slightly change between samples.  
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Appendix B.  
 
Geochronology - complete collection of CL images  
with LA-ICPMS ages and spot locations 
 

 
B 1 Zircon LA-ICPMS spot locations for the sample IM11-219 



 

124 

 
B 2 Zircon LA-ICPMS spot locations for the sample IM11-228 
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B 3 Zircon LA-ICPMS spot locations for the sample IM11-230 
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B 4 Zircon LA-ICPMS spot locations for the sample IM11-25 
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B 5 Zircon LA-ICPMS spot locations for the sample IM11-133 
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B 6 Zircon LA-ICPMS spot locations for the sample IM11-146 
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B 7 Zircon LA-ICPMS spot locations for the sample HL11-11 
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B 8 Zircon LA-ICPMS spot locations for the sample IM11-10 
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B 9 Monazite LA-ICPMS spot locations for the sample IM11-221 
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B 10 Zircon LA-ICPMS spot locations for the sample IM11-221 
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B 11 Zircon LA-ICPMS spot locations for the sample IM11-223  
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