
Late Cretaceous to Paleocene evolution of the Blanchard 
River assemblage, southwest Yukon; implications for 
Mesozoic accretionary processes in the northwestern 

Cordillera  

by 

Lianna Vice 

B.Sc., Carleton University, 2015 

 

Thesis Submitted in Partial Fulfillment of the 

Requirements for the Degree of 

Master of Science 

in the 

Department of Earth Sciences 

Faculty of Science 

 

© Lianna Vice 

SIMON FRASER UNIVERSITY  

Fall 2017 

Copyright in this work rests with the author. Please ensure that any reproduction  
or re-use is done in accordance with the relevant national copyright legislation. 



ii 

Approval 

Name: Lianna Vice 

Degree: Master of Science 

Title: Late Cretaceous to Paleocene evolution of the 
Blanchard River assemblage, southwest Yukon; 
implications for Mesozoic accretionary processes in the 
northwestern Cordillera 

Examining Committee: Chair: Brent Ward 
Professor 

 Dan Gibson 
Senior Supervisor 
Professor 

 Steve Israel 
Co-Supervisor 
Project Geologist 

 Derek Thorkelson  
Committee Member 
Professor 

 Jim Monger 
External Examiner 
Emeritus Geologist 
Geological Survey of Canada - Pacific 

  

Date Defended/Approved: November 2, 2017 

 

  



iii 

Abstract 

Bedrock mapping, petrography and U-Pb in-situ monazite and detrital zircon geochronology 

elucidates the geological evolution of the Blanchard River assemblage, southwest Yukon. The 

Blanchard River assemblage belongs to a series of Middle Jurassic to early-Late Cretaceous 

pull-apart basinal assemblages deposited between the Insular and Intermontane terranes. 

Detrital zircon maximum depositional ages from 130-120 Ma suggest Early Cretaceous 

deposition of the Blanchard River assemblage along the western Laurentian margin, detritus 

was sourced primarily from inboard Intermontane terranes with minor input from outboard 

Insular terranes. Collapse of the Blanchard River basin is recorded by 83-76 Ma deformation 

and associated amphibolite-facies metamorphism, interpreted as the timing of terminal Insular 

terrane accretion to the western Laurentian margin. A second phase of Blanchard River 

assemblage metamorphism indicates ca. 70 Ma retrograde metamorphism associated with 

exhumation. Intrusion of the Ruby Range suite induced contact metamorphism within the 

Blanchard River assemblage from 63-61 Ma.  

Keywords:  Tectonics; Metamorphism; Structural geology; Yukon; Canadian Cordillera; 

Geochronology 
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Introduction 

The Canadian Cordillera represents an accretionary orogen consisting of a 

collage of terranes. Although it is a relatively young mountain belt, with most of the 

deformation occurring in the Mesozoic, it contains rocks that record a history extending 

back approximately 750 Ma to the breakup of the supercontinent Rodinia (Monger and 

Price, 2002; Colpron et al., 2006). Convergent margin tectonism along the western North 

American margin, probably caused by the westerly drift of North America accompanied 

by terrane accretion from possibly latest Paleozoic time to early Cenozoic time, resulted 

in the current arrangement of terranes seen today (Figure 1.1; Monger et al., 1982; 

Monger and Price, 2002; Colpron et al., 2007). Five primary morphogeological belts 

have been identified based on bedrock geology combined with physiographic features. 

From east to west these belts include the Foreland, Omineca, Intermontane, Coast and 

Insular belts (Sutherland Brown et al., 1971; Wheeler and Gabrielse, 1972). The 

morphogeological properties defining these belts emerge from the varied tectonic 

process that created them, providing a simplified spatial and tectonic framework for 

describing geological relationships, particularly in the southern Canadian Cordillera. This 

simplified delineation is broadly applicable in the north, although it is not a perfect 

representation.  

The eastern Canadian Cordillera, is comprised of rocks associated with Ancestral 

North America, and are considered either autochthonous or parautochthonous. 

Westwards from the autochthon, the boundary with the peri-Laurentian realm 

(parautochthon) is marked by slivers of Slide Mountain terrane, a Late Devonian to 

Permian oceanic terrane representing a rift basin that once separated the continent and 

these allochthonous pericratonic terranes (Colpron et al., 2006, 2007; Dusel-Bacon et 

al., 2006). The Intermontane terranes (Yukon-Tanana terrane, Stikinia, Quesnellia) 

make up the pericratonic terranes that were initially accreted onto the western margin in 

Triassic through Jurassic time (Colpron et al., 2006, 2007; Nelson et al., 2013). This 

episode of arc accretion was accompanied by a major phase of orogenesis and tectonic 
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thickening along the western margin of Laurentia, causing pericratonic rocks such as the 

Yukon-Tanana terrane to undergo intense deformation and metamorphism. 

 
Figure 1.1  Terrane map of the Canadian-Alaskan Cordillera.  
The tectonic realms are specified within the legend. Jura-Cretaceous basinal assemblages are 
highlighted in maroon along the margin between the Insular and Intermontane terranes. The 
region of interest (Figure 1.2) containing the field area is indicated by a black dashed box. 
Abbreviations: BC – British Columbia; NWT – Northwest territories; USA – United States of 
America. Figure modified from Colpron and Nelson, 2011.  

Farther west, in a more oceanward position with respect to the western edge of 

the North American craton, are the Insular and northern Alaska terranes, including the 

Alexander terrane and Wrangellia. These terranes are interpreted to have evolved in the 

Arctic realm during the Paleozoic, and have no evidence of prior relationship to the 

western margin of Laurentia before that time (Colpron et al., 2007). Timing and 

mechanisms for accretion of the northern Alaska-Insular terranes onto the western 
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margin of the Intermontane terranes is a contentious topic in Cordilleran geology as 

there is an apparent discrepancy in the timing of accretion of the Insular terranes along 

the Coast belt of BC, Yukon and Alaska. There are two principal and contrasting models 

that have been proposed to reconcile the diachronous accretion of the Insular terranes. 

Critical to both models is a series of Jura-Cretaceous basinal assemblages that were 

once deposited between the Insular and Intermontane terranes. The first model, using 

Andean style accretion, interprets that initial accretion of the Insular terranes occurred in 

the Middle Jurassic. Accretion was followed by southwards sinistral movement of the 

Insular terranes initiating the opening of pull apart basins, which subsequently collapsed 

in the mid- to Late Cretaceous (Monger et al., 1994; Gehrels et al., 2009). The second, 

and most recent, model is based on an archipelago style of accretion and suggests that 

there was a set of fairly wide ocean basins between the Insular and Intermontane 

terranes in which these basinal assemblages were deposited with a west-dipping 

subduction system outboard of the paleo-margin of Laurentia (Sigloch and Mihalynuk, 

2013; Sigloch and Mihalynuk 2017). Protracted westward subduction of 2000-4000 km 

of oceanic lithosphere led to closure of these intervening basins and accretion of the 

Insular terranes from the latest Jurassic into the Eocene (Sigloch and Mihalynuk, 2013; 

Sigloch and Mihalynuk 2017). 

In the first of these models initial accretion of the northern Alaska-Insular terranes 

onto the western margin of the Intermontane terranes is thought by some workers to 

have begun as early as the latest Early to Middle Jurassic, based on information from 

the central Coast Mountains in southeastern Alaska and west-central British Columbia 

(BC) (McClelland and Gehrels, 1990; McClelland et al., 1992; van der Heyden, 1992; 

Saleeby, 2000; Gehrels, 2001). Evidence for Middle to early-Late Jurassic initial 

accretion of the Insular terranes in the northern and central Coast Mountains is provided 

by Middle Jurassic volcanic rocks that overlap Alexander terrane and western portions of 

Yukon-Tanana and Stikine terranes (Gehrels, 2001). Additionally, Late Jurassic (162–

139 Ma) dikes (Saleeby, 2000) cross-cut a low angle thrust fault that placed Yukon-

Tanana and Stikine terranes atop Alexander terrane (Gehrels, 2001). In the central and 

southwestern Coast Mountains, Middle and Late Jurassic ductile deformation and folding 

is attributed to the initial collision of the Insular terranes with the Intermontane terranes 

that made up the western North American margin at that time (van der Heyden, 1992; 

Monger and McNicoll, 1993; Gehrels et al., 2009; Nelson et al., 2013). After Middle 
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Jurassic initial accretion, a series of post-accretion arc-rift basins are interpreted to have 

opened up between and the Insular and Intermontane terranes after ca. 150 Ma 

(McClelland et al., 1992; Monger et al., 1994; Gehrels et al., 2009). Evidence from the 

Gravina belt suggests sediment sourcing from terranes on either side, although primarily 

from the west, indicating that these terranes sat in proximity to one another after the 

Middle Jurassic (Gehrels et al., 1992; Kapp and Gehrels, 1998; Nelson et al., 2013; 

Yokelson et al., 2015). The second model contends that there is no geological evidence 

for a connection between the Insular and Intermontane terranes prior to the Late 

Jurassic (Sigloch and Mihalynuk, 2013; Sigloch and Mihalynuk 2017). 

In contrast to Middle Jurassic initial accretion, within central Alaska and 

southwestern BC there appears to be at least some components of the Insular terranes 

that did not accrete until mid- to Late Cretaceous time (Monger et al., 1982; Monger et 

al., 1994; Ridgway et al., 2002; Trop and Ridgway, 2007; Hampton et al., 2010; Hults et 

al., 2013). In Alaska and Yukon, turbidite sequences correlative with the Gravina belt, 

such as the Dezadeash Formation and Nutzotin assemblage, have not recorded obvious 

detrital ties to the peri-Laurentian terranes suggesting that they were not in proximity to 

the North American margin during their deposition (Gehrels et al., 1992; Hults et al., 

2013; Nelson et al., 2013). The presence of younger basinal assemblages, such as the 

Kahiltna assemblage in Alaska and the Late Cretaceous Kluane schist in the Yukon that 

appear to have been sourced strictly from the Laurentian margin, indicates that this 

northeastern part of the basin was separated from the Insular terranes (i.e., separating 

the northern end of Wrangellia from the Intermontane terranes) until Late Cretaceous-

Paleocene time (Israel et al., 2011; Nelson et al., 2013). If these basins did not have any 

sourcing from the Insular terranes for their late-Early Cretaceous deposition there could 

not have been terminal accretion of the Insular terranes in the north until the Late 

Cretaceous, significantly later than Middle Jurassic accretion observed in the central 

Coast Mountains (McClelland and Gehrels, 1990; McClelland et al., 1992; van der 

Heyden, 1992; Saleeby, 2000; Gehrels, 2001). In the archipelago model, workers have 

suggested that the lack of mixing of detritus in these basins supports their interpretation 

that large ocean basins and a subduction zone separated the Insular and Intermontane 

terranes until the Latest Jurassic into the Eocene (Sigloch and Mihalynuk, 2013; Sigloch 

and Mihalynuk, 2017). These basinal assemblages, which can be found juxtaposed 

between the Insular and Intermontane terranes along the length of the Canadian and 
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Alaskan Cordillera (Figure 1.1), record interactions between these terranes during the 

latter half of the Mesozoic. This highlights the importance of these basinal assemblages 

in determining the timing and style of accretion of the Insular terranes onto the western 

Cordilleran margin. The geological evolution of these Jura-Cretaceous basins in 

southwestern Yukon remains poorly understood. Thus, research into the timing and style 

of deposition, deformation and metamorphism of these basinal assemblages will help to 

elucidate the history and style of Insular terrane accretion onto the North American 

margin.  

This study focuses on a region in southwest Yukon that has been identified as a 

zone of juxtaposition of the Yukon-Tanana terrane, of the Intermontane terranes to the 

east, and the Insular terranes to the west (Figure 1.2) (Nelson et al., 2013; Bordet et al., 

2015). This zone is occupied by enigmatic metavolcanic and metasedimentary basinal 

assemblage rocks belonging to the Triassic-Jurassic Bear Creek assemblage, the Jura-

Cretaceous Dezadeash Formation, the early Late Cretaceous Kluane schist and the 

recently identified Blanchard River assemblage, which is the focus of this project. The 

tectonic setting of these assemblages and their interactions with one another are poorly 

defined as few detailed studies have focused on this region. Notwithstanding, regional 

bedrock mapping in this area has indicated that all assemblages in this region record 

multiple stages of deformation and metamorphism (Eisbacher, 1976; Lowey, 2000; 

Mezger et al., 2001a; Mezger et al., 2001b; Israel et al., 2011; Bordet et al., 2015). Thus, 

a primary goal of this project is to provide information that can be used to better illustrate 

the depositional history of these Jura-Cretaceous basins, in particular the Blanchard 

River assemblage, and the tectonic processes that have affected them. 
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Figure 1.2 Terrane map of southwestern Yukon. 
Jura-Cretaceous basinal assemblages are juxtaposed between the Yukon Tanana terrane, of the 
Intermontane terranes and the Insular terranes (Wrangellia and Alexander terrane). Dashed box 
outlines the field area for the present study within the Kluhini and Takhanne River map sheets. 
Abbreviations: AK- Alaska; YT- Yukon Territory; BC- British Columbia. Figure modified after 
Colpron and Nelson (2011) and Bordet et al. (2015). 

The Blanchard River assemblage in southwestern Yukon is found in the Kluhini 

River and Takhanne River map areas (Figure 1.2), and is interpreted to be a basinal 
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assemblage containing high-grade metapelitic and metapsammitic rocks that underwent 

at least two stages of deformation (Bordet et al., 2015). Previous bedrock mapping 

(Kindle, 1952; Bordet et al., 2015) identified the Blanchard River assemblage as a thick 

metasedimentary package of unknown age and tectonic affinity. In the study area, 

Bordet et al. (2015) recognized that part of the Snowcap assemblage, which is the 

basement to Yukon-Tanana terrane, has been thrust over the Blanchard River 

assemblage. Interleaved with the Blanchard River assemblage are variably deformed 

meta-igneous rocks ranging in age from 78-76 Ma (S. Israel, pers. com. 2017), which 

collectively have been intruded by the Paleocene Ruby Range suite (Israel et al., 2011; 

Bordet et al., 2015). 

 In this study, 1:10 000 scale bedrock mapping, structural, metamorphic and 

geochronologic analyses were used to constrain the style and timing of deposition, 

deformation, metamorphism and exhumation of the Blanchard River assemblage. 

Understanding these processes provides important insight into the poorly understood 

Late Cretaceous to Paleocene tectonics in the region. The results of this study are 

presented in two paper-style chapters within this thesis; consequently, there is some 

redundancy between the chapters (for example in rock descriptions and figures). 

Chapter 2 defines the lithological characteristics and depositional history of the 

Blanchard River assemblage, incorporating U-Pb detrital zircon geochronology with field 

observations. The results are used to characterize the age, stratigraphy, basic structural 

relationships and identify the provenance of the Blanchard River assemblage. Chapter 3 

addresses the tectono-metamorphic history of the Blanchard River assemblage using in-

situ U-Th-Pb geochronology of metamorphic monazite coupled with detailed 

metamorphic petrography and structural analyses to assess timing of metamorphism 

and deformation that has affected the Blanchard River assemblage. Results from this 

study are used to examine and refine models of the Cretaceous architecture and 

tectonic evolution of this part of the Northern Cordillera. 
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Early Cretaceous deposition and provenance of the 
Blanchard River assemblage, southwest Yukon and 
its implications for Mesozoic accretionary processes 
in the northwestern Cordillera 

2.1. Abstract 

In southwest Yukon, a series of Jura-Cretaceous basinal assemblages record a 

complicated tectonic history of Mesozoic-Paleocene development of the western edge of 

the northern Cordillera related to the juxtaposition of the Insular (Wrangellia and 

Alexander terrane) and Intermontane terranes (Yukon-Tanana terrane). These 

assemblages include: the latest Triassic Bear Creek assemblage (204 Ma), the Late 

Jurassic Dezadeash Formation (164-150 Ma), the early Late Cretaceous Kluane schist 

(94 Ma) and the Blanchard River assemblage (126 Ma), which is the focus of this study. 

The Blanchard River assemblage is a poly-deformed and metamorphosed Early 

Cretaceous marine clastic sequence structurally overlain by Proterozoic to Devonian 

meta-siliciclastic rocks of the Yukon-Tanana terrane. Blanchard River assemblage 

detrital zircon ages include a prominent peak between 199-190 Ma, which indicates 

sediment was primarily sourced from North American rocks to the east (present day 

coordinates), namely the Yukon-Tanana terrane and plutons within it. Minor sediment 

sourcing is reflected in a detrital zircon peak that includes ages typical of plutons in the 

Insular terranes (125-120 Ma), suggesting proximity of the Insular terranes to the 

Blanchard River basin and Intermontane terranes during the Early Cretaceous. 

Conformably underlying the Blanchard River assemblage is the informally named latest 

Jurassic Vand creek assemblage, with detrital zircon signatures indicating sources from 

both the Intermontane (ca. 190 peak) and the Insular (ca. 155 Ma peak) terranes.  

By comparing detrital signatures from the Blanchard River and Vand Creek 

assemblages with other Jura-Cretaceous basins in southwest Yukon we propose a 

tectonic reconstruction that depicts the interactions between the Insular and 

Intermontane terranes from Middle Jurassic into latest Cretaceous time. Our 

reconstruction supports tectonic models proposing sediment deposition within pull-apart 
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basins formed during latest Jurassic to Early Cretaceous sinistral transpression along 

the boundary between the Insular and Intermontane terranes, which displaced the 

Insular terranes southwards. In the mid- to Late Cretaceous time, post-dating the 

deposition of the Blanchard River assemblage, there was a tectonic transition to a 

compressional regime followed by a dextral transpressional regime which caused 

northeastward movement of the Insular terranes and initiated the Late Cretaceous 

collapse of these basins. In southwest Yukon, subsequent metamorphism and 

deformation from compressional tectonism is evidenced by Late Cretaceous deformation 

and amphibolite facies metamorphism in the Blanchard River assemblage related to its 

underthrusting beneath the Yukon-Tanana terrane.  

2.2. Introduction 

A series of Jura-Cretaceous basinal assemblages are found along the western 

Canadian and Alaskan Cordillera between the outboard Insular terranes and the inboard 

Intermontane terranes (Figure 2.1) (McClelland et al., 1992; Monger et al., 1994; 

Gehrels et al., 1992; Evenchick, 2001; Mezger et al., 2001a; Mezger et al., 2001b; 

Rusmore et al., 2005; Hampton et al., 2010; Israel et al., 2011; Hults et al., 2013; Bordet 

et al., 2015). These basinal assemblages include the Methow-Tyaughton, Gravina, 

Nutzotin, Kahiltna, and the Dezadeash Formation, which record both the depositional 

history of the basins, as well as complicated tectonic processes that brought them 

together (Figure 2.1; Gehrels et al., 1992; McClelland et al., 1992; Monger et al., 1994; 

Evenchick, 2001; Rusmore et al., 2005; Hults et al., 2013). Although integral to 

understanding the tectonic evolution of this part of the Cordillera, the depositional 

mechanisms of these basins, the relationships between them, the cause and timing of 

their collapse, and the timing of accretion of the Insular terranes continues to be widely 

debated. In southwest Yukon Jura-Cretaceous basinal assemblages include: the upper 

portion of the Bear Creek assemblage, the Dezadeash Formation, the Kluane schist, the 

Vand Creek assemblage and the Blanchard River assemblage, which is the focus of this 

study.  



10 

 
Figure 2.1 Terrane map of western Canadian and Alaskan Cordillera. 
Jura-Cretaceous basinal assemblages are highlighted from southwestern BC into Alaska. The 
inset map shows the regional geology of southwestern Yukon including the Jura-Cretaceous 
basinal assemblages juxtaposed between the Insular and Intermontane terranes. Dashed line 
box in southwest Yukon map shows the location of the study area (Fig. 2.2). The location of 
sample 13SI294 is indicated here as it falls outside of the study area. YT- Yukon Territory; BC- 
British Columbia, AK- Alaska. Terrane map modified from Israel et al. (2011); inset map modified 
from Nelson et al. (2013) and Bordet et al. (2015) 

The Blanchard River assemblage is a recently identified polydeformed 

metasedimentary package found in the Kluhini and Takhanne River map areas of 

southwest Yukon (Figure 2.2) (Bordet et al., 2015). To the east it is structurally 

overthrust by the Proterozoic to Devonian Snowcap assemblage of the Yukon-Tanana 

terrane, and is separated from the Dezadeash Formation to the west by the Tatshenshini 

shear zone, an enigmatic structural feature in the region (Figure 2.2). Early Cretaceous 

detrital zircon ages from the Blanchard River assemblage are markedly younger than 

other assemblages in the region, apart from the Kluane schist to the north (Israel et al., 

2011). From Alaska to southwestern British Columbia (BC), basinal assemblages like 

those in southwest Yukon are centrally located along the boundary between the 

Intermontane and Insular terranes and record a seemingly contradictory accretionary 

history for the Insular terranes when comparing interpretations from southwestern BC, 
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west-central BC and south-central Alaska. The central location of southwest Yukon 

along this belt, and the recent identification of these rocks illustrates the importance of 

the Blanchard River assemblage and elucidating its Early Cretaceous paleo-depositional 

environment. Furthermore, results from this study will provide additional insight into the 

late Mesozoic architecture of the western Canadian Cordilleran margin during and 

following initial accretion of the Insular terranes. 

New detrital zircon data from southwest Yukon presented herein, provide a 

means to correlate the Jura-Cretaceous basins found in west-central BC and southern 

Alaska, and offer additional information for a better understanding of the timing of 

terminal accretion of the Insular terranes. Results from this study define protoliths, the 

provenance and depositional environment for the Blanchard River assemblage. In order 

to identify sources of detritus and timing of deposition for the Blanchard River 

assemblage, we compare detrital zircon U-Pb geochronology from the study area to 

other Jura-Cretaceous basins in southwest Yukon, as well as basins in a similar tectonic 

setting observed in Alaska and western BC. These results are then used to develop a 

paleotectonic reconstruction of the western margin of North America from the Middle 

Jurassic into the Late Cretaceous. This reconstruction is based primarily on the inferred 

tectonic environment of the basinal assemblages within southwest Yukon (including the 

Bear Creek assemblage, the Dezadeash Formation, the Blanchard River assemblage 

and the Kluane schist) combined with previous paleo-reconstructions along strike to 

those in the Yukon predicted from similar basinal assemblages in BC and Alaska 

(Gehrels et al., 2009; Hampton et al., 2010; Yokelson et al., 2015).  
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Figure 2.2 Bedrock geology map of the Kluhini and Takhanne River map areas. 
Detailed maps from this study are outlined in dashed boxes. UTM projection is NAD 83 zone 8. 
Legend on following page. Detrital sample 13SI294 location can be found in Figure 2.1.Map and 
legend modified from Bordet et al. (2015). 
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2.3. Geological Framework 

2.3.1. Regional Tectonic setting  

Along coastal BC, Yukon and southern Alaska the Coast plutonic complex 

represents the zone of juxtaposition of Insular and Intermontane terrane rocks and 

records tectonic interactions between them (Monger et al., 1982). The Coast plutonic 

complex is comprised of magmatic rocks of Jurassic to Tertiary age, as well as rocks of 

both the Intermontane and Insular terranes that they intrude (Monger et al., 1982; 

Stowell and Crawford, 2000). Overlapping the Insular and Intermontane terranes, and 

partially intruded by magmatic rocks of the Coast plutonic complex, are a series of Jura-

Cretaceous basinal assemblages (Wheeler and Gabrielse, 1972; Roddick, 1983; 

Wheeler and McFeely, 1991). Our understanding of the interactions between the Insular 

and Intermontane terranes, as well as the basins juxtaposed between them, remains 

equivocal. Two principal models exist to reconcile the interactions between the Insular 

and Intermontane terranes using these basinal assemblages. The first model, which is 

an Andean style model, suggests that these basinal assemblages represent pull-apart 

basins that opened up between the Intermontane and Insular terranes after the initial 

Insular terranes accretion in the Middle Jurassic (McClelland and Gehrels, 1990; van der 

Heyden, 1992; Monger and McNicoll, 1993; Monger et al., 1994; Gehrels, 2001). The 

second model, based on an archipelago style of accretion, proposes that these basinal 

assemblages represent the remnants of a large Jura-Cretaceous paleo-ocean basin 

(Mezcalera and Angayucham oceans) that separated the Insular and Intermontane 

terranes until the diachronous accretion of the Insular terranes from 155-50 Ma (Sigloch 

and Mihalynuk, 2013; Sigloch and Mihalynuk 2017).  

The first model, based primarily on work in west-central BC and southeastern 

Alaska, advocates for initial accretion of the Insular terranes onto the western margin of 

Laurentia during the Middle Jurassic (McClelland and Gehrels, 1990; van der Heyden, 

1992; Monger and McNicoll, 1993; Gehrels, 2001). However the available information 

indicates that terminal accretion of the Insular terranes; in southwest BC occurred in late 

Early to mid-Cretaceous (105-95 Ma); in central Alaska occurred in Late Cretaceous 

time (Monger et al., 1982; McClelland et al., 1992; Hampton et al., 2010; Hults et al., 

2013). In an attempt to reconcile these discrepancies, some workers argue that following 

Middle Jurassic accretion, a period of sinistral transpression caused southward 
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movement of the Insular terranes along the western Laurentian margin after ca. 150 Ma  

in attempts to reconcile the observed geology where two magmatic bodies of the Coast 

plutonic complex appear to have been juxtaposed, trapping previous forearc basinal 

assemblages such as the (Tyaughton-Methow assemblages) into a backarc basin 

between them (Monger et al., 1994; Umhoefer et al., 2002; Gehrels et al., 2009; 

Yokelson et al., 2015). The sinistral movement is thought to have triggered the opening 

of a series of pull-apart basins between the Intermontane and Insular terranes from the 

Late Jurassic into the Early Cretaceous. These basins include the Gravina-Nutzotin belt 

in Alaska and west-central BC and the Dezadeash Formation in Yukon (Monger et al., 

1994; Gehrels et al., 2009). The recent model using archipelago style accretion of the 

Insular terranes has brought into question the Middle Jurassic ties between the Insular 

and Intermontane terranes (Sigloch and Mihalynuk, 2013; Sigloch and Mihalynuk 2017). 

Using mantle tomography, Sigloch and Mihalynuk (2013; 2017) argue for the presence 

of vertical slab walls that were formed by westward subduction of large tracts of oceanic 

lithosphere between the Insular and Intermontane terranes. They contend that evidence 

for the closure of the intervening ocean basins leading to the progressive accretion of 

the Insular terranes from 155-50 Ma is preserved in the Jura-Cretaceous basinal 

assemblages within the Coast belt (Sigloch and Mihalynuk, 2013; Sigloch and Mihalynuk 

2017). Furthermore, the tectonic evolution of the Jura-Cretaceous basins clearly has 

important implications with regard to elucidating the accretion history of the Insular 

terranes and their interactions with the previously accreted Intermontane terranes. A 

critical test for either model (Andean vs archipelago accretion) is the use of detrital 

zircon analyses to determine the provenance of the sediments deposited in these 

basinal assemblages. The relative abundance of detrital zircon from either the 

Intermontane or Insular terranes can be used as a proxy to assess the proximity of these 

terranes and their relative contributions to the deposition of the basinal assemblages.  

Detrital zircon analyses for Jura-Cretaceous assemblages in west-central BC, 

southwest Alaska and south-central Alaska have indicated that detritus was shed into 

these basins from components of the Insular terranes (Alexander, Wrangellia and 

associated intrusions) on the west side and the Intermontane terranes (Yukon-Tanana 

and associated intrusions) on the east side from the Late Jurassic into the Late 

Cretaceous (Gehrels et al., 2009; Hampton et al., 2010; Hults et al., 2013; Yokelson et 

al., 2015). Intrusions of the Coast plutonic complex also provided a significant source for 
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Mesozoic detrital input for these basins as they link the Intermontane and Insular 

terranes along the extent of the western North American Cordillera (Monger et al., 1982, 

1994; McClelland et al., 1992; Gehrels, 2001; Gehrels et al., 2009). Furthermore, in 

west-central BC, the Coast plutonic complex has been differentiated into western and 

eastern magmatic entities based on distinct times of magmatic influx within the Insular 

versus Intermontane terranes, respectively (Gehrels et al., 2009; Yokelson et al., 2015). 

Thus, detrital zircon derived from the Coast plutonic complex intrusions and related 

intrusions in the northern and southern Cordillera represent an important tool for 

fingerprinting potential source regions for the Jura-Cretaceous basins from either side of 

the basin, additional to the detrital zircon originating from the Intermontane and Insular 

terranes. Notwithstanding, our limited understanding of the correlations, if any, between 

the northern and southern Jura-Cretaceous basinal assemblages and their relative 

sourcing from either side of the basin highlights the importance for further research in 

this part of the northern Cordillera, particularly in southwest Yukon where limited studies 

have investigated the geological evolution of the Jura-Cretaceous basins (Eisbacher, 

1976; Mezger et al., 2001a; Mezger et al., 2001b; Lowey, 2007, 2011; Israel et al., 2011; 

Bordet et al., 2015).  

Yukon-Tanana Terrane and associated intrusions 

The Yukon-Tanana terrane makes up much of the basement of central Yukon, 

easternmost Alaska and the Coast Mountains of northwestern BC, and typically 

represents the Intermontane terranes discussed in this study (Colpron et al., 2006; 

Nelson et al., 2006). The geology of the Yukon-Tanana terrane is comprised of 

continental margin deposits, arc, and back arc rocks that are Proterozoic, Devonian-

Mississippian, Pennsylvanian and Permian in age (Nelson et al., 2006). The oldest part 

of the Yukon-Tanana terrane is the Snowcap assemblage, which is interpreted to have 

rifted off the Laurentian margin from Late Devonian to Mississippian time, and is 

characterized by quartzite, pelite, psammite, marble, calc-silicate and minor 

metavolcanic/meta-intrusive rocks (Colpron et al., 2006). The Snowcap assemblage 

provided a basement onto which younger arc systems were formed (Nelson et al., 

2006). The Snowcap assemblage and younger arc assemblages built on it were 

accreted onto the western Laurentian margin in early Mesozoic time (Nelson et al., 2006, 

Colpron et al., 2006; Nelson et al., 2013 and references therein) and possibly as early as 

latest Permian time (Beranek and Mortensen, 2011). Post-accretion magmatic rocks 
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intruded the Yukon-Tanana terrane, include Early Jurassic and mid-Cretaceous 

batholiths, as well as smaller, younger bodies (Joyce et al., 2016; Nelson et al., 2006).  

Magmatism documented within the Yukon-Tanana terrane occurred during Late 

Devonian to Mississippian (365-330 Ma), and Late Permian (264-252 Ma) time, with a 

period of limited magmatism from the Pennsylvanian through to the Early Permian 

(Colpron et al., 2006; Nelson et al., 2006). Precambrian detrital zircons found within the 

Yukon-Tanana terrane range from 2.8-1.7 Ga (Gehrels, 2002). Late Triassic to Early 

Jurassic plutons related to the development of the Intermontane Stikinia-Quesnellia arc 

system intruded into the Yukon-Tanana terrane in three main suites from 220-206 Ma, 

204-195 Ma, and the most western of these intrusions between 190-178 Ma (Gordey 

and Makepeace, 2001; Colpron et al., 2015; Joyce et al., 2016). More recent studies into 

Jurassic plutonic suites intruding the Yukon-Tanana terrane have identified 5 suites 

including the McGregor suite (163-161 Ma), the Bryde Suite (172-168 Ma), the Long 

Lake suite (192-178 Ma), the Minto suite (204-194 Ma) and the Stikine suite (216-206 

Ma) (P. Sack, pers. com. 2017). During and following the Early to Middle Jurassic 

intrusion of these plutonic suites there is evidence for large scale exhumation in the 

Yukon-Tanana terrane that provided detritus for basins on either side of the exhuming 

rocks, which included the Whitehorse trough to the east and the Jura-Cretaceous basins 

to the west (Hunt and Roddick, 1992; Dusel-Bacon et al., 2002; Colpron et al., 2015; 

Staples et al., 2016). Late Cretaceous plutonism within the Yukon Tanana terrane also 

includes the emplacement of the Casino suite, as high-level intrusions around 78-74 Ma 

(Bower et al., 1995; Nelson et al., 2013). 

Alexander terrane and Wrangellia 

 The Insular terranes (Alexander terrane and Wrangellia) that make up much of the 

present day westernmost Cordillera, extending over 2000 km along the continental 

margin, are comprised of detached crustal fragments and Paleozoic and Mesozoic arcs 

with affinity originally foreign to North America (Monger et al., 1982; Gardner et al., 1988; 

Colpron et al., 2007). Alexander terrane is made up of siliciclastic, carbonate and 

volcanic rocks ranging in age from Neoproterozoic to Upper Triassic (Beranek et al., 

2012; Cobbett et al., 2017). Wrangellia is characterized by late Paleozoic volcanic and 

sedimentary rocks overlain by Late Triassic flood basalt and sedimentary rocks (Jones 

et al., 1977; Massey, 1995; Yorath et al., 1999; Bordet et al., 2015; Cobbett et al., 2017). 
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Wrangellia and Alexander terrane are believed to share a common history from at least 

the Pennsylvanian and likely as far back as the Devonian (Gardner et al., 1988; Israel et 

al., 2014). Due to this Late Devonian link for our purposes, the Insular terranes can be 

considered a contiguous entity with regard to their Mesozoic interactions with the 

western margin of North America. Precambrian detrital zircon signatures typically found 

in the Insular terranes range from 1.8-1.0 Ga (Gehrels, 2002). Magmatism intruding the 

Insular terranes occurred between 364-354 Ma, 320-301 Ma, and 232-219 Ma (Hulbert, 

1997; Beranek et al., 2014). From the latest Triassic into the Jurassic the Talkeetna arc 

in southern Alaska (201-153 Ma) and its southern equivalent the Bonanza arc (201-160 

Ma) in southwestern BC intruded into the Insular terranes (Monger and McNicoll, 1993; 

Clift et al., 2005; Rioux et al., 2007). Jura-Cretaceous magmatism (177-162 Ma, 157-142 

Ma and 118-100 Ma (Gehrels et al., 2009 and references therein) within the Insular 

terranes can be found along the western portion of the Coast plutonic complex. The St. 

Elias suite in southwest Yukon is made up of Late Jurassic (155-147 Ma) granitic rocks 

emplaced during widespread magmatism into the Alexander terrane (Beranek et al., 

2017). Magmatic entities farther to the north include the Middle Jurassic to Early 

Cretaceous Chitina (175-149 Ma) and Chisana (125-115 Ma) magmatic arcs that 

intruded into northern parts of Wrangellia within south-central Alaska (Berg et al., 1972; 

Plafker et al., 1989; Snyder and Hart, 2007).  

2.3.2. Regional Jura-Cretaceous Basins 

Here we outline the different Jura-Cretaceous basinal assemblages juxtaposed 

between the Intermontane and Insular terranes in west-central BC, Yukon and southern 

Alaska. These assemblages have undergone varying degrees of metamorphism and 

deformation and their relationships to one another is enigmatic.  

Gravina Belt 

The Gravina is a narrow, ~4 km thick succession of sedimentary, volcanic and 

volcaniclastic rock, as well as arc type granitic and ultramafic rock, which can be found 

along the coast from southeast Alaska into southwestern BC (Berg et al., 1972; 

Crawford et al., 1987; Cohen and Lundberg, 1993). Stratigraphically the Gravina belt has 

been interpreted to unconformably overly Paleozoic rocks of the Alexander terrane, 

although this depositional contact is not exposed, and is in fault contact with Paleozoic 
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Yukon-Tanana terrane rocks and Triassic Taku terrane rocks to the east (Berg et al., 

1972; Gehrels et al., 1992; Yokelson et al., 2015). Although parts of the Gravina belt 

have been intensely deformed and metamorphosed, the degree of deformation and 

metamorphism is variable across the belt (Berg et al., 1972; Crawford et al., 1987). Mid-

Cretaceous thrust faults have placed upper-greenschist to lower-amphibolite facies 

rocks in the southeast over lower-greenschist facies rocks in the northwest (Berg et al., 

1972; Rubin and Saleeby, 1992; Cohen and Lundberg, 1993). Across these faults, 

lithological differences have led workers to divide the belt into two facies: the ‘eastern 

facies’ consisting primarily of pelitic schist and granite-cobble metaconglomerate and the 

‘western facies’ comprised primarily of volcaniclastic wacke (Crawford et al., 1987; Rubin 

and Saleeby, 1991; Gehrels et al., 1992; Yokelson et al., 2015). Additionally, detrital 

zircon analyses in these two facies produce distinct age peaks (Yokelson et al., 2015) 

that suggest there is a mixing of detrital signatures from Jura-Cretaceous arc-related 

plutons intruding the Insular and Intermontane terranes, as well as older detrital zircon 

originating from the Yukon-Tanana terrane (Gehrels and Kapp, 1998). This suggests 

that the Insular and Intermontane terranes were in proximity to one another before this 

time, allowing for their sediments to be deposited within the same basin. This is 

consistent with evidence suggesting a Middle Jurassic initial accretion of the Insular 

terranes onto the western margin of Laurentia, which was followed by oblique 

transpressional convergence creating pull-apart basins (McClelland and Gehrels, 1990; 

McClelland et al., 1992; van der Heyden, 1992; Monger et al., 1994; Gehrels, 2001; 

Gehrels et al., 2009). Previous work on Gravina belt rocks favour the Monger et al. 

(1994) and Gehrels et al. (2009) models that argue for sinistral transpression because it 

also reconciles the relative plate motions along the Cordilleran western margin 

calculated by Engebretson et al. (1985) for this time frame (Yokelson et al., 2015). 

Western Facies 

Rocks of the western facies of the Gravina belt are mainly found in the north and 

are comprised of clastic, thinly bedded sandstone turbidites interbedded with silty 

argillite and volcaniclastic debris-flow deposits (Cohen and Lundberg, 1993). The 

highest degree of metamorphism described for these rocks is lower greenschist facies. 

The western facies of the Gravina belt has been interpreted to have been deposited in a 

backarc basin along the inboard margin of the Insular terranes and the 177-162 Ma, 

157-142 Ma and 118-100 Ma arcs intruding them that belong to the western magmatic 
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belt of the Coast plutonic complex (Berg et al., 1972; Gehrels et al., 2009; Yokelson et 

al., 2015). Detrital zircon age peaks in the western facies of the Gravina belt include 151, 

121 and 113 Ma, which indicate sourcing from the inboard margin of the Alexander 

terrane and the intrusions of the western Coast plutonic complex (Yokelson et al., 2015).  

Eastern Facies 

The eastern facies of the Gravina belt can be found as discontinuous slivers 

along southeastern Alaska and farther to the south in west-central BC and is comprised 

of pelitic schist and granite-cobble metaconglomerate (Gehrels and Kapp, 1998; Kapp 

and Gehrels, 1998; Rubin and Saleeby, 1991; Saleeby, 2000; Yokelson et al., 2015). 

This part of the Gravina belt has been interpreted to have been deposited in a forearc 

position to arcs of the eastern Coast plutonic complex, which intruded into the 

Intermontane terranes in southwestern BC until 110 Ma as a southern continuation of 

the western magmatic complex (Rubin and Saleeby, 1991; McClelland et al., 1992; 

Monger et al., 1994; Saleeby, 2000; Gehrels, 2001; Gehrels et al., 2009). Workers 

advocating for Andean style tectonics have interpreted that a duplication of this arc 

segment, juxtaposing a forearc basin behind a backarc basin, occurred with the sinistral 

movement of the Insular terranes southwards (Gehrels et al., 2009; Yokelson et al., 

2015). A similar relationship is observed in southwest BC with the Methow-Tyaughton 

basinal sequences (Monger et al., 1994; Umhoefer et al., 2002; Monger, 2014). In the 

archipelago model, these eastern basinal assemblages would represent an open paleo-

ocean with a west dipping subduction zone outboard of the continent (Sigloch and 

Mihalynuk, 2013; Sigloch and Mihalynuk, 2017). Mid-Cretaceous thrust faults juxtaposed 

the Yukon-Tanana terrane, the Taku terrane and parts of Stikinia westward over the 

eastern facies rocks, which were then thrust westward over the Alexander terrane and 

western Gravina belt (Rubin and Saleeby, 1991; Saleeby, 2000; Gehrels, 2001). This 

portion of the Gravina belt may be correlated with the Methow-Tyaughton basins in 

southern BC or parts of the Kahiltna basin based on strata sourced from the inboard 

Intermontane terranes (Monger et al., 1994; Gehrels et al., 2009; Hampton et al., 2010; 

Hults et al., 2013; Yokelson et al., 2015). Detrital zircon signatures typical of the eastern 

facies of the Gravina belt contain a primary peak of 155 Ma, with older peaks at 420 Ma, 

359 Ma and 203 Ma, which are interpreted to indicate sourcing from the Intermontane 

terranes and the eastern Coast plutonic complex (Yokelson et al., 2015).  
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Nutzotin Mountains sequence 

The Nutzotin Mountains sequence in the eastern Alaska Range has been 

interpreted as an offset equivalent to the Dezadeash Formation and the Gravina belt 

(Eisbacher, 1976; Lowey, 1998). The Upper Jurassic to Lower Cretaceous, locally 

calcareous with volcanic rich pyroxene sands in places, turbidites of the Nutzotin 

Mountains sequence overly Wrangellia (Berg et al., 1972; Manuszak et al., 2007). The 

~3 km thick sequence is made up of interbedded conglomerate, sandstone, shale and 

mudstone (Manuszak et al., 2007). Overall the stratigraphy has been interpreted as a 

backarc basinal assemblage to a magmatic arc that intruded Wrangellia, similar to the 

western facies of the Gravina belt (Berg et al., 1972; Manuszak et al., 2007). A general 

upward shallowing and coarsening in the stratigraphy of the Nutzotin sequence is 

interpreted to indicate deposition in a distal muddy submarine fan that transitioned to a 

proximal sandy submarine fan, disconformably overlying strata of Wrangellia terrane 

(Manuszak et al., 2007). Detrital zircon analyses of Nutzotin sequence sedimentary 

rocks give a unimodal peak from 170-140 Ma indicating that sediment of the Nutzotin 

sequence was primarily derived from the arcs that intruded Wrangellia (Manuszak et al., 

2007; Hults et al., 2013). Marine strata from the Nutzotin sequence is conformably 

overlain and possibly interbedded with the Lower Cretaceous Chisana arc (125-115) 

(Richter, 1976; Manuszak et al., 2007; Snyder and Hart, 2007).  

Kahiltna assemblage 

The Kahiltna assemblage is located in a >400 km long belt within south-central 

Alaska consisting of a 3-5 km thick succession of submarine fan strata (Wallace et al., 

1989; Hampton et al., 2007 2010). Initially it was referred to as the Kahiltna terrane, 

which was interpreted as a sequence ranging in age from the Upper Triassic to Lower 

Cretaceous (Wallace et al., 1989). However, more recent studies have suggested that 

the strata within this ‘terrane’ represent several different successions deposited from the 

Late Jurassic into the Late Cretaceous, resulting in the designation ‘Kahiltna 

assemblage’ (Eastham and Ridgway, 2002; Ridgway et al., 2002; Hampton et al., 2010; 

Hults et al., 2013), with the Cretaceous component being singled-out as the ‘Kahiltna 

flysch’ (Hults et al., 2013). Rocks from this sequence are comprised of interlayered 

argillite, greywacke and pebble conglomerate with local occurrences of radiolarian chert 

and limestone (Csejtey et al., 1992).  
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Hampton et al. (2010) have developed a 3-stage model for the development of 

the Kahiltna assemblage that suggest stratigraphic intervals within it contain distinct 

provenance trends: Stage 1- Late Jurassic into the Early Cretaceous, Stage 2- Early 

Cretaceous and Stage 3-Early to Late Cretaceous. Stage 1 shows an almost identical 

detrital zircon signature to the Nutzotin Mountains sequence from Hults et al. (2013) with 

a distinct peak at ca. 155 Ma indicating sourcing from plutons with Wrangellia. The 

Kahiltna flysch from Hults et al. (2013) can be correlated to the ‘Stage 2’ and ‘Stage 3’ 

intervals of basin deposition according to Hampton et al., (2010). The Stage 2 deposition 

occurred during the Early Cretaceous depicts a major peak age at ca. 195 Ma and a 

minor peak at ca. 120 Ma with a spread of other ages between them (Hampton et al., 

2010). These age peaks indicate source areas from both the Insular and Intermontane 

terranes, which is interpreted to reflect a collisional stage for the development of the 

basin. At this time, Hampton et al. (2010) suggest that the Kahiltna basin transitioned 

from a retroarc foreland basin to a remnant ocean basin in a suture between the Insular 

and Intermontane terranes. The Early to Late Cretaceous Stage 3 development in this 

basin contains detrital zircon ages that peak at ca. 100 Ma and have influx of sediments 

primarily from intrusions within the Intermontane terranes (Hampton et al., 2010). 

Although the Cretaceous development of the Kahiltna assemblage in Hampton et al. 

(2010) is consistent with detrital zircon analyses from the Kahiltna flysch in Hults et al. 

(2013), there does not appear to be segregation of Early Cretaceous and Late 

Cretaceous rocks in Hults et al. (2013). The Kahiltna flysch is interpreted to be primarily 

sourced from the inboard terranes with some influence from the Insular terranes, with 

detrital zircon populations of 135-90 Ma, 250-160 Ma and 390-330 Ma (Hults et al., 

2013). 

Koksetna River sequence 

The Koksetna River sequence was informally defined as the upper portion of the 

‘Kahiltna terrane’ identified by Wallace et al. (1989) and can be found to the south of the 

Chilchitna fault in western Alaska. The Koksetna River sequence is comprised of 

intensely deformed volcanic-lithic turbidites consisting of thick sandstone sequences 

interbedded with pelagic shales and unsorted conglomerate found locally throughout 

(Wallace et al., 1989). Metamorphism of the sequence occurs along the Chilchitna fault 

where it is juxtaposed with Late Cretaceous Kuskokwim Group sediments (Wallace et 

al., 1989; Hults et al., 2013). Metamorphic rocks in this sequence are primarily hornfels 
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that have been interpreted as contact-metamorphosed volcanic or volcaniclastic rock 

fragments (Wallace et al., 1989). Detrital zircon analyses of the Koksetna River 

sequence indicate that it can be separated into a lower and upper portion. The lower 

portion has a bimodal age distribution with Late Jurassic to Early Cretaceous ages 

(peaks at 170-145 Ma and 180-220 Ma) that are interpreted to indicate sediment 

sourcing from both the Insular and Intermontane terranes (Gehrels and Kapp, 1998; 

Gehrels, 2001). The upper portion has primarily Late Cretaceous ages (105-80 Ma), 

which has been used to suggest that it belongs to a different unit that has yet to be 

described (Hults et al., 2013) but reflects deposition within the basin into the Late 

Cretaceous.  

Bear Creek assemblage 

The Bear Creek assemblage is a Triassic to Middle Jurassic assemblage that 

pre-dates the deposition of the younger Jura-Cretaceous assemblages in southwest 

Yukon, and appears to sit unconformably beneath the Dezadeash Formation (Israel et 

al., 2015). In southwest Yukon the Bear Creek assemblage is separated from the Insular 

terranes by the Denali fault, a Tertiary strike-slip fault with as much as 400 km of dextral 

offset (Figure 2.1; Figure 2.2) (Israel et al., 2015). The Bear Creek assemblage is 

divided into two units: a volcanic/volcaniclastic unit mainly comprised of basalt or 

basaltic andesite, and a sedimentary unit comprised of metamorphosed and deformed 

siltstone, mudstone and sandstone (Israel et al., 2015). The volcanic unit has a Late 

Triassic (204 Ma) upper age limit (Israel et al., 2015). The sedimentary unit conformably 

overlies the volcanic rocks and has a Middle Jurassic unimodal detrital zircon age of 162 

(S. Israel, pers. com. 2017). Due to the enigmatic nature of the Bear Creek assemblage, 

in this study we assume that the volcanic unit was located between the Insular and 

Intermontane terranes in southwest Yukon during the Middle Jurassic at the base of the 

Jura-Cretaceous sediments.  

Dezadeash Formation  

The Dezadeash Formation is a Late Jurassic to Early Cretaceous flysch 

sequence ~3000 m thick comprised of turbidites, mass-flow deposits, limestone and 

volcaniclastic rocks (Eisbacher, 1976; Lowey, 2007). The Dezadeash Formation forms 

the central part of the Gravina-Nutzotin belt which was initially interpreted to have been 

deposited unconformably over the Insular terranes (Berg et al., 1972). However, the 
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basal contact of the Dezadeash Formation in southwest Yukon is generally not exposed 

or is strongly sheared (Eisbacher, 1976; Lowey, 2007; Bordet et al., 2015). Israel et al. 

(2015) identified an unconformable contact between the Dezadeash Formation and the 

Late Triassic Bear Creek assemblage to the west of Haines Junction. The Dezadeash 

Formation is interpreted as a submarine fan that was deposited within a collapsing 

backarc basin fed by the uplifted Insular terranes and the western arc system of the 

Coast plutonic complex that included the Chitina magmatic arc (Eisbacher, 1976; Lowey, 

2007, 2011). Trace element Nd isotope characteristics of the Dezadeash Formation in 

southwest Yukon have indicated an arc source related to the Insular terranes with some 

clastic input from an evolved source, such as the Intermontane terranes along the 

Northern Laurentian margin (Mezger et al., 2001b). Rocks of the Dezadeash Formation 

are generally comprised of thin dark grey shale, argillite and conglomerate, as well as 

mass-flow conglomerate and locally light grey tuff (Eisbacher, 1976). In the current study 

area, Dezadeash Formation rocks are very fine-grained mudstone to siltstone (Figure 

2.3a). These highly deformed rocks were affected by at least two generations of 

deformation (Chapter 3). Along the Tatshenshini Shear zone these rocks are strongly 

deformed, exhibiting increasingly fissile textures towards the contact with the Ruby 

Range batholith (Figure 2.3b).   

Age constraints for the Dezadeash Formation come from pelecypods of Late 

Jurassic (Oxfordian) to Early Cretaceous (Valanginian) age (Eisbacher, 1976), which is 

consistent with detrital zircon ages from the Dezadeash Formation, with the youngest 

ages at ca. 150 Ma and the youngest age peak at ca. 160 Ma (S. Israel, pers. com. 

2017). Zircon analysis from the Dezadeash Formation suggest possible sourcing from 

both the Intermontane and Insular terranes (Colpron, et al., 2016), although prior studies 

have indicated that there are no apparent stratigraphic ties between the Dezadeash 

Formation and the inboard Intermontane terranes in southwest Yukon (McClelland et al., 

1992). 
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Figure 2.3 The Dezadeash Formation and Tatshenshini shear zone.  
A) Dezadeash Formation outcrop. Blocky fine-grained meta-greywacke to siltstone with veins of 
quartz and local calcite alteration; hammer for scale is ~ 45 cm in length. B) Looking along the 
Tatshenshini River the structural relationship between the Dezadeash Formation (DZ) and the 
Ruby Range suite (RR) with a thick >10 m strand of the Tatshenshini shear zone between them.  

Kluane schist 

Structurally underlying the Yukon-Tanana terrane to the north of the study area is 

the youngest Jura-Cretaceous basinal assemblage of southwest Yukon, the Kluane 

schist (Figure 2.1). The Kluane schist is an informally named package of deformed and 

metamorphosed semi-pelite and pelite interpreted to be a forearc sedimentary 

succession to a mid-Cretaceous magmatic arc (Whitehorse-Coffee Creek plutonic suite) 

(Mezger et al., 2001a; Israel et al., 2011; Nelson et al., 2013). These metasedimentary 

rocks are interleaved with thin lenses of ultramafic and gabbroic rock, some of which 

have been interpreted as portions of lower crustal Late Triassic roots of a 204 Ma intra-

oceanic magmatic arc (the Doghead assemblage) (Murphy et al., 2008; Escayola et al., 

2012). Portions of this forearc succession are thought to have remained intraoceanic 

until the Late Cretaceous (Nelson et al., 2013). Detrital zircon ages for the Kluane schist 

indicate a maximum depositional age of ca. 94 Ma, which predated the collapse of the 

basin and subsequent amphibolite facies metamorphism at 82 Ma (Israel et al., 2011). 

The Yukon-Tanana terrane and the plutons intruding it (the Nisling Range granodiorite) 

have been interpreted as the primary detrital sources for the Kluane schist (Mezger et 

al., 2001a; Israel et al., 2011) with a major detrital zircon peak at ca. 195 Ma and 

progressively smaller peaks at ca. 200 Ma, as well as 150 Ma.  
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2.4. Geology of the Blanchard River assemblage 

The Blanchard River assemblage is a recently identified basinal assemblage in 

southwest Yukon (Bordet et al., 2015), which consists of a ~5-6 km thick 

metasedimentary package (Figure 2.1; Figure 2.2). Interest in this unit arose from a 

preliminary detrital zircon sample recording maximum depositional ages from 130-125 

Ma (presented in this study), far younger than the Yukon-Tanana terrane that structurally 

overlies it (Bordet et al., 2015), and distinctly older than the Late Cretaceous Kluane 

schist found to the north of Haines Junction (Figure 2.1; Israel et al., 2011). In this study 

we incorporate additional detailed U-Pb detrital zircon analyses with lithological 

characterization to define the provenance of the Blanchard River assemblage and the 

underlying Vand Creek assemblage, an enigmatic package of metasedimentary and 

metavolcanic rocks. These results are used in an attempt to elucidate the architecture of 

the Jura-Cretaceous basins observed in southwest Yukon, and gain a better 

understanding of the late Mesozoic tectonics that affected the northwestern Cordillera. 

2.4.1. Lithological characteristics of the Kluhini and Takhanne River 
map areas of southwest Yukon 

The Kluhini and Takhanne River map areas of southwestern Yukon are located 

~50 km southeast of Haines Junction on the east side of Haines Road (Figure 2.1;  

Figure 2.2). Rocks in the region include high-grade metasedimentary and metavolcanic 

rocks of the Yukon-Tanana terrane and the Blanchard River assemblage, both intruded 

by the voluminous Ruby Range suite (64-51 Ma) (Figure 2.2). Map relationships 

demonstrate that the Proterozoic to Devonian rocks of the Yukon-Tanana terrane have 

been thrust over the Early Cretaceous metasedimentary rocks of the Blanchard River 

assemblage (Bordet et al., 2015) that, in turn, appear to conformably overly the latest 

Jurassic Vand Creek assemblage (Figure 2.4). Latterly, these rocks are intruded by the 

Ruby Range suite and juxtaposed along the Tatshenshini shear zone next to the 

Dezadeash Formation to the west (Figure 2.2 & Figure 2.4). Detailed 1:10 000 scale 

bedrock mapping was completed during the summer of 2016 to follow up on 2014 

regional mapping (Bordet et al., 2015). Dashed boxes within Figure 2.2 identify the 

regions that were mapped in detail at 1:10 000 and 1:20 000 scale (Appendix A1). 
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Figure 2.4 Schematic stratigraphic column of the study area. 
Shows general structural relationships and important textural and lithological features in the units 
of the Kluhini and Takhanne River map areas. The Ruby Range suite intrudes into all units of the 
area except for the Dezadeash Formation which it is in fault contact with along the enigmatic 
Tatshenshini shear zone. 

Vand Creek assemblage 

The Vand Creek assemblage is a newly identified package of rocks underlying 

the Blanchard River assemblage. There is some uncertainty whether or not the Vand 

Creek assemblage is conformably underlying the Blanchard River assemblage; 

however, in one locality there does appear to be a conformable contact between the two.  

Undifferentiated Metabasalt/Metagabbro/Volcaniclastic (L<Vv) 

Highly deformed metavolcanic and metavolcaniclastic rocks are found in the 

western part of the Vand Peak map area. These are latest Jurassic in age based on 

detrital zircon analyses (discussed below) but have an unknown affinity (Figure 2.5). 

These rocks include green-black serpentinized hornblende metagabbro, fine-grained 

chlorite metabasite, chlorite schist, and quartzite. They are undifferentiated and their 
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highly deformed nature makes them difficult to break apart into well-defined units. 

Locally, quartzite is found interleaved with large discontinuous bands of beige to grey 
marble (L<Vc), however, their relationship with other parts of the Vand Creek assemblage 

is difficult to determine due to lack of exposure. Quartzite appears in blocky grey 

outcrops with thin bands containing biotite and garnet visible only in thin section (Figure 

2.5 a & b). Much of the remainder of the undifferentiated portion of the Vand Creek 

assemblage is poorly exposed.  

Siltstone (L<Vs)  

The base of the exposed portion of the Vand Creek assemblage is characterized 

by very fine-grained dark grey to brown metamorphosed siltstone and mudstone that has 

been highly deformed and displays multiple generations of folding. These rocks have 

been metamorphosed to at least greenschist facies, however, metamorphic facies is 

difficult to distinguish as aluminosilicates are not present and the rock is very fine-

grained. Foliation and intense rodding is visible in outcrop (Figure 2.5c & d).  

Metagabbro (L<Vg) 

Metagabbroic rocks appear in green-black rounded, chunky outcrops along the 

base of the western ridge in Vand Peak area. These rocks contain large hornblende 

crystals up to 2 cm in diameter in a groundmass of highly serpentinized material (Figure 

2.5e). It is unclear what the relationship between the metagabbro is to other rocks in the 

Vand Creek area, but they appear to overlie at least parts of the phyllitic 
sandstone/mudstone (L<Vs).  

Marble (L<Vc) 

Marble of the Vand Creek assemblage is beige to grey in outcrop and very fine-

grained with millimetre scale green strings of pyrite- and phyrrhotite-bearing chloritic 

schist. The marble appears in discontinuous lozenges conformably in contact with 
metabasaltic rocks of L<v (Figure 2.5f), as well as rocks of the Blanchard River 

assemblage (3Bs). It is unclear whether the marble is a part of the lower stratigraphy of 

the Blanchard River assemblage or the upper stratigraphy of the Vand Creek 

assemblage, as its contacts appear to be conformable with rocks of both units.  
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Figure 2.5 Representative thin section and outcrop photos of Vand Creek 
assemblage.  

A) Very fine-grained foliated quartzite from undifferentiated Vand Creek assemblage (L<V); thin 
boudinaged quartz veins are found within it. B) PPL photomicrograph of very fine-grained 
quartzite from rock in Panel A (L<V) with bands of biotite and fractured garnet porphyroblasts 
within it; shear sense is enigmatic in this section. C) Very fine-grained phyllitic deformed siltstone-
mudstone (L<Vs); pencil for scale is ~ 15 cm in length D) Plane polarized light (PPL) 
photomicrograph of phyllite in thin section (L<Vs). E) Serpentinized ultramafic (L<Vg) with large 
nodules of hornblende up to 2.5 cm in diameter. F) Contact between metabasalt (L<Vb) and 
marble (L<Vc). 

Blanchard River assemblage 

Quartz-Biotite schist (3Bs) 

Throughout the field area the Blanchard River assemblage is primarily 

characterized by intensely deformed interlayered quartz-biotite mica schist and quartz-

biotite psammitic schist with porphyroblasts of garnet, kyanite, staurolite, andalusite and 

sillimanite. The metamorphic events associated with these mineral assemblages are 

discussed in detail in Chapter 3. Although this unit is highly deformed, primary 

depositional features such as compositional layering and graded bedding are visible 

parallel to the penetrative foliation (Figure 2.6a-c). Locally, interlayered with quartz-

biotite mica schist in the northern field areas are 10-30 cm layers of medium- to coarse-

grained hornblende, quartz and plagioclase. Local beds of meta-conglomerate are found 

within the succession containing stretched clasts of quartzite up to 5 cm in length (Figure 

2.6d). The structural top of the unit is observed in Klukshu Peak area and locally in 

Takhanne Peak area, where it is structurally overlain by the Yukon-Tanana terrane, a 

contact that was later intruded by the Ruby Range suite (Figure 2.4; Appendix A1). 

When approaching the Ruby Range suite in the Klukshu Peak area, the Blanchard River 

assemblage appears increasingly strained and fissile with quartz and calcite veining in 

outcrops that are intensely retrogressed. Locally, thin bands of dirty marble are found in 

the metasedimentary succession towards what appears to be the base of the unit in the 

southwestern corner of Haines Peak area. In the west-central part of the Vand Peak 

area the base of the Blanchard River assemblage overlies latest Jurassic 

metasedimentary, metavolcanic, ultramafic rocks and marble of the Vand Creek 
assemblage (L<V). This contact is enigmatic and locally sheared, although elsewhere a 

gradational contact is observed between the Blanchard River assemblage and the 

marble of the Vand Creek assemblage.  
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Quartz-Biotite Paragneiss (3Bgn, 3Bpgn) 

Approaching the contacts with intrusive rocks in the Haines Peak map area, the 

Blanchard River assemblage transitions into a proto-gneiss to paragneiss (Figure 2.4; 

Figure 2.6e & f) where grain size coarsens and three leucosome generations are 

observed both paralleling and cross-cutting the main foliation. In this part of the study 

area the rocks are fine- to medium-grained, and well-foliated with recrystallized quartz or 

biotite aligned with the foliation. Mimectic recrystallization of biotite over an older 

generation of biotite is observed in thin section evidenced by its alignment around micro-

folds with no evidence of intracrystalline deformation such as undulose extinction or 

deformation twinning. Gneissic compositional layering is observed parallel to bedding in 

the paragneiss where layers that are 20 cm to metres in thickness are more psammitic 

or pelitic, respectively. Psammitic layers rich in biotite tend to contain long lenses of 

biotite aggregates forming a mineral lineation. Porphyroblasts found in these rocks 

include garnet, staurolite and kyanite overprinted by andalusite, sillimanite and 

cordierite. The implications of the gneissosity and mineral assemblages in paragneissic 

rocks of the Blanchard River assemblage is discussed in Chapter 3.  
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Figure 2.6 Representative outcrop photos of Blanchard River assemblage. 
A) Blanchard River assemblage quartz-rich psammitic schist showing apparent fining upwards 
layering of the 3Bs unit. B) Example of graded bedding in the Blanchard River assemblage sub-
vertical in orientation fining from right to left. C) Staurolite-bearing quartz-biotite schist 
interlayered with schist (black) and psammitic schist (grey); staurolite is found in finer-grained 
biotite-rich layers and is replaced by cordierite and sillimanite shown in inset photo (blue and 
white dashes in scale bar are 1 cm in length). D) Sample 15-SI-294-1 metaconglomerate with 
stretched quartzite clasts in a psammitic matrix; some quartzite clasts are outlined by the dashed 
red line. E) Penetratively folded migmatitic paragneiss of the 3Bgn unit. F) Paragneiss of the 
Blanchard River assemblage 3Bgn unit near the contact with intrusive Ruby Range suite (*R) and 
Late Cretaceous diorite (L3d). Augens of quartz are observed throughout the outcrop.  Hammer 
for scale is ~45 cm in length. 

Intrusive rocks 

Late Cretaceous intrusive bodies (79-76 Ma) are foliated and deformed within the 

Blanchard River assemblage (Figure 2.7a), providing an upper age limit for the 

deposition of the Blanchard River assemblage. These intrusive rocks include strongly 
foliated to gneissic phases (L3gn) of granodiorite (L3gd), diorite (L3d) and gabbro (L3g), as 

well as local tonalite (too small for map scale). The foliation within the orthogneiss is 

concordant with the penetrative deformation within the Blanchard River assemblage. 
Much of study area has been intruded by the Paleocene Ruby Range batholith (*R; 64-

51 Ma) (Figure 2.7b), which cross-cuts the penetrative deformation within the Blanchard 

River assemblage, indicating that intrusion of the Ruby Range suite occurred post-

tectonically to this phase of deformation (Chapter 3). In the western parts of the study 

area, most proximal to the Tatshenshini shear zone, there is a foliation in the Ruby 

Range suite, defined by the alignment of hornblende and biotite, which is parallel to the 

northwest strike and moderate dip of the shear zone.  



34 

 
Figure 2.7 Representative outcrop photos of intrusive rocks. 
A) Foliated orthogneiss intrusion (L3gn) in quartz-biotite schist (3Bs) of the Blanchard River 
assemblage. B) Medium- to coarse-grained granodiorite of the Ruby Range suite (*R). Hammer 
for scale is ~45 cm in length. 

2.5. Detrital Zircon Methods and Results 

Detrital zircon U-Pb ages were obtained from four Blanchard River assemblage 

samples at Boise State University and one Vand Creek assemblage sample at the 

Arizona Laserchron Center to investigate the provenance and determine the maximum 

depositional age of these rocks. Locations of the samples, as well as laboratory 

information and maximum depositional ages for the samples can be found in Table 2.1, 

geochronological data for analysis of detrital zircon can be found in Appendix B2.   

LA-ICPMS methods 

Boise State University  

At Boise State University data were collected in six experiments from May 2014 

until June 2016. Zircon grains were separated from rocks using standard techniques, 

annealed at 900°C for 60 hours in a muffle furnace, and randomly selected grains were 

mounted in epoxy and polished until their centres were exposed. Cathodoluminescence 

(CL) images were obtained with a JEOL JSM-1300 scanning electron microscope and 

Gatan MiniCL. In CL images few metamorphic rims were seen on zircon grains, but were 

avoided when present (Appendix B2). Zircon was analyzed by laser ablation inductively 

coupled plasma mass spectrometry (LA-ICPMS) using a ThermoElectron X-Series II 
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quadrupole ICPMS and New Wave Research UP-213 Nd: YAG UV (213 nm) laser 

ablation system. In-house analytical protocols, standard materials, and data reduction 

software were used for acquisition and calibration of U-Pb dates and a suite of high field 

strength elements (HFSE) and rare earth elements (REE). Zircon was ablated with a 

laser spot of 30 µm wide using fluence and pulse rates of 5 J/cm2 and 10 Hz, 

respectively, during a 45 second analysis (15 sec gas blank, 30 sec ablation) that 

excavated a pit ~25 µm deep. Ablated material was carried by a 1.2 L/min He gas 

stream to the nebulizer flow of the plasma. Quadrupole dwell times were 5 ms for Si and 

Zr, 200 ms for 49Ti and 207Pb, 80 ms for 206Pb, 40 ms for 202Hg, 204Pb, 208Pb, 232Th, and 
238U and 10 ms for all other HFSE and REE; total sweep duration is 950 ms. 

For U-Pb and 207Pb/206Pb dates, instrumental fractionation of the background-

subtracted ratios was corrected and dates were calibrated based on interspersed 

measurements of zircon standards and reference materials. The primary standard 

Plešovice zircon (Sláma et al., 2008) was used to monitor time-dependent instrumental 

fractionation based on two analyses for every 10 analyses of unknown zircon. A 

secondary correction to the 206Pb/238U dates was made based on results from the zircon 

standards Seiland (530 Ma, unpublished data, Boise State University) and Zirconia (327 

Ma, unpublished data, Boise State University), which were treated as unknowns and 

measured once for every 10 analyses of unknown zircon. These results showed a linear 

age bias of up to several percent that is related to the 206Pb count rate. The secondary 

correction is thought to mitigate matrix-dependent variations due to contrasting 

compositions and ablation characteristics between the Plešovice zircon and other 

standards (and unknowns). A detailed description of Boise State University methods is 

given in Appendix B1. 

Arizona Laserchron Center 

U-Th-Pb analysis was performed by laser ablation multicollector inductively 

coupled plasma mass spectrometry (LA-MC-ICPMS) on the Nu Instruments HR ICPMS 

and Photon Machines Analyte G2 excimer laser at the University of Arizona Laserchron 

Center using a 30 μm beam diameter and following analytical procedures of Gehrels et 

al. (2006; 2008).  Analytical data is presented in Appendix B3. U and Th concentrations 

and Pb/U fractionation were monitored by repeat analysis of Sri Lanka (SL) zircon 

standard (563.5 ± 3.2 Ma; ~518 ppm U and 68 ppm Th; Gehrels et al. 2008) and R33 
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(421 Ma; Black et al., 2004; Mattinson, 2010). Common Pb corrections were made using 
204Hg-corrected 204Pb measurements for each analysis, and initial Pb compositions of 

Stacey and Kramers (1975). Analyses that are >10% discordant, >5% reversely 

discordant or have large uncertainties (>10 % at the 2σ level) are not considered in 

discussion of the data. The 206Pb/238U ages are used for apparent ages less than 900 

Ma; the 207Pb/206Pb ages are used for analyses older than 900 Ma.  In cases where the 
206Pb/238U and 207Pb/206Pb ages straddle 900 Ma, the age with lower uncertainty is used. 

A detailed description of Arizona Laserchron Center methods is given in Appendix B1. 

The Isoplot 4.15 add-in for Microsoft Excel was used to create probability density 

and histogram plots, as well as calculate detrital zircon ages for each sample (Figure 

2.8; Figure 2.9; Table 2.1) (Ludwig, 2012). Comparison between samples of this study 

and previous studies is presented in a stacked normalized age probability plot in Figure 

2.10 which was constructed in an Excel macro provided on the Arizona Laserchron 

Center’s Web site (https://sites.google.com/a/laserchron.org/laserchron/home/). The 

youngest dates from the LA-ICPMS data were used to determine maximum depositional 

ages for the samples analysed (Table 2.1). As Pb loss is a particular concern in LA-

ICPMS analyses, and there is uncertainty in analyses, we do not strictly use the 

youngest age from the population to determine the maximum depositional age if it is not 

statistically meaningful (Dickinson and Gehrels, 2009; Gehrels, 2014). Three different 

methods outlined in Colpron et al. (2015) were used to estimate maximum depositional 

ages for the Blanchard River and Vand Creek assemblages, which uses methods that 

consider a population of statistically meaningful young dates to estimate maximum 

depositional ages for detrital zircon analyses (Dickinson and Gehrels, 2009) (Table 2.1). 

For the first method, the TuffZirc Age routine in Isoplot was used to calculate the 

youngest age peak. This method employs a conservative approach which assumes that 

the shoulder of the peak stems from analytical uncertainty. Generally this method yields 

ages equivalent or older than the true depositional age of the detritus (Dickinson and 

Gehrels, 2009). Second, the Unmix routine in Isoplot was used to determine the 

Gaussian distribution that best fits a defined amount of age groups. As several peaks 

are observed in the Blanchard River assemblage detrital zircon analyses, we calculated 

Unmix ages assuming 3 to 5 populations of young zircon, respectively, for each sample. 

Unmix ages were largely within error of the youngest peak determined using TuffZirc, 

with the exception of sample 15-SI-294. The third method used was a weighted mean 



37 

calculation for the cluster of youngest zircon dates; 4 analyses were considered the 

minimum number of dates used for this calculation. This method generally provided the 

youngest maximum depositional ages but were generally within error of the ages 

calculated with other two methods, with the exception of 1 sample. 

Table 2.1 Location, summary of information and maximum depositional ages 
for samples analyzed in this study. 

Sample # 

Location* 

Notes Laboratory 

Maximum depositional age 

Easting Northing 
Youngest peak 

(Ma)** 
Unmix age 

(Ma)*** 
Weighted 

mean 
(Ma)**** 

14-SI-088-1 397397 6691955 Psammite 
interlayered with 
hornblende-garnet-
staurolite schist 

Boise State 
University 

122.6 +2.9 -3.1 121.8 ± 1.7 120.1 ± 1.7 

13-SI-248 398405 6709151 Quartzite layer within 
a psammitic schist 

Boise State 
University 

137.5 +16.4 -3.3 137.2 ± 2.1  137.2 ± 2.1  

14-SI-208-1 402845 6653938 Psammite 
interlayered with 
pelitic staurolite-
bearing schist  

Boise State 
University 

170.2 +3.8 -5.5 132.3 ± 2.4 132.3 ± 2.4 

15-SI-294 400344 6655815 Metaconglomerate 
with clasts of 
micaceous quartzite 
in a psammitic matrix  

Boise State 
University 

129.2 +26.8 -8.3 126.4 ± 3.5 126.4 ± 3.5 

16-SI-301 390516 6686107 Fine-grained felsic 
layer within a schist 

Arizona 
Laserchron 

154.8 +1.2 -1.3 144.2 ± 2.3 148.1± 0.95 

*UTM projection: North American Datum 1983 Zone 8 
**Youngest peak age was calculated using the TuffZirc routine in Isoplot 4.15 (Ludwig, 2008). Graphs and statistics are 
shown in Appendix B4 
***Unmix routine in Isoplot 4.15 was used to determine the youngest calculated age from the youngest group of zircon 
analysis. Details and figures for the unmix ages are given in Appendix B4 
****Weighted mean age was calculated for the youngest cluster of ages overlapping at 2σ. Weighted mean plots and 
correlating statistics are shown in Appendix B4. 

Detrital Zircon Results 

Five detrital zircon samples were collected between 2013 and 2016 in the 

Blanchard River assemblage and the Vand Creek assemblage sedimentary rocks 

underlying it; sample locations are found in Figure 2.1 and Figure 2.2. All samples show 

a multi-modal age distribution (Figure 2.8; Figure 2.9; Appendix B4).  
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Vand Creek assemblage  

Sample16SI301 

This sample was taken from the L<Vs unit of Vand Creek assemblage, which sits 

beneath gabbroic and volcanic rocks (L<Vv). Sample 16SI301 was obtained from a highly 

deformed, fine-grained felsic metasedimentary rock interleaved with metabasalt and ca. 

110 Ma felsic dikes (S. Israel, pers. com. 2017). Two hundred and seventy two zircon 

analyses from sample 16SI301 have a bimodal age distribution with major peaks at 190 

Ma and 155 Ma (Figure 2.8 a & b). The youngest date is 142 ± 3 Ma. A weighted mean 

from 10 of the youngest dates is 148 ± 1 Ma (MSWD = 1.6, probability of fit= 0.061). The 

TuffZirc youngest peak for this sample is 155 ±1 Ma and the Unmix age calculation 

yielded the youngest age of 144 ± 2 Ma. The best estimate for maximum depositional 

age of this sample is considered to be ca. 148 Ma. Four analyses have ages of 400 ± 12 

Ma to 485 ± 16 Ma, fifteen are Proterozoic between 966 ± 31 Ma and 2338 ± 24 Ma, and 

two are Archean between 2.7 Ga and 2.6 Ga.  

 
Figure 2.8 Relative probability histograms of detrital zircon U-Pb ages from 

Vand Creek assemblage sample 16SI301. 
Sample location and information is shown in Figure 2 and Table 1. The plots on is the plot of all 
detrital zircon ages <3000 Ma, and the plot on the left only includes detrital zircon ages <450 Ma. 
This sample can be found in the composite normalized age probability curve (Figure 10) to 
compare to the Blanchard River assemblage, as well as additional Jura-Cretaceous basinal 
assemblages in the Yukon, BC and Alaska. 
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Blanchard River assemblage 

Sample 13SI248 

Sample 13SI248 was obtained to the north of the Kluhini River area in the Six 

Mile Lake area (Israel and Kim, 2014) (Figure 2.1) from a quartzite layer found 

interlayered with psammitic schist. One hundred four zircon grains were analyzed from 

13SI248 and show a major peak at 193 Ma and a minor one at 137 Ma (Figure 2.9a). 

The weighted mean of the youngest ages (137 ± 2 Ma MSWD = 1.08, probability of fit = 

0.37), the youngest peak (137 +16 -3 Ma) and the youngest Unmix age (137 ± 2 Ma) are 

consistently ca. 137 Ma, which is interpreted to be the maximum depositional age. Three 

dates are 561 ± 25 Ma to 330 ± 16 and five are 1.8 to 1.2 Ga.  

Sample14SI088-2 

Sample 14SI088-2 was taken from a quartz-rich layer of the Blanchard River 

assemblage within the Klukshu Peak map area. One hundred and two zircons were 

analyzed, with a major peak at 199 Ma and minor ones at 120, 164, and 350 Ma (Figure 

2.9b). The youngest date for this sample is 115 ± 5 Ma. The weighted mean of the 11 

youngest dates is 120 ± 2 Ma (MSWD = 1.6, probability of fit = 0.099), the Unmix age is 

122 ± 2 Ma and the youngest peak age is 123 ± 2 Ma. Thus, the maximum depositional 

age is considered to be ca 120 Ma. Three Proterozoic dates range between 1.2 to 2.8 

Ga. 

Sample 15SI294 

Sample 15SI294 was taken from a quartz-rich, matrix supported, meta-

conglomerate in the western part of the Haines Peak map area. Clasts in the 

conglomerate appear to be more quartz-rich than the matrix which has a higher 

percentage of biotite. Sixty-four zircons were analyzed from 15SI294 and show a major 

peak at 194 Ma and a minor one at 126 Ma (Figure 2.9c). The weighted mean of the four 

youngest dates is 126 ± 4 Ma (MSWD = 1.4, probability of fit = 0.24), the Unmix age is 

126 ± 4 Ma and the TuffZirc youngest peak age is 129 +27 -8 Ma. The maximum 

depositional age for this sample is interpreted to be ca. 126 Ma. Three older ages are 

423 ± 14 Ma to 340 ± 19 and one is 1.6 Ga. 
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Sample 14SI208 

Sample 14SI208 was collected from metasandstone found in the southern part of 

the Haines Peak map area. Thirty-three zircons were analyzed from 14SI208 and show 

a major peak at 190 Ma and a minor one at 132 Ma (Figure 2.9d). There was a lack of 

zircon grains older than 450 Ma. One zircon has an age of 316 ± 11 Ma. The weighted 

mean of the four youngest dates is 132 ± 2 Ma (MSWD = 0.48, probability of fit = 0.69), 

with an Unmix age of 132 ± 2 Ma and a TuffZirc youngest peak of 170 +3 -5 Ma. 

Interpretations for maximum depositional age of this sample is considered to be best 

represented by the Unmix and weighted mean age of ca. 132 Ma.  
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Figure 2.9 Relative probability histograms of detrital zircon U-Pb ages for 
Blanchard River assemblage samples from this study. 

Plots on the right for a given sample is the plot of all detrital zircon ages <3000 Ma, and the plots 
on the left only includes detrital zircon ages <450 Ma. Sample locations are shown in Figures 1 
and 2, as well as Table 2.1; data are presented in Appendix B3. The composite normalized age 
probability curves for all Blanchard River assemblage samples are compared with other Jura-
Cretaceous basinal assemblages presented in Figure 2.10. 

2.6. Discussion 

2.6.1. Depositional setting and provenance of the Blanchard River 
and Vand Creek assemblages  

The Blanchard River assemblage 

The preservation of primary sedimentary features within the Blanchard River 

assemblage, as well as the presence of meta-conglomerate locally throughout the area 

(Figure 2.6a, b & d), suggest that these sediments were deposited in a basinal 

environment where varying energy conditions favoured the deposition of conglomerates, 

as well as mudstone and sandstone layers. This combination of fine- to medium-grained 

sedimentation along with occasional debris flows may suggest deposition within a 

turbiditic submarine fan. The turbiditic nature of the strata within the Blanchard River 

assemblage is similar to that interpreted for both the Kluane schist, as well as the 

Dezadeash Formation in southwest Yukon (Eisbacher, 1976; Lowey, 2007; Israel et al., 

2011). In the northern parts of the study area there are 10-30 cm layers of medium- to 

coarse-grained hornblende, quartz and plagioclase within the Blanchard River 

assemblage, which is potentially a tuff sourced from arcs outboard of the basin 

deposited alongside the sediment. Further chemical and geochronological analyses 

would be required to confirm this hypothesis.  

Detrital zircon ages from 4 samples across the Blanchard River assemblage 

show evidence for sourcing from both the Yukon-Tanana terrane to the east, as well as 

the Insular terranes to the west. There is a major age peak recorded in all samples of the 

Blanchard River assemblage between 199 and 190 Ma, which suggests that the primary 

source of detritus for this basin was from the Early Jurassic intrusions within Yukon-

Tanana terrane, such as the Aishihik batholith (190-180 Ma; Joyce et al., 2016) of the 

Long Lake suite (192-178 Ma; P. Sack, pers. com. 2017). The peak of 199 Ma in sample 

14SI088 is somewhat older than the Long Lake suite, however this age is observed in 
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Minto suite plutonic rocks (204-194 Ma) that are found within the Yukon-Tanana terrane 

(P. Sack, pers. com. 2017). Ages between 199-190 Ma could also be linked to latest 

Jurassic intrusions from the Talkeetna (Alaska) and Bonanza (southwest BC) arcs within 

the Insular terranes (201-153 Ma; Clift et al., 2005; Rioux et al., 2007). The Bonanza arc 

is the less likely of the two as the interpreted paleo-geographic position of this part of the 

Insular terranes is far to the south during the Early Cretaceous, significantly removed 

from the relative position of the Blanchard River basin (DeBari et al., 1999; Clift et al., 

2005). In addition, there are relatively few detrital zircon grains in the Blanchard River 

assemblage that represent the younger range of ages (<190 to 153 Ma) that would be 

expected if detritus was being sourced from these intrusive suites within the Insular 

terranes. Besides the latest Jurassic to earliest Cretaceous ages, the limited Paleozoic 

age peaks of 360-325 Ma (focusing particularly on 350-325 Ma) also correlate with 

known ages observed in the Yukon-Tanana terrane (Colpron et al., 2006; Nelson et al., 

2006). Although Paleozoic ages of 440, 423, and 400 Ma could be sourced from the 

Intermontane terranes, detrital zircons of these ages may also be shed from the Insular 

terranes (Beranek et al., 2012; White et al., 2016). Paleoproterozoic and Archean detrital 

zircon ages found in the Blanchard River assemblage such as 1.8, 2.3 and 2.7 Ga are 

typical of those of the Snowcap assemblage of the Yukon Tanana terrane (Piercey and 

Colpron, 2009). It is noteworthy that the majority of the detrital zircon ages are younger 

than 300 Ma and the detrital peaks within the Blanchard River assemblage reflect times 

of intense volcanism in both the Intermontane and Insular terranes, which suggests that 

only the uppermost parts of these terranes eroded into the basin. 

The youngest peaks within the Blanchard River assemblage range from 137-120 

Ma, for which there is a variety of potential detrital sources within the northwestern 

Cordillera. The best possible correlation for the older range of ages between 137-130 

Ma comes from igneous zircon ages of ca. 138 Ma recorded in dikes that intruded 

sedimentary rocks within the Whitehorse Trough, to the east of the Yukon-Tanana 

terrane (J. Crowley, pers. com. 2017). Farther to the south in the western Coast plutonic 

complex there is a documented lull in magmatism from 140-125 Ma (Gehrels et al., 

2009), which is also reflected in Insular terrane intrusive rocks outboard of the Blanchard 

River assemblage, making the western Coast plutonic complex an unlikely detrital 

source. Early Cretaceous arc magmatism (141-132 Ma) is documented in the 

Intermontane terranes of the eastern Coast Mountains near Bella Coola, BC (Gehrels et 
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al., 2009), but it is unclear if equivalent magmatism was present in southwest Yukon 

where it could have been a possible source for zircons from 137-130 Ma. With regard to 

the younger peak, which includes the maximum depositional ages from 126-120 Ma, an 

age correlation can be made with the Kluane Ranges plutonic suite within Wrangellia 

(125-108 Ma; Hart et al., 2004; Beranek et al., 2017), as well as the Chisana arc within 

Wrangellia in south central Alaska (125-115 Ma; Snyder and Hart, 2007). Ages of 125-

120 Ma are prominent in these arcs, which suggests that this detrital age peak in the 

Blanchard River assemblage is derived from these outboard Insular terrane arcs, prior to 

their northwards translation along the Denali fault. Furthermore, 125-115 Ma ages have 

not been found to the east of the Jura-Cretaceous basins, which appears to support the 

idea that Blanchard River assemblage detritus was being sourced, in part, from the 

Insular terranes to the west (present day coordinates) during its deposition. However, 

the dominant Jurassic, minor earliest Cretaceous and minor Mississippian to 

Pennsylvanian age peaks suggest that most of the detritus was sourced primarily from 

the Yukon-Tanana terrane to the east. Thus, we propose that sometime after 125 Ma 

there was substantial exhumation in the Yukon-Tanana terrane which caused intense 

erosion of sediment that was shed into the basin where the Blanchard River assemblage 

was deposited. Evidence for exhumation, and by corollary erosion, of Yukon-Tanana 

terrane and the 190-180 Ma Aishihik batholith at ca. 125 Ma is provided by biotite 
40Ar/39Ar cooling ages near Aishihik lake ~150 km to the north (Clark, 2017). This would 

explain the elevated levels of Intermontane detritus compared to relatively subdued 

levels of detritus from the Insular terranes.  

Additional minor detrital zircon occurrences found within the Blanchard River 

assemblage include 165-147 Ma, consistent with ages observed in the Coast plutonic 

complex, as well as detrital samples of the Kluane schist (Gehrels et al., 2009; Israel et 

al., 2011). These ages can be subdivided into groups of 155-147 Ma and 165-162 Ma 

based on ages of igneous rocks from the surrounding region. The 165-162 Ma ages are 

difficult to constrain to one source as they appear locally in the western Coast plutonic 

complex (Gehrels et al., 2009), the Saint Elias mountains to the west (Beranek et al., 

2017), as well as locally in Jurassic plutonic suites to the east in the Yukon-Tanana 

terrane (P. Sack, pers. com. 2017). In the Kluane schist the small peak around this age 

was attributed to the Coast plutonic complex (Israel et al., 2011). The 155-147 Ma ages 

are found to the west in the Saint Elias plutonic suite (155-147 Ma) that intruded 
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Alexander terrane in southwestern Yukon (Beranek et al., 2017). Although there are few 

grains of this age in the Blanchard River assemblage, their appearance does support the 

hypothesis that the Insular terranes were in close enough proximity to provide at least 

limited detritus, perhaps nearby in a connecting basin. The relatively small amount of 

detritus sourced from the Insular terranes may also indicate there was greater 

exhumation of the Intermontane terranes relative to the Insular terranes at this time.  

Vand Creek assemblage 

Detrital zircon analyses from the Vand Creek assemblage indicates a maximum 

depositional age of ca. 148 Ma in metasedimentary rock that sit below gabbroic and 

metabasaltic rock. The detrital zircon analyses can be separated into two distinct and 

approximately equally distributed age peaks, one at 155 Ma and the other at 190 Ma. As 

discussed above, the 190 Ma peak is indicative of detritus sourced from Jurassic plutons 

within Yukon-Tanana terrane (Joyce et al., 2016; P. Sack pers. com. 2017). Additionally, 

Proterozoic and Archean ages of 2.3 and 2.7 Ga, respectively, are typically found in the 

Yukon-Tanana terrane (Piercey and Colpron, 2009) supporting the interpretation of this 

190 Ma peak to have come from the east. The 155 Ma peak indicates sourcing from the 

Saint Elias suite within the Alexander terrane (Beranek et al., 2017). The similarity in 

size of these two peaks suggests the detritus shed into this basin from the outboard 

Insular terranes was on par with that provided by the Yukon-Tanana terrane. Thus, the 

Insular terranes must have been in close proximity to the northwestern Cordilleran 

margin in the latest Jurassic and earliest Cretaceous to be a significant contributor of 

detritus to the Vand Creek assemblage. It is noteworthy that the majority of the detrital 

zircon ages are younger than 250 Ma, and the two major peaks reflect times of intense 

volcanism in both the Insular and Intermontane terranes, which suggests that only the 

uppermost parts of these flanking terranes eroded into the basin. The presence of basalt 

and gabbroic rock structurally overlying the metasedimentary rocks in Vand Creek 

assemblage may indicate volcanism after 148 Ma in this basin, although you would 

expect more of these ages in younger sediments, which is not observed in the Blanchard 

River assemblage or the Kluane schist.  
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Comparing the Blanchard River assemblage to regional Jura-Cretaceous 
basins  

Thus far, the detrital peaks within the Blanchard River and Vand Creek 

assemblages have been used to define possible sources for detritus, and by proxy, as 

an indicator of exhumation of the bounding terranes during deposition. Here the detrital 

zircon results are used to compare the Blanchard River and Vand Creek assemblages to 

other Jura-Cretaceous basinal assemblages within southwest Yukon, west-central BC, 

southeast Alaska and southern Alaska. In Figure 2.10 a stacked normalized age 

probability plot compares detrital zircon analyses from the Blanchard River assemblage 

and Vand Creek assemblage with those in southwest Yukon, south-central Alaska, 

southeastern Alaska and west-central BC. 
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Figure 2.10 Normalized probability plot comparing detrital zircon U-Pb ages 

<450 Ma from the Blanchard River assemblage with other Jura-
Cretaceous basinal assemblages in southwest Yukon, northwest 
BC, southeast Alaska and south-central Alaska. 

Dark grey bands highlight the primary peaks within the Blanchard River assemblage samples, the 
light grey band highlights a primary peak observed in the Vand Creek assemblage sediments 
underlying the Blanchard River assemblage; note that there is overlap in the major peak of the 
Blanchard River assemblage and one of the major peaks from the Vand Creek assemblage 16-
SI-301. AK- Alaska, BC- British Columbia, YK- Yukon. Kluane schist detrital data from Israel et al. 
(2011); Dezadeash Formation detrital data from (S. Israel, pers. com. 2017) ); East and West 
Gravina detrital data compiled from Yokelson et al. (2015), Nutzotin and Koksetna River detrital 
data compiled from Hults et al. (2013) and data for the Kahiltna assemblage is compiled from 
Hampton et al. (2010). 
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When compared with the Jura-Cretaceous basinal assemblages in southwest 

Yukon, the Blanchard River assemblage is distinct with its youngest peak ages from 

130-120 Ma, and a major peak from 199-190 Ma. The Kluane schist has similar detrital 

signatures to the Blanchard River assemblage, with a major peak from 200-190 Ma, 

although the youngest peak age of the Kluane schist is approximately 100 Ma (Israel et 

al., 2011), and it contains few zircon grains between 130-125 Ma. The ca.190 Ma major 

peak may suggest very similar depositional environment for Blanchard River 

assemblage and Kluane schist, albeit at slightly different times, in that they both appear 

to have been flanking the exhuming Yukon-Tanana terrane with its Jurassic plutons. 

Early Late Cretaceous ages related to the Whitehorse-Coffee Creek plutonic suite within 

the Kluane schist have prompted the interpretation of the Kluane schist as a forearc 

basinal assemblage (Mezger et al., 2001b; Israel et al., 2011; Nelson et al., 2013). The 

lack of mid-Cretaceous ages in the Blanchard River assemblage points to a slightly 

different tectonic setting, possibly in a collapsing backarc position similar to that 

interpreted for the Dezadeash Formation (Eisbacher, 1976; Lowey, 2007, 2011), or as a 

proto-forearc setting with respect to the Yukon-Tanana terrane, similar to the Kluane 

schist but prior to arc-magmatism.  

Correlations have previously been made between the Dezadeash Formation to 

the western Gravina assemblage in west-central BC, and the Nutzotin Mountains 

sequence in southern Alaska and westernmost Yukon (Berg et al., 1972; Eisbacher, 

1976). The detrital zircon signatures in the Dezadeash Formation and the Gravina belt 

indicate sourcing from both the inboard Yukon-Tanana terranes and the outboard Insular 

terranes (Yokelson et al., 2015). However, the ca. 190 Ma peak from the Dezadeash 

Formation is not expressed in either the eastern or western facies of the Gravina belt (S. 

Israel, pers. com. 2017). Furthermore, the Gravina belt detrital signatures have relatively 

more detrital zircon grains older than 300 Ma, suggesting that deeper parts of the Insular 

and Intermontane terranes were being eroded into these basins (Figure 2.10; Yokelson 

et al., 2015). The large unimodal peak from 160-155 Ma in the Nutzotin Mountains 

sequence (Hults et al., 2013) is correlative with the major peak in the Dezadeash 

Formation, which agrees with previous interpretations that the Dezadeash Formation is a 

displaced correlative to the Nutzotin Mountains sequence (Berg et al., 1972; Eisbacher, 

1976; Lowey, 2007). Although, the influence from the Intermontane terranes is not 

expressed in the Nutzotin Mountains sequence, which suggests that the Dezadeash 



49 

Formation was deposited more inboard in this basin to receive detritus from the 

Intermontane terranes.  

In the Vand Creek assemblage the two distinct peaks at 155 Ma and 190 Ma are 

most similar to those observed in the Dezadeash Formation (S. Israel, pers. com. 2017). 

However, the similarity in size of the 155 and 190 Ma peaks found in the Vand Creek 

assemblage, as well as an increased amount of Proterozoic zircons, indicates a greater 

influence from the inboard Intermontane terranes than recorded in the Dezadeash 

Formation. In the Dezadeash Formation, the youngest Detrital zircon ages range from 

151-148 Ma (S. Israel, pers. com. 2017), which correlates to the maximum depositional 

age of the Vand Creek assemblage (ca. 148 Ma). The Late Jurassic deposition of the 

Vand Creek assemblage and the Dezadeash Formation suggests that they were 

deposited at the same time, which indicates Vand Creek assemblage could be laterally 

correlative to the Dezadeash Formation. Lithologically, the Vand Creek assemblage 

appears to be similar to the Bear Creek assemblage with a combination of 

volcanic/volcaniclastic rocks, as well as marble and pyrite-bearing metasedimentary 

rocks (Israel et al., 2015). However, in the Vand Creek assemblage the lower unit seems 

to be dominantly sedimentary with volcanic/volcaniclastic basalt and ultramafic rocks 

overlying it. The ca. 204 Ma Triassic age of volcanic rocks near the base of Bear Creek 

assemblage (Israel et al., 2015) also sets these rocks apart from those of the Vand 

Creek assemblage. Detrital zircon ages from the top of Bear Creek assemblage are 

unimodal at ca. 160 Ma (S. Israel, pers. com. 2017), which is slightly older than the ca. 

155 Ma youngest peak in the Vand Creek assemblage. The enigmatic nature of both the 

Bear Creek and Vand Creek assemblages makes correlations difficult, and more 

detailed chemical and geochronological work is needed to identify if there are 

connections between them. However, if the Dezadeash Formation and Vand Creek 

assemblage are indeed correlative, it may be inferred that rocks of the Bear Creek 

assemblage could unconformably underlie the Vand Creek assemblage, as well as the 

Dezadeash Formation. 

Outside of southwest Yukon the detrital signatures in the Vand Creek 

assemblage closely match those of the Lower Koksetna River sequence in southern 

Alaska with two major peaks at 190 and 155 Ma (Hults et al., 2013). The Lower 

Koksetna River sequence was interpreted by Hults et al. (2013) to belong to a series of 

basins that relate primarily to the Insular terranes with detritus shed from the Talkeetna 
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and Bonanza arcs (DeBari et al., 1999; Clift et al., 2005; Rioux et al., 2007) as well as 

the Chitina arc (Berg et al., 1972; Plafker et al., 1989; Snyder and Hart, 2007). However, 

we contend that  major 190 Ma peaks combined with 135 Ma earliest Cretaceous, 

Paleozoic and Precambrian zircons reveal at least some input from the Intermontane 

terranes, and therefore spatial proximity between the Insular and Intermontane terranes 

allowing for erosion and deposition of both into the basin. Additionally, samples of the 

Koksetna River sequence have minor peaks at ca. 135 Ma, somewhat similar to what we 

see in the Blanchard River assemblage. This may suggest that the Koksetna River 

sequence was deposited after the Vand Creek assemblage, explaining the presence of 

the Early Cretaceous detrital zircon grains. In this case, the Koksetna River sequence 

could have been deposited at the same time as the Blanchard River assemblage, with 

the variation in detrital signatures explained by relative proximity to the Intermontane 

terranes. Alternatively, the Koksetna River sequence could have been deposited after 

the Vand Creek assemblage but before the Blanchard River assemblage. If there was a 

continuum of deposition into this basin recorded in the Koksetna River sequence, this 

may support evidence for a conformable contact between the Vand Creek assemblage 

and the lower portion of the Blanchard River assemblage. Furthermore, detrital zircon 

peaks within the Kahiltna assemblage from Hampton et al. (2010) match best with those 

observed in the Blanchard River assemblage, in particular, one primary peak from 200-

190 Ma and a secondary one from 130-115 Ma. This suggests a correlation between the 

Blanchard River assemblage and lower portions of the Kahiltna assemblage. 

Additionally, similarities can be identified between the Blanchard River assemblage and 

parts of the Kahiltna flysch and the Kuskokwim group identified by Hults et al. (2013). 

However, these two Alaskan basinal assemblages are better correlated to the detrital 

signatures of the Kluane schist. Based on the many correlations made between detrital 

zircon signatures from southwest Yukon and southwest Alaska, perhaps, prior to 

terminal accretion of the Insular terranes and dextral offset along the Denali fault, these 

basins were connected.  

Previous interpretations have suggested that the western Gravina belt in 

southeast Alaska and west-central BC correlates best to the Dezadeash Formation 

(Berg et al., 1972; Eisbacher, 1976). Correlations with the Blanchard River assemblage 

based on detrital zircon signatures become less convincing farther south in the Gravina 

belt. The primary detrital age peak within the western Gravina belt is ca. 155 Ma, which 
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indicates the Insular terranes as the main source for detritus. There is, however, a minor 

peak around ca. 120 Ma in the western Gravina belt which overlaps with a minor peak 

observed in the Blanchard River assemblage, strengthening the argument that this Early 

Cretaceous detrital peak in the Blanchard River assemblage comes from the Insular 

terranes since the western Gravina strata is interpreted to have been deposited on the 

Alexander terrane basement (Gehrels et al., 2009). The major peak in the East Gravina 

belt ranges from 170-140 Ma, similar to the younger peak observed in the Vand Creek 

assemblage, but we considered this as weak evidence in support of a direct correlation. 

Overall, in comparing the basinal assemblages along strike to one another in the Coast 

Mountains, it appears that the most robust correlations with the Blanchard River and 

Vand Creek assemblages of southwest Yukon can be made with the basinal 

assemblages documented by Hampton et al. (2010) Hults et al. (2013) in southern 

Alaska. However, similarities between detrital signatures for the Jura-Cretaceous basinal 

assemblages from west-central BC throughout Yukon and southern Alaska suggests 

deposition within a continuum of along-strike basins prior to their collapse and dextral 

offset along the Denali fault. 

2.6.2. Tectonic setting for the deposition of Jura-Cretaceous basinal 
assemblages in southwest Yukon 

By testing proposed models with new data we create a better understanding of 

the processes that define the architecture of the western margin of the northern 

Cordillera. The results of this study and other studies, summarized herein, suggest 

proximity of both the Insular and Intermontane terranes during the deposition of these 

basinal assemblages, evidenced by apparent intermixing of detritus from either side of 

the basin.  We therefore consider the sinistral transpression model proposed by Monger 

et al. (1994) and Gehrels et al. (2009) to best reconcile these observations, which 

suggests that the opening of these basins occurred due to sinistral translation of the 

Insular terranes southwards relative to the craton, resulting in a series of pull apart 

basins along the western margin of Laurentia. This model is considered favourable 

particularly for the northern basins in southwest Yukon, as it can reconcile the evidence 

for Middle Jurassic initial accretion of the Insular terranes followed by Late Jurassic 

sedimentation with sources of detritus from both the Insular and Intermontane sides of 

the basins. The model also accommodates the paleomagnetic data that indicates the 

western margin was in a sinistral transpressional stress regime in Late Jurassic–Early 
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Cretaceous time (Engebretson et al., 1985; Engebretson et al., 1995; Monger et al., 

1994; Gehrels et al., 2009).Thus, we use this model to reconcile the tectonic setting 

responsible for the deposition of these basins from the Late Jurassic into the Late 

Cretaceous in southwest Yukon (present day coordinates; Figure 2.11 & 2.12).  

When comparing the provenance for the Dezadeash Formation, the Blanchard 

River assemblage, Vand Creek assemblage and the Kluane schist, the evidence 

demonstrates that there was variable degrees of detrital input from both the Insular and 

Intermontane terranes. Importantly these variations in provenance from either side of the 

basin can provide clues regarding the tectonic setting within which these basins were 

formed. We combine provenance indicators from southwest Yukon with previous models 

of the Jura-Cretaceous tectonic evolution of the northwestern margin of the BC, Yukon 

and Alaskan Cordillera to interpret a series of paleotectonic reconstructions for the 

depositional evolution of these basins (McClelland et al., 1992; Monger et al., 1994; 

Gehrels et al., 2009; Yokelson et al., 2015). The reconstructions begin by assuming that 

in the region of the current study, the Triassic volcanic unit at the base of the Bear Creek 

assemblage was situated within this basin, forming a surface upon which the younger 

basinal assemblages accumulated unconformably (Israel et al., 2015; Giesler et al., 

2016). Before deposition of the Dezadeash Formation, there was sediment deposition 

forming the sedimentary dominated unit of the Bear Creek assemblage after 162 Ma (S. 

Israel pers. com. 2017), possibly indicating the initiation of the pull-apart basins by the 

relative southwards movement of the Insular terranes. Below we outline the steps for this 

paleotectonic reconstruction of the western margin during the Mesozoic that are 

depicted spatially in map view (Figure 2.11) and in cross-section view (Figure 2.12).  
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Figure 2.11 Map view depicting Canadian and Alaskan Cordilleran hypothesis for Middle Jurassic to Late Cretaceous 
evolution of the western Cordillera. 

Black lines represent cross sections for each respective time interval shown in Figure 2.12. Figure modified from Gehrels et al. (2009) and 
Yokelson, et al. (2015; used with permission). 
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Figure 2.12 Schematic cross sections of the evolution from the Late Jurassic to 

Late Cretaceous time depicting deposition and collapse of the Jura-
Cretaceous basinal assemblages observed in southwest Yukon.  

(A) Post 148 Ma deposition of the Dezadeash Formation and the Vand Creek assemblage 
unconformably overtop of the Bear Creek assemblage; these basinal assemblages are 
interpreted as laterally correlative to one another due to similar max depositional ages and detrital 
zircon signatures; their location in this basin is interpreted by relatively more Intermontane terrane 
input into the Vand Creek assemblage. B) Post 125 Ma Early Cretaceous deposition of the 
Blanchard River assemblage in a ‘proto-forearc’ basinal setting with respect to the Yukon-Tanana 
terrane. Relatively less detrital input from the Insular terranes indicates their proximity to the 
basin; C) Post 95 Ma early Late Cretaceous deposition of the Kluane schist in a forearc basin to 
the Coffee Creek plutonic suite that intruded the Yukon-Tanana terrane. Detrital input primarily 
came from the Yukon-Tanana terrane but there is also evidence for the proximity of the Insular 
terranes. A transition into compressional followed by transpressional stress regime caused the 
northeastward displacement of the Insular terranes initiating the closure of these basins. D) ~80 
Ma Late Cretaceous collapse of the Jura-Cretaceous basinal assemblages; compression 
included the thrusting of the Yukon-Tanana terrane westward; the burial of the Blanchard River 
assemblage and Kluane schist to amphibolite-facies metamorphic conditions and the intrusion of 
78-76 Ma orthogneiss and Casino suite.  

In all of the basinal assemblages detritus was shed primarily from Jurassic plutons within the 
flanking terranes. A detailed description of the model can be found in the text. 
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(1) Late Jurassic (Post 148 Ma). The Dezadeash Formation was deposited in a 

backarc position to the Insular terranes, unconformably on top of the metasedimentary 

rocks of the Bear Creek assemblage. Based on similar detrital zircon signatures from the 

Vand Creek assemblage and Dezadeash Formation we interpret that they were 

deposited around the same time perhaps as lateral equivalents within the basin. Detrital 

zircon signatures from both the Dezadeash Formation and the Vand Creek assemblage 

indicate that sediment was being sourced from both the Insular and Intermontane 

terranes, which suggests that the two terranes were in close proximity at this time, 

flanking either side of the developing basin. The relatively increased input of detritus 

from Intermontane terrane Jurassic intrusive suites in the Vand Creek assemblage may 

suggest that it was deposited farther to the east within the basin. The correlations 

between the Dezadeash Formation, the western Gravina and Nutzotin assemblages 

suggests these assemblages were deposited in a large, possibly continuous basin that 

formed soon after the onset of sinistral (southward) displacement of the Insular terranes 

as suggested by Monger et al. (1994). The distance across this basin is unknown. As 

there are very few Dezadeash Formation and Vand Creek assemblage detrital zircon 

grains older than 200 Ma, detritus shed into this basin came primarily from the upper 

portions of the Insular and Intermontane terranes resulting in detrital zircon peaks at ca. 

190 Ma and ca. 155 Ma in both assemblages from Jurassic volcanism and plutonism 

within the flanking terranes.  

(2) Early Cretaceous (Post 125 Ma). The Early Cretaceous marks the timing of 

deposition for the Blanchard River assemblage, which was primarily sourced from the 

Yukon-Tanana terrane. This suggests that the basin in which it was deposited was 

located just outboard of the western continental margin at the time, with minimal input of 

detritus from the Insular terranes. The Early Cretaceous represents a time of increased 

exhumation in the Intermontane terranes, which is indicated in Yukon-Tanana terrane by 

ca. 125 Ma biotite cooling ages near Aishihik Lake (Clark, 2017), and conversely, 

relatively subdued exhumation in the Insular terranes. The elevated rates of exhumation 

in the Intermontane terranes may come from underthrusting of the lower basinal 

assemblages (such as the Bear Creek assemblage and proximal parts of the Dezadeash 

Formation) beneath the Yukon-Tanana terrane. The proximal location of the Blanchard 

River assemblage relative to Yukon-Tanana terrane, combined with interpretations of 

deposition within the Kluane schist (Mezger et al., 2001a; Mezger et al., 2001b; Israel et 
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al., 2011; Nelson et al., 2013) indicates the Blanchard River assemblage was probably 

within a forearc setting relative to Yukon-Tanana terrane. However, there is no evidence 

of arc magmatism in the Yukon-Tanana terrane at this time; thus, the depositional 

environment of the Blanchard River assemblage was more likely a “proto-forearc” 

setting. It is likely that at this time strike-slip motion that was moving the Insular terranes 

southward was accompanied by compression, perhaps related to the westward motion 

of the North American continent in the late Early Cretaceous (<120 Ma; Kent and Irving, 

2010; Nelson et al., 2013) signalling a transition to compressional stresses along the 

margin. 

(3) Early Late Cretaceous (Post 95 Ma). The early Late Cretaceous in this region 

was a time of transpressional tectonism (McClelland et al., 1992; Monger et al., 1994), 

where compression was accompanied by arc magmatism in the Intermontane terranes 

with the intrusion of the Coffee Creek plutonic suite into the Yukon-Tanana terrane. 

Exhumation of the Yukon-Tanana terrane and the Whitehorse-Coffee Creek suite 

provided a source of sediment for the Kluane schist in a forearc basinal setting just 

outboard (west) of the Yukon-Tanana terrane. The Kluane schist would have been 

deposited over the Blanchard River assemblage, as this contact is not exposed at 

surface it is unclear whether it is a conformable contact or unconformable. In the case of 

a conformable contact, these two assemblages could represent a continuum of 

deposition during the Late Cretaceous with younging in detrital signatures representing a 

transition from a proto-forearc to a true forearc basin with respect to the Yukon-Tanana 

terrane, consistent with the interpretation from Mezger et al (2001), Israel et al. (2011) 

and Nelson, et al. (2013). Metamorphism related to the burial of Gravina belt sediments 

(to the south; McClelland and Mattinson, 2000; Rusmore et al., 2005) suggests that the 

collapse of the basins had already begun during the deposition of the Kluane schist. The 

closure of these basins occurred due to a transition into a more orthogonal 

compressional tectonic regime followed by a change to a dextral transpressional tectonic 

regime where the Insular terranes began to move northwards sometime in the early Late 

Cretaceous (< 70 Ma; McClelland et al., 1992; Monger et al., 1994). The separation 

between the Insular and Intermontane terranes during the early Late Cretaceous is still 

unknown. In Alaska there is evidence that younger basinal assemblages similar in age to 

the Kluane schist incorporated more Insular type sediments at this time (Hults et al., 

2013). It is possible that these basins were once situated to the west of the Kluane schist 
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prior to significant dextral motion recorded in the Denali fault (300-400 km) and other 

related fault systems. The lack of early Late Cretaceous ages in similar Jura-Cretaceous 

assemblages in southeast Alaska and west-central BC suggests that the closure of 

these basins occurred in a zipper-like motion, closing the southern basins first during the 

early Late Cretaceous as the Kluane schist and upper portions of the Koksetna River 

sequence were still being deposited. This explanation also helps to reconcile the 

increased amounts of early Late Cretaceous detrital zircon ages observed in southern 

Alaska (Hampton et al., 2010; Hults et al., 2013).  

(4) Late Cretaceous (ca. 80 Ma). The Late Cretaceous at ca. 80 Ma marks the 

final collapse of the Jura-Cretaceous basinal assemblages in southwest Yukon, where 

the Yukon-Tanana terrane was thrust overtop both the Kluane schist and the Blanchard 

River assemblage (Mezger et al., 2001a, 2001b; Israel et al., 2011; Bordet et al., 2015). 

This overthrusting resulted in crustal thickening, inducing amphibolite facies 

metamorphism at ca. 80 Ma observed in the Blanchard River assemblage (Chapter 3) 

and the Kluane schist (Israel et al., 2011). Concomitant Late Cretaceous phases of the 

Coast plutonic complex intruded into the Blanchard River assemblage, which are now 

observed as orthogneiss (78-76 Ma) found interleaved and deformed within it. Plutonic 

rocks of this age (the Casino suite) are also found within the Intermontane terranes as 

high-level intrusions (Bower et al., 1995) indicating that there was a Late Cretaceous arc 

being built on the Intermontane terranes. This was accompanied by faulting along the 

Tatshenshini shear zone and later along the Denali fault. Dextral motion along these 

structural features displaced the Jura-Cretaceous basinal assemblages of southwest 

Yukon (present coordinates) southwards relative to the Insular terranes. Further 

discussion of the detailed tectono-metamorphic development of this region associated 

with the closure of these basins is discussed in Chapter 3 of this thesis.  

2.7. Conclusions 

The Blanchard River assemblage is a thick package of metasedimentary rock 

belonging to a series of Jura-Cretaceous basinal assemblages juxtaposed between the 

Insular and Intermontane terranes in southwest Yukon. This position between these two 

terranes highlights the importance of the Blanchard River assemblage, as it records 

interactions between the Insular and Intermontane terranes through time, and provides 

insight into the evolution of the western margin of North America throughout the latter 
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half of the Mesozoic. In combining lithological characteristics with U-Pb detrital zircon 

geochronology, we define the Blanchard River assemblage as a marine clastic 

sequence deposited within the western margin of North America during the Early 

Cretaceous (post-126 Ma). Primary sedimentary textures such as graded bedding, and a 

significant variation in grain sizes from mudstone to conglomerates indicates a 

depositional environment that included sediment gravity flows resulting in turbidite 

sequences, an interpretation that has also been made for the Kluane schist and the 

Dezadeash Formation in southwest Yukon (Eisbacher, 1976; Mezger et al., 2001b; 

Israel et al., 2011). A major detrital zircon peak from 199-190 Ma in the Blanchard River 

assemblage suggests sourcing primarily from plutons intruding the Yukon-Tanana 

terrane, such as the nearby Aishihik batholith (190-180 Ma) (Joyce et al., 2016) of the 

Long Lake suite (192-178 Ma) (P. Sack, pers. com. 2017). A second peak is observed 

from 137-120 Ma, likely comes from arc magmatism intruding the Insular terranes to the 

west, such as the Kluane Ranges suite at 125-108 Ma (Beranek et al., 2012; Hart et al., 

2004), as well as the Chisana arc (125-115 Ma) (Snyder and Hart, 2007). The detrital 

zircon signatures demonstrate that the Blanchard River assemblage was sourced 

primarily from the Yukon-Tanana terrane, but the Insular terranes must have been 

nearby to also provide some detrital input, albeit limited.  

By combining provenance information from the Blanchard River assemblage, 

Vand Creek assemblage, Kluane schist and the Dezadeash Formation in southwest 

Yukon we present a conceptual model that favours Middle Jurassic to Late Cretaceous 

pull-apart basin development between the Intermontane and Insular terranes via sinistral 

transpression (McClelland et al., 1992; Monger et al., 1994) along the northwestern 

margin of North America from BC to Alaska. Our model for the current architecture 

observed in southwest Yukon is as follows: 

(1) Late Jurassic sinistral transpression resulted in the southward displacement 

of the Insular terranes relative to the more inboard Intermontane terranes, 

which induced the opening of pull apart basins between the two terranes. At 

this time, deposition of the Dezadeash Formation occurred inboard of the 

Insular terranes and the St. Elias suite, unconformably on top of the Bear 

Creek assemblage. Within this basin, laterally correlative to the Dezadeash 

Formation, the Vand Creek assemblage was deposited with input from both 

the Insular and Intermontane terranes; thus indicating proximity of the 
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flanking terranes to one another at this time. Along strike the Gravina belt, the 

Nutzotin Mountains sequence and early parts of the Kahiltna assemblage are 

interpreted to have been deposited within similar basins (Gehrels et al., 2009; 

Hampton et al., 2010; Hults et al., 2013; Yokelson et al., 2015).  

(2) During the Early Cretaceous, enhanced exhumation of the Yukon-Tanana 

terrane accommodated increased input of detritus from the Intermontane 

terranes. This may have been accompanied by a change in the regional 

stress regime to one of orthogonal compression. The Blanchard River 

assemblage was deposited in a proto-forearc setting, with primary detrital 

input from the Yukon-Tanana terrane. However, the Insular terranes were in 

close enough proximity to provide at least limited detritus into the Blanchard 

River assemblage. 

(3) The early Late Cretaceous marked a transition from a more orthogonal 

compressional tectonic regime to a dextral transpressional one, which 

initiated northeastward displacement of the Insular terranes and the gradual 

closure of these basins in a zipper-like fashion beginning with the more 

southern basins, with closure progressing northward. The intrusion and 

exhumation of a magmatic arc (the Coffee Creek plutonic suite) within Yukon-

Tanana terrane in southwest Yukon provided detritus for a forearc basinal 

assemblage, the Kluane schist.  

(4) Final closure of the Jura-Cretaceous basins in southwest Yukon occurred in 

the Late Cretaceous with the thrusting of the Yukon-Tanana terrane over the 

Kluane schist and the Blanchard River assemblage. This accompanied 

significant tectonic thickening and amphibolite facies metamorphism of these 

assemblages and the emplacement of Late Cretaceous intrusions (Chapter 

3).  
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Late Cretaceous to Paleocene tectono-metamorphic 
evolution of the Blanchard River assemblage, 
southwest Yukon 

3.1. Abstract 

The tectono-metamorphic evolution of southwestern Yukon records a 

complicated history related to the Mesozoic-Paleocene organization of the western edge 

of the northern Canadian and Alaskan Cordillera. This study focuses on the Blanchard 

River assemblage found in southwest Yukon, which is one of a series of Jura-

Cretaceous basinal and arc assemblages juxtaposed between the Intermontane 

terranes (Yukon-Tanana terrane) and the Insular terranes (Alexander terrane and 

Wrangellia). Detrital zircon analyses from the Blanchard River assemblage suggests that 

it was sourced mainly from exhumed Yukon-Tanana terrane and plutons found therein, 

with a maximum depositional age of Early Cretaceous (130-120 Ma; Chapter 2). 

Detailed mapping has demonstrated that the Blanchard River assemblage 

structurally underlies Proterozoic to Devonian meta-siliciclastic rocks of the Yukon-

Tanana terrane, a contact that is largely obscured by the intrusion of the Paleocene 

Ruby Range suite. Near this contact, rocks of both the Blanchard River assemblage and 

the Yukon-Tanana terrane preserve regional amphibolite facies metamorphic 

assemblages that include: kyanite, garnet and staurolite. West-verging thrust faults 

attributed to the structural stacking of the Yukon-Tanana terrane over the Blanchard 

River assemblage provide a mechanism for Late Cretaceous burial of the Blanchard 

River assemblage that resulted in amphibolite facies metamorphism. This is interpreted 

to be associated with the closure of the Jura-Cretaceous basins located between the 

Intermontane and Insular terranes in the region. Peak burial was quickly followed by 

decompression and cooling, and then by a later heating event that is evidenced by 

metamorphic minerals that statically overprint the earlier high-grade assemblages.  

In-situ U-Th-Pb monazite ages acquired in this study range from 83-61 Ma and 

provide timing constraints for metamorphism and deformation related to at least three 
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tectonic events. First, the tectonic burial of the Blanchard River assemblage is recorded 

between 83 and 76 Ma followed by regional exhumation (3-4 kbar) at ca. 70-68 Ma, and 

finally intense heating at ca. 63-61 Ma attributed to the intrusion of the voluminous Ruby 

Range suite. The tectono-metamorphic evolution recorded in the Blanchard River 

assemblage can be correlated with tectonism along the length of the Coast plutonic 

complex from western British Columbia through southwestern Yukon and Alaska, 

marking the closure of Jura-Cretaceous basins and the terminal accretion of the Insular 

terranes onto the western margin of North America.  

3.2. Introduction 

Since Devonian time, convergent margin tectonism has defined the architecture 

of the western margin of Laurentia, resulting in the accretion of allochthonous terranes, 

progressing from the early Mesozoic into the early Cenozoic (Coney et al., 1980; Monger 

et al., 1982; Monger and Price, 2002; Colpron et al., 2007; Nelson et al., 2013). 

Accretion of these terranes began with the Intermontane terranes (Slide Mountain, 

Yukon-Tanana, Quesnel, Stikine, Cache Creek and Bridge River terranes) from the 

Triassic into the Middle Jurassic, followed by the accretion of the Insular terranes 

(Wrangell and Alexander terranes) possibly after the Middle Jurassic (Monger et al., 

1982; McClelland and Gehrels, 1990; McClelland et al., 1992; Mihalynuk et al., 1994; 

Monger et al., 1994; Gehrels et al., 2009).  However, the precise timing of the accretion 

of the Insular terranes (Wrangellia and Alexander terrane) onto the western edge of the 

Canadian and Alaskan Cordillera remains a debated topic. Within the central Coast 

Mountains in southeastern Alaska and west-central British Columbia (BC) the initial 

accretion of the Insular terranes is thought to have begun as early as the Middle Jurassic 

(McClelland and Gehrels, 1990; McClelland et al., 1992; van der Heyden, 1992; 

Saleeby, 2000; Gehrels, 2001). However, in central Alaska, as well as southwestern BC, 

there appears to be components of the Insular terranes that did not terminally accrete 

until mid- to Late Cretaceous time (Monger et al.,1982; Monger et al., 1994; Ridgway et 

al., 2002; Trop and Ridgway, 2007; Hampton et al., 2010; Hults et al., 2013). Evidence 

supporting both sides of the debate comes from provenance and tectono-metamorphic 

history studies  of overlap assemblages (such as the Gravina belt and the Methow-

Tyaughton assemblages) juxtaposed between the inboard Intermontane terranes and 

the outboard Insular terranes. A similar architecture is observed in Alaska and southwest 
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Yukon where a series of basinal assemblages separate components of the Intermontane 

and Insular terranes. 

The Jura-Cretaceous basinal assemblages in southwest Yukon, include parts of 

the Bear Creek assemblage, the Dezadeash Formation, the Kluane schist and the newly 

defined Blanchard River and Vand Creek assemblages. These rock packages are 

located east of the Denali fault, between the outboard Insular terranes and the inboard 

Yukon-Tanana terrane, of the Intermontane terranes (Figure 3.1). These Jura-

Cretaceous assemblages have been variably deformed and metamorphosed up to 

amphibolite-facies conditions (Bordet et al., 2015). The tectonic history of this region is 

not well defined as contacts between these units are obscured by faults and the intrusion 

of Paleocene to Eocene plutons. Additionally, there have been limited detailed studies 

that have investigated the tectono-metamorphic processes that have affected these 

rocks. The assemblages with the highest grade of metamorphism, such as the 

Blanchard River assemblage and the Kluane schist, are optimal candidates for 

geochronologic, structural and metamorphic analyses to characterize the tectono-

metamorphic evolution of this region. Some issues to be addressed include: the timing of 

deformation and metamorphism of these rocks, their structural and stratigraphic 

relationships to one another, as well as discerning late Mesozoic accretionary processes 

that resulted in the juxtaposition of the Insular and Intermontane terranes of the northern 

Canadian and Alaskan Cordillera.  

The Blanchard River assemblage, located to the southeast of Haines Junction, 

Yukon, is a package of amphibolite facies metasedimentary rocks that record multiple 

phases of metamorphism and deformation related to latest Cretaceous to Paleocene 

tectonism (Figure 3.2). This study investigates the timing of deformation and 

metamorphism that has affected the Blanchard River assemblage to help constrain the 

tectonic evolution of the northwestern margin of Ancestral North America. In situ U-Pb 

monazite geochronology, associated with structural and metamorphic textures observed 

in the Blanchard River assemblage define up to three metamorphic events and at least 

two deformation events in the region. 
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Figure 3.1 Terrane map of southwest Yukon.  
The inset map shows the location with respect to the rest of Yukon, Canada. Dashed line box 
shows the location of the study area (Fig. 3.2). AK-Alaska, YT-Yukon Territory, BC-British 
Columbia. Modified from Nelson et al. (2013) and Bordet et al. (2015) 
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Figure 3.2 Bedrock geology map of the Kluhini River and Takhanne River map 
areas. 

Detailed map areas from 2016 mapping outlined in dashed boxes (Figure. 3.4). Lines of section 
are provided for regional cross sections (Figure. 3.9) and sample locations for which U-Th-Pb 
analyses were carried out are provided. UTM projection is NAD 83 zone 8. The legend is on 
following page. Map and legend modified from Bordet et al. (2015). 

3.3. Geological Background 

3.3.1. Tectono-metamorphism in southwestern Yukon 

In the Canadian and Alaskan Cordillera, the Mesozoic marked a time of intense 

convergent margin tectonism and compression (Crawford et al., 1987; Gehrels et al., 

1992; McClelland et al., 1992; Monger et al., 1994). Although we focus on the latest 

Mesozoic to Paleocene geologic evolution of southwest Yukon, it is important to put it in 

a broader regional and temporal context to fully appreciate the implications of this study. 

Regional terranes include: Yukon-Tanana terrane (Intermontane terranes), Alexander 

terrane and Wrangellia (Insular terranes), and a series of Jura-Cretaceous basinal 

assemblages representing a depositional environment that once separated the inboard 

Intermontane terranes from the outboard Insular terranes (Figure 3.1) (Eisbacher, 1976; 

Mezger et al., 2001a, 2001b; Lowey, 2007, 2011; Israel et al., 2011, 2015; Bordet et al., 

2015). These terranes are currently juxtaposed on either side of the Denali fault, a 

prominent structure in southwest Yukon, Alaska and northern BC that has 

accommodated 300 to 400 km of dextral strike slip displacement that occurred during 

the Tertiary (Eisbacher, 1976; Lowey, 1998; Murphy et al., 2008). Approximately parallel 

to the Denali fault in southernmost Yukon is the enigmatic Tatshenshini shear zone, 

which deforms metasedimentary rocks of the Jura-Cretaceous basinal assemblages 

(Lowey, 2000; Bordet et al., 2015) (Figure 3.1, Figure 3.2). Limited studies relating to the 

Tatshenshini shear zone have interpreted that it may have resulted from the collision of 

the Insular and Intermontane terranes (Lowey, 2000). 

Yukon-Tanana terrane 

The Neoproterozoic to late Paleozoic pericratonic Yukon-Tanana terrane is 

comprised of continental margin deposit, arc and back-arc rocks (Colpron et al., 2007). 

The Yukon-Tanana terrane makes up much of central Yukon and has a long deformation 

history that has evolved through rifting and accretionary processes from the Proterozoic 
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to its final accretion by Middle Jurassic time (Monger et al., 1982; Murphy et al., 1995; 

Colpron et al., 2006, 2007; Beranek and Mortensen, 2011; Nelson et al., 2013).  

The Snowcap assemblage is interpreted to be the oldest portion of the Yukon-

Tanana terrane with detrital and lithological characteristics that indicate an affinity to an 

ancient margin of northwestern Laurentian (Gehrels et al., 1991; Mortensen, 1992; 

Colpron et al., 2006, 2007; Nelson et al., 2006; Piercey and Colpron, 2009). The 

Snowcap assemblage is thought to have originally been a piece of the ancestral 

Laurentian continental margin that was rifted away in the mid-Paleozoic time during the 

formation of the Slide Mountain ocean basin (Colpron et al., 2006, 2007; Nelson et al., 

2006). The rifted portion of the Snowcap assemblage formed the basement upon which 

younger intraoceanic and continental arc systems developed (Nelson et al., 2006; 

Colpron et al., 2007). Although initial deformation of the Snowcap assemblage occurred 

prior to the deposition of the overlying Devonian to Permian strata (Colpron, et al., 

2016), deformation of Snowcap assemblage rocks continued long after the closure of 

Slide Mountain ocean in Permian-Triassic time (Mortensen, 1992; Nelson et al., 2006; 

Beranek and Mortensen, 2011) and its accretion onto the western margin of North 

America.  

Permian deformation and metamorphism recorded in the western and northern 

parts of Yukon-Tanana terrane has been interpreted to relate to either intra-arc 

deformation outboard of the Laurentian margin (Berman et al., 2007), or to its accretion 

onto the Laurentian margin (Beranek and Mortensen, 2011). Permian, Late Triassic, 

Early-Middle Jurassic and Early Cretaceous penetrative deformation and amphibolite 

facies metamorphism documented in the Yukon-Tanana terrane (Berman et al., 2007; 

Staples et al., 2013, 2014 & 2016; Clark, 2017) is interpreted to constrain the timing of 

accretion and the progressive migration of deformation and metamorphism towards the 

foreland over time (Staples et al., 2016). Notably, large portions of the Yukon-Tanana 

terrane also preserve Early to Middle Jurassic hornblende and mica K-Ar and 40Ar/39Ar 

cooling ages associated with exhumation of Yukon-Tanana rocks (Staples et al., 2016 

and references therein; Clark, 2017). These include rocks near Aishihik Lake, 

approximately 150 km north of the current study area, where rapid exhumation around 

175 Ma post-dated a 200-190 Ma crustal thickening event (Clark, 2017). Approximately 

400 km north of the current study area there is evidence for Early to mid-Cretaceous (ca. 

146-118 Ma) deformation and amphibolite facies metamorphism followed by isothermal 
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decompression and exhumation of at ca. 112 Ma (Berman et al., 2007; Staples et al., 

2013). This mid-Cretaceous decompression is consistent with a tectonic shift to orogen-

parallel extension interpreted to have occurred in the Yukon and central Alaskan 

Cordillera during the mid-Cretaceous (Dusel-Bacon et al., 2002; Staples et al. 2016).  

Wrangellia and Alexander terrane  

The Insular terranes include Alexander terrane and Wrangellia, which make up a 

significant portion of the exotic terranes that are interpreted to have evolved in the Arctic 

realm during the Paleozoic (Colpron et al., 2007). There is considerable evidence that 

these two terranes shared a geologic history as far back as the Middle Pennsylvanian, 

possibly latest Devonian, as indicated by magmatic rocks that stitch the Alexander 

terrane and Wrangellia contact (Gardner et al., 1988; McClelland et al., 1992; Israel et 

al., 2014; Cobbett et al., 2017). Thus, for the purposes of this study Alexander terrane 

and Wrangellia will be treated as a contiguous entity, as they appear to have been joined 

by the time they had significant interactions with the North American margin in the 

Mesozoic. Metamorphic rocks in Alexander terrane and Wrangellia are generally 

greenschist to sub-greenschist facies, with slightly higher grade metamorphism 

observed in portions of the Alexander terrane (Read and Monger, 1976; Dodds and 

Campbell, 1992). 

Jura-Cretaceous Basinal assemblages  

Straddling the boundary between the Insular and Intermontane terranes is the 

Coast plutonic complex, which consists primarily of intrusive and metamorphic rocks 

extending from southern BC into Yukon and Alaska (Woodsworth et al., 1991). Plutons 

of the Coast plutonic complex vary in age from Middle Jurassic to Eocene. In southwest 

Yukon, the Coast plutonic complex is largely represented by the Ruby Range suite 

(Israel et al., 2011). These Paleocene to Eocene intermediate to felsic intrusions have 

been interpreted to correlate with the Great Tonalite sill found in southeastern Alaska 

(Erdmer and Mortensen, 1993). Juxtaposed between the Insular and Intermontane 

terranes, also making up part of the Coast plutonic complex, is a series of Jura-

Cretaceous basinal assemblages. The current model to explain the formation of these 

basins is that they were created during transpressional plate motions leading to the 

opening of pull-apart basins between the Insular and Intermontane terranes during the 

Middle Jurassic (van der Heyden, 1992; Monger et al., 1994; Gehrels et al., 2009). 
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Portions of these Jura-Cretaceous basinal assemblages found in southwest Yukon 

include the Bear Creek assemblage (volcanic age of 204 Ma) (Israel et al., 2015), the 

Dezadeash Formation (fossil ages of 164-134 Ma (Eisbacher, 1976), the Blanchard 

River assemblage (maximum depositional age of 130-125 Ma), and the Kluane schist 

(maximum depositional age of 95 Ma (Israel et al., 2011) (Figure 3.1).  

Dezadeash Formation 

The Dezadeash Formation is a sequence of deep-marine siliciclastic strata made 

up of ~3000 m of bedded turbidite sequences and minor conglomerate (Eisbacher, 

1976; Lowey, 2007). The Dezadeash formation is interpreted as a submarine fan that 

was deposited in a backarc setting to the Chitina magmatic arc (Lowey, 2007, 2011). 

The northern contact is obscured by the Shakwak fault that separates the Dezadeash 

Formation from the Kluane schist (Figure 3.1) (Eisbacher, 1976). The base of the 

Dezadeash Formation is not clearly exposed, or is strongly sheared by the Denali fault, 

obscuring its relation to older underlying rock units (Eisbacher, 1976). The Dezadeash 

Formation is regionally metamorphosed to at least greenschist facies, although lower 

grades, in which fossils are locally preserved, are used to constrain its age (Lowey, 

2007; Bordet et al., 2015).  

The structural features of the Dezadeash Formation include two sets of folds 

accompanied by three stages of intrusions. Folds related to the earlier deformation are 

asymmetric and overturned towards the east, locally transferring laterally into thrust 

faults. These folds are interpreted by Eisbacher et al. (1976) to have formed prior to 106 

Ma based on cross cutting relationships of intrusive bodies. Between 70 and 50 Ma, 

southwest-directed thrusting occurred, placing the Kluane schist over the Dezadeash 

Formation (Eisbacher, 1976). Superimposed on the early folds are younger, open folds 

trending to the west-northwest. This refolding was interpreted to be response to mid-

Tertiary right-lateral shear along the Shakwak fault zone (a splay of off the Denali fault; 

Eisbacher, 1976).  

Kluane schist 

The Kluane schist is an informally named package of deformed and 

metamorphosed sedimentary rock of predominantly pelitic composition interpreted to be 

a forearc assemblage sourced from the Yukon-Tanana terrane (Mezger et al., 2001a, 
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2001b; Israel et al., 2011; Nelson et al., 2013). Detrital zircon analysis from two samples 

indicate an early Late Cretaceous maximum depositional age of ca. 95 Ma (Israel et al., 

2011). Metamorphism of the Kluane schist is characterized by two metamorphic events:  

regional metamorphism and deformation in the Late Cretaceous, followed by contact 

metamorphism which produced a 5-6 km wide contact aureole (M2) related to the 

intrusion of the early Eocene Ruby Range suite (Mezger et al., 2001a, 2001b). Peak 

pressure and temperature (P-T) for the M1 event in the Kluane schist was calculated to 

be ~ 8 kbar and 500 °C. This was followed by decompression to ~3.5 kbar and minor 

heating to 550 °C (Mezger et al., 2001a). In the Kluane schist, the contact aureole is 

distinguished by mineral assemblages of staurolite and andalusite with cordierite 

crystallization in higher grade parts of the aureole (Mezger et al., 2001a). Recent laser 

ablation inductively coupled plasma mass spectrometry (LA-ICPMS) analyses on zircon 

within the Kluane schist indicate metamorphic overgrowths occurred at ca. 82 and 70 Ma 

(Israel et al., 2011). 

3.3.2. Current understanding of the tectono-metamorphic history of 
the Kluhini and Takhanne River map areas, southwest Yukon 

The Kluhini and Takhanne River map areas are located ~50 km southeast of 

Haines Junction on the east side of Haines Road in southwest Yukon (Figure 3.2. The 

region is composed of metasedimentary and metavolcanic roof pendants, found within 

the Ruby Range suite, that were originally assigned to the Yukon-Tanana terrane 

(Kindle, 1952; Gordey and Makepeace, 2001). These rocks are juxtaposed with rocks of 

the Dezadeash Formation by the enigmatic Tatshenshini Shear zone to the west (Bordet 

et al., 2015). More recent bedrock mapping in the area identified thrust imbrication of 

older Snowcap assemblage rocks of Yukon-Tanana terrane overtop of the Blanchard 

River assemblage (Bordet et al., 2015). However, much of this contact is either covered, 

or has been intruded by the Ruby Range suite. The dominant foliation in the region 

strikes to the northwest and dips moderately to steeply to the northeast, and is found 

within schistose and gneissic rocks from the Yukon-Tanana terrane, Blanchard River 
assemblage and Late Cretaceous intrusive rocks ({5Ss, {5Ss, {5Sa, 3Bs, 3Bgn, and L3gn in 

Figure 3.2). Folding in the Blanchard River assemblage consists of south to southwest 

verging tight to isoclinal folds that have been refolded by open folds with approximate 

east-southeast vergence (Bordet et al., 2015).  
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Initial metamorphic analysis in the area identified two recrystallization events. 

The first phase is a regional metamorphic event characterized by a high pressure 

mineral assemblage that includes kyanite, garnet and staurolite observed in the north 

and a lower pressure mineral assemblage of andalusite and staurolite observed in the 

south (Bordet et al., 2015). The second recrystallization event is associated with intense 

heating and contact metamorphism defined by the overprinting by sillimanite and 

cordierite in the southern parts of the field area (Bordet et al., 2015). Bordet et al (2015) 

suggested that the metamorphic grade in the area decreases from the northeast in the 

Klukshu Peak area to the southwest in the Haines Peak area (Figure 3.2). Preliminary 

thermobarometry for a rock from the Klukshu Peak area (Figure 3.2 & Figure 3.3) 

indicates stability of the kyanite-staurolite-garnet-biotite-muscovite-ilmenite schist to be 

within the range of 635-650°C and 6.3-6.7 kbars (Bordet et al., 2015). In the Haines 

Peak area to the south (Figure 3.2), lower grade mineral assemblages containing biotite, 

cordierite, plagioclase, quartz, staurolite, sillimanite and minor graphite with sillimanite 

pseudomorphed porphyroblasts of unknown initial composition are found (Bordet et al., 

2015). Bordet et al. (2015) constrained the stability of the prograde staurolite and 

andalusite mineral assemblage to have been ~3.5-4 kbar, in contrast with the higher 

pressure amphibolite facies conditions identified in the north. The progression of mineral 

growth interpreted for the southern field area involved an early assemblage of staurolite 

and andalusite that was followed by the growth of sillimanite and cordierite, which 

indicates a period of heating, associated with the intrusion of the Ruby Range suite 

(Bordet et al., 2015); however, the cause for the apparent decrease in metamorphic 

grade from north to south was not explained in the 2015 study. 
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Figure 3.3 Petrogenetic grid of the mineral assemblage observed in sample 14-

SI-088.  
The mineral assemblage Ky-St-Grt-Bt-Ms-Pl-Qtz-Ilm relates to P-T conditions of ~635-650°C, 
~6.3-7.8 kbar typical of middle amphibolite facies conditions. Modeling was carried out in the ten-
component system MnO-Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2 (MnNCKFMASHT). 
P2O5 was removed from the bulk composition by projection from apatite. The thermodynamic 
database of Holland and Powell (1998) was used in conjunction with the solution models listed in 
Pattison and Tinkham (2009). A pure H2O fluid phase was assumed to be present in excess 
throughout the P-T range. Mineral abbreviations after Whitney and Evans (2010). Petrogenetic 
grid and P-T conditions calculated in Bordet et al. (2015) © Government of Yukon 2017 

3.4. Geology 

3.4.1.  Bedrock Mapping and Lithostratigraphic Framework 

Detailed 1:10 000 scale bedrock mapping was completed in the summer of 2016 

in 6 remote fly camps, as well as road accessible traverses, to determine the style and 

relative timing of the deformation and metamorphism that affected the Blanchard River 

assemblage and adjacent formations. Map areas were compiled into two 1:10 000 and 

two 1:20 000 scale map sheets (Figure 3.4; Appendix A1). Rock unit descriptions for the 

detailed maps are provided in the text below. 
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Figure 3.4 Detailed maps of the field area and their legend.  
Mineral assemblages for metamorphic events of key samples discussed below is identified in the 
inset table; these assemblages are assumed to be found throughout their respective map are. 
Equal-area lower hemisphere plots present structural data from the map areas. Structural 
analyses was completed using the Stereonet 9 software 
(http://www.geo.cornell.edu/geology/faculty/RWA/programs/stereonet.html); a legend for each set 
of stereonets is provided with each map. A) Klukshu Peak map area. B) Vand Peak map area. C) 
Takhanne Peak map area. D) Haines Peak map area. E) Legend for detailed 1:10000 and 
1:20000 maps (panels A-D); detailed rock descriptions can be found in the text.  

  



79 

Yukon-Tanana Terrane 

In the study area, rocks of the Yukon-Tanana terrane are restricted to the 

Klukshu Peak and the Takhanne Peak areas (Figure 3.4 a & c, respectively). The 
Yukon-Tanana terrane in this region consists of psammitic ({5Ssp) or pelitic ({5Ss) garnet-

kyanite schist, garnet amphibolite ({5Sa), metavolcanic-metavolcaniclastic schist ({5Sv) 

and marble ({5Sc) (Figure 3.5).  

Garnet-kyanite-biotite-muscovite schist ({5Ss and {5Ssp)  

These rocks are found near the structural base of Yukon-Tanana rocks exposed 

in the northeastern parts of the study area (Klukshu Peak and Takhanne Peak map 

areas; (Figure 3.4 a & c). Outcrops of the schist are generally grey with rusty weathering, 

and the penetrative foliation is defined by alignment of biotite and muscovite. The schist 
({5Ss) generally has abundant garnet porphyroblasts, up to 5 mm diameter, and locally 

abundant kyanite and sillimanite (?) porphyroblasts up to 10 mm long (Figure 3.5 a). The 
psammitic schist ({5Ssp) is differentiated from the pelitic schist by an increased amount of 

medium-grained quartz in the matrix. Porphyroblasts within the psammitic schist include 

garnet up to 1 mm in diameter and kyanite up to 8 mm in diameter.  

Amphibolite ({5Sa)  

In the Klukshu Peak area, a thin layer of hornblende, plagioclase and biotite 

bearing amphibolite schist (Figure 3.5 b) crops out between biotite-muscovite schist and 

psammitic schist. In outcrop it is generally black-green with rusty-brown weathering 

surfaces. Fresh surfaces have a salt and pepper appearance. The amphibolite schist is 

generally fine-grained with a penetrative foliation defined by the alignment of hornblende 

and trace amounts of biotite (Figure 3.5 b). Garnet porphyroblasts within unit are <1 mm 

to 5 mm in diameter. Locally this unit appears as a massive dark green-black 

metabasalt. In the northwestern part of the Klukshu Peak area this unit is separated into 

leucocratic and melanocratic layers within an amphibolite gneiss that is interlayered with 
granodioritic orthogneiss (L3gn; described below).  

Metavolcanic/Metavolcaniclastic rocks ({5Sv)  

In the Takhanne Peak area metavolcanic and metavolcaniclastic rocks are found 
interlayered with dirty marble of unit {5Sc (Figure 3.5 c). In outcrop these rocks are brown 

to rusty weathered, dark grey metavolcanic sandstone and conglomerate along with dark 
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grey-green garnet-biotite metabasalt. Clasts within the conglomerate are primarily 

rounded, up to 4 cm diameter, and appear to be matrix supported, but the intense 

weathering of these rocks makes the lithology of the clasts difficult to distinguish. Matrix 

is fine-grained, made up of mica and sericite, quartz and large plagioclase crystals 

ranging from <0.5 mm up to several mm across (Figure 3.5d). Pressure shadows around 

these larger minerals consist of mica, plagioclase and quartz. Garnet porphyroblasts 1-2 

mm in diameter are wrapped by the foliation, and show signs of retrogression to chlorite. 

Although there are thin lenses of amphibolite near the lower contact between the garnet-

biotite metavolcanic rock and the underlying Blanchard River assemblage, it is unclear 
whether this unit is related to the amphibolite ({5Sa). Towards the lower contact the rock 

becomes quite fissile and preferentially weathered into the topography, which is likely 

due to a faulted contact with the Blanchard River assemblage. 

Marble ({5Sc) 

In the Takhanne Peak area, marble is found in continuous beds interlayered with 
metavolcanic rocks (Figure 3.5 c; {5Sv) and muscovite-biotite schist ({5Ss). The marble is 

also in contact with orthogneiss (L3gn), although the orthogneiss is considerably younger 

than the marble, as it contains foliated clasts of {5Ss and {5Sc along its margins. The 

marble is creamy white to dirty grey-brown in outcrop with fine to medium-grains of 

carbonate material throughout. The foliation is relatively well defined within this unit 

(Figure 3.5c & e). 
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Figure 3.5 Rock units of the Yukon-Tanana terrane.  
A) Garnet-kyanite-biotite-muscovite schist from unit {5Ss. Kyanite is aligned along the STy+2 
foliation. B) Well-foliated garnet-amphibolite of the unit {5Sa. C) Interlayered metavolcanic ({5Sv) 
and marble ({5Sc) with red dashed lines indicating contacts between the units. D) 
Photomicrograph in cross-polarized light (XPL) of the garnet bearing 
metavolcanic/metavolcaniclastic unit {5Sv in sample 16LV152-1. E) Outcrop of well-foliated marble 
({5Sc). Hammer for scale is ~ 45 cm, the end of the pencil for scale is ~ 3 cm. 
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Vand Creek assemblage 

The Vand Creek assemblage is a newly identified package of rocks underlying 

the Blanchard River assemblage. We have interpreted that the Vand Creek assemblage 

is conformably underlying the Blanchard River assemblage; however, we cannot 

definitively say whether parts of it represents a lower portion of the stratigraphy of the 

Blanchard River assemblage or if it is a different unit entirely. At one locality in the Vand 

Peak map area (Figure 3.4 b) the metasedimentary rocks of the Blanchard River 

assemblage grade into the marble of the Vand Creek assemblage. However, elsewhere 

there appears to be intense deformation and shearing occurring at the contact between 

rocks of the Blanchard River assemblage and the Vand Creek assemblage. The age of 

the Vand Creek assemblage is poorly constrained but is at least latest Jurassic in age 

based on detrital zircon ages (see Chapter 2 of this thesis). The relationship between the 

various rock units in the Vand Creek assemblage is also not well defined due to poor 

exposure. Metamorphism in these units is not easily recognized as these rocks are fine-

grained, intensely altered by hydrothermal fluids, deformed, and sheared in places. In 

general, the metamorphism appears to be at least greenschist facies, and likely 

amphibolite facies, with sericite, pyrite, hornblende, muscovite and variable amounts of 

plagioclase, as well as trace quartz throughout. 

Undifferentiated Metabasalt/Metagabbro/Volcaniclastic/Quartzite (L<V) 

Beneath the Blanchard River assemblage in the western part of the Vand Peak 

map area is an amalgamation of different, highly-deformed metavolcanic and 

metavolcaniclastic rock. (Figure 3.6). Rocks observed in this unit include green-black 

serpentinized hornblende metagabbro, fine-grained chlorite metabasite, and quartzite. 

On the map, these rocks are undifferentiated because their highly deformed nature 

makes them difficult to break apart into succinct units. Quartzite of this unit are 
interleaved with large discontinuous bands of beige to grey marble (L<Vc), although their 

relationship with other parts of the Vand Creek assemblage are difficult to determine due 

to lack of exposure. Quartzite appears in blocky grey outcrops with thin bands containing 

biotite and garnet only visible in thin section. Much of the remainder of the 

undifferentiated portion of the Vand Creek assemblage is poorly exposed.  
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Metabasalt (L<Vb) 

LJvb consists of fine-grained, green-grey, well-foliated to massive metabasalt 

that is locally sheared with moderate to intense serpentinization. The precise relationship 

of the metabasalt to other rocks of the Vand Creek assemblage is unclear due to poor 

exposure. In the southern part of the Vand Peak area this rock is in conformable contact 
with the Vand Creek marble (Figure 3.6a; L<Vc). 

Metagabbro to ultramafic (L<Vg) 

Metagabbroic to ultramafic rocks appear in green-black rounded, chunky 

outcrops along the base of the western ridge in Vand Peak map area. These rocks 

contain large hornblende crystals up to 2cm in diameter in a groundmass of highly 

serpentinized material (Figure 3.6 b). It is unclear what the relationship between the 

metagabbro is to other rocks in the Vand Creek area but they appear to overlie at least 

parts of the phyllitic sandstone/mudstone of the Vand Creek assemblage (Figure 3.6 c; 
L<Vs)  

Siltstone (L<Vs)  

At the base of the exposed portion of the Vand Creek assemblage there is a very 

fine-grained package of, dark grey to brown metamorphosed siltstone and mudstone 

that has been highly deformed and displays multiple generations of folding. Interleaved 

in the metasiltstone of this unit are relatively more felsic or mafic components. The 

minerals within it are very fine-grained and not easily distinguished. Metamorphism of 

this rock is at least greenschist facies, however, metamorphic facies is difficult to 

distinguish as aluminosilicates are not present. Foliation and intense rodding is visible in 

outcrop with at least two generations of folding present (Figure 3.6 c).  

Marble (L<Vc) 

Marble of the Vand Creek assemblage is beige to grey in outcrop and very fine-

grained with green strings of pyrite and phyrrhotite bearing chloritic schist. The marble 

appears in discontinuous lozenges conformably in contact with metabasaltic rocks of 
L<Vb (Figure 3.6 a), as well as garnet-bearing fine-grained quartzite of the Vand Creek 

assemblage (Figure 3.6 d) and metasedimentary rocks of the Blanchard River 
assemblage (3Bs). It is unclear whether the marble is a part of the lower stratigraphy of 
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the Blanchard River assemblage or the upper stratigraphy of the Vand Creek 

assemblage, as it appears to be in conformable contact with rocks of both units. 

 
Figure 3.6 Representative rock units of the Vand Creek assemblage. 
A) Contact between metabasalt (L<Vb) and marble (L<Vc) is shown by red dashed line. B) 
Serpentinized ultramafic with large nodules of hornblende up to 2.5 cm in diameter (L<Vg). C) 
Foliated, very fine-grained foliated in the siltstone-mudstone unit (L<Vs) with rodded crenulation 
lineations. D) Plane polarized light (PPL) photomicrograph of very fine-grained quartzite with 
bands of biotite and fractured garnet porphyroblasts; the shear sense is enigmatic in this section 
(L<Vs). Pencil for scale is ~ 15 cm in length. 
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Blanchard River Assemblage 

Quartz-Biotite schist (3Bs) 

The Blanchard River assemblage is primarily characterized by intensely 

deformed interlayered pelitic or psammitic quartz-biotite schist containing porphyroblasts 

of garnet, kyanite, staurolite, andalusite and sillimanite. Although this unit is highly 

deformed, primary features such as compositional layering and graded bedding are 

locally visible parallel to the penetrative foliation (Figure 3.7 a, b & c). Matrix minerals of 

the schist include quartz, biotite and plagioclase, as well as trace amounts of muscovite. 

Porphyroblasts found in the schist in the northernmost parts of the field area include 

staurolite, kyanite and garnet (Figure 3.4 a). Kyanite and staurolite porphyroblasts can 

be up to 2 cm in length and are often wrapped by the foliation. Garnet porphyroblasts 

are up to 5 mm in diameter. In the southern part of the study area, particularly in the 

Haines Peak map area (Figure 3.4 d), porphyroblasts of andalusite and sillimanite are 

present. Sillimanite and cordierite has partially overprinted porphyrobalsts of staurolite, 

kyanite and garnet, and in some cases has completely pseudomorphed them (Figure 3.7 

c & d). A more detailed interpretation of the metamorphic assemblages can be found 

below. 

Locally interlayered with quartz-biotite schist are 10-30 cm layers of medium- to 

coarse-grained hornblende, quartz and plagioclase (possibly amphibolite), which may be 

tuff layers within the rock. Local beds of meta-conglomerate are also found within the 

metasedimentary succession containing stretched clasts of quartzite up to 5 cm long. 

The structural top of the unit, observed primarily in Klukshu Peak area and locally in 

Takhanne Peak area, is structurally overlain by the Yukon-Tanana terrane; a thrust 

contact that was later intruded by the Ruby Range suite. In the Klukshu Peak area 

approaching the Ruby Range suite, the Blanchard River assemblage appears 

increasingly strained and fissile with quartz and calcite veining occurring in outcrops that 

are intensely regressed. Locally, thin bands of dirty marble are found in the sedimentary 

succession towards the base of the unit in the southwestern corner of Haines Peak area; 

it is unclear whether these thin bands of marble are related to the thicker lozenges of 
marble within the Vand Creek assemblage (L<Vc). In the west-central part of the Vand 

Peak area, the Blanchard River assemblage conformably overlies the Vand Creek 

assemblage. As indicated above, it is unclear whether or not the Vand Creek 

assemblage is a lower part of the Blanchard River assemblage. 
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Quartz-Biotite Paragneiss (3Bgn, 3Bpgn) 

In the Haines Peak map area, the Blanchard River assemblage transitions into a 
psammitic proto-gneiss (3Bpgn) to paragneiss (3Bgn) approaching contacts with intrusive 

rocks (Figure 3.7 e & f). The paragneiss contains the same matrix minerals and 
porphyroblasts as the schist (3Bs), although it is more abundant in sillimanite, cordierite 

and andalusite porphyroblasts that overprint the garnet, staurolite and kyanite. Another 

difference between this unit and the schist described above is the presence of up to 

three generations of interstitial leucosome, possibly related to partial melting, and 

gneissic compositional layering (Figure 3.7 e & f), both paralleling and cross cutting the 

penetrative foliation. Leucosome is also visible in a shear zone with apparent tops to the 

northeast sense of shear in Vand Peak map area, in this area the leucosome generation 

is concordant with the penetrative deformation. Particularly within the proto-paragneiss 

bedding textures are preserved. An increase in gneissosity and crystal size occurs 

approaching intrusive contacts with the Ruby Range batholith and smaller bodies of Late 

Cretaceous intrusive rocks. In the Haines Peak area paragneissic rocks are fine- to 

medium-grained, well-foliated with recrystallized quartz or biotite aligned with the 

foliation, which is most noticeable in thin section where biotite and quartz are 

mimectically replaced by new crystals of biotite and quartz. In the psammitic layers, 

recrystallized aggregates of biotite form mineral lineations parallel to fold hinges of 

crenulations.  
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Figure 3.7 Representative rock units and textureal features of the Blanchard 
River assemblage.  

A) Blanchard River assemblage quartz-rich psammitic schist showing apparent fining upwards 
layering of the 3Bs unit. B) Example of graded bedding in the Blanchard River assemblage sub-
vertical in orientation fining from right to left. C) Staurolite-bearing quartz-biotite schist with 
alternating quartz-rich and biotite-rich layers. Staurolite is found in more fine-grained biotite-rich 
layers and is replaced by cordierite and sillimanite (inset photo). D) Porphyroblasts of kyanite 
replaced by spinel, plagioclase, sillimanite and cordierite in Blanchard River assemblage schist 
(3Bs). E) Intensely folded migmatitic paragneiss of the 3Bgn unit. F) Paragneiss of the Blanchard 
River assemblage (3Bgn) near the contact with Ruby Range suite and Late Cretaceous diorite. 
Augens of quartz are observed throughout the outcrop. 

Late Cretaceous Intrusive Rocks (L3gn, L3gd, L3g, L3d) 

Several highly foliated bodies of intrusive rocks are found throughout the study 

area. The composition of these rocks vary from diorite to granodiorite to gabbro. Often 

these bodies show a gneissic texture, but can also be massive to slightly foliated. 

Foliations found in these rocks are parallel to the penetrative planar fabrics found in 

nearby rocks of both the Yukon-Tanana terrane and the Blanchard River assemblage.  

Orthogneiss (L3gn) is comprised of compositionally layered, locally mylonitic, 

medium- to coarse-grained diorite interlayered with creamy white tonalite. The 

orthogneiss is commonly granodioritic and locally grades into coarse-grained garnet 

amphibolite. Orthogneiss is found primarily associated with the muscovite-biotite schist 

of the Yukon Tanana terrane, but can also be found interlayered with Yukon Tanana 

terrane amphibolite or in smaller lenses nearing the contact of the Blanchard River 

assemblage and the Ruby Range suite. Overall the orthogneiss appears to be a 

combination of all the Late Cretaceous intrusive rocks. A highly foliated, medium- to 
coarse-grained quartz-biotite-plagioclase-hornblende-granodiorite to quartz-diorite (L3gd) 

is found throughout the field area in large bodies parallel to the foliation, similar to the 

orthogneiss. It is likely that the granodiorite is a less deformed version of the 

orthogneiss, possibly representing a later phase of the Late Cretaceous intrusions. 
Foliated fine- to coarse-grained hornblende-diorite to tonalite with abundant garnet (L3d) 

is also observed in lenses near the contacts between the Blanchard River assemblage 

and Ruby Range batholith.  

Coarse-grained, massive, dark brown to black hornblende biotite-plagioclase-
pyroxene-gabbro (L3g) is found in the Haines Peak area (Figure 3.4 d). The gabbro is 

generally undeformed, but is cross cut by dioritic to granodioritic dikes; these dikes also 

cross cut contacts with Blanchard River assemblage schist. If these dikes are Late 
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Cretaceous, this suggests that the gabbro is likely Late Cretaceous, potentially 

preceding the granodiorite observed elsewhere; however, it is possible that these cross-

cutting dikes are associated with the Paleogene Ruby Range suite and not the Late 

Cretaceous orthogneiss. Although the age of the gabbro is uncertain, its massive, cross 

cutting character suggests that it was emplaced after the deformation of the Blanchard 

River assemblage.  

Ruby Range suite (*R) 

The Ruby Range suite intrudes all rock units in the study area and is 

characterized by medium- to coarse-grained equigranular, biotite-hornblende-

granodiorite to quartz-diorite that is creamy to light grey in outcrop (Figure 3.8 a). The 

rocks of the Ruby Range suite are generally massive, although near the contacts with 

the metasedimentary rocks they are weakly- to moderately-foliated. Locally, rocks of the 

Ruby Range suite contain garnet and muscovite particularly where it is in direct contact 

with the schistose units of the Yukon-Tanana terrane and the Blanchard River 

assemblage (Figure 3.8 b). In the Klukshu Peak area the foliation within the Ruby Range 

batholith is locally defined by the alignment of magmatic muscovite and biotite, indicating 

that the fabric is inherited from the country rock in this locality (Figure 3.8 b). In the 

Haines Peak map area and along the hanging wall of the Tatshenshini shear zone, the 

foliation with the Ruby Range suite is defined by the alignment of hornblende and biotite. 

Above the shear zone this foliation is attributed to be tectonic in origin (as opposed to 

magmatic) evidenced by the presence of solid state microstructures such as grain 

boundary migration textures in quartz crystals (Figure 3.8 c & d). Along the Tatshenshini 

shear zone, the Ruby Range suite appears to structurally overlie the Dezadeash 

Formation (Figure 3.8 e; Lowey, 2000). 
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Figure 3.8 Representative Ruby Range suite rock (*R).  
A) Coarse-grained granodiorite directly beneath schist of the Yukon Tanana terrane. At the 
contacts with schistose units the Ruby Range suite exhibits a mild to moderate foliation parallel to 
the contact. B) Photomicrograph in XPL of Ruby Range suite sitting just above the Blanchard 
River assemblage in the Klukshu Peak area that contains garnet, quartz, and plagioclase with 
biotite and muscovite defining an inherited foliation. C) Outcrop of foliated Ruby Range suite 
sitting just above the Dezadeash Formation along the Tatshenshini shear zone. D) 
Photomicrograph in PPL (left) and XPL (right) of Ruby Range suite with the foliation primarily 
defined by the alignment of hornblende and trace amounts of biotite; solid state deformation is 
evidenced by grain boundary migration in quartz crystals. E) Looking along the Tatshenshini 
River the structural relationship between the Dezadeash Formation (DZ) and the Ruby Range 
suite (RR) with a thick ~10 m strand of the Tatshenshini shear zone between them. 
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3.4.2. Structure 

Detailed structural analysis was undertaken throughout the 4 map areas in the 

study area. Regional structures are schematically represented in both the detailed maps 

of the study area (Figure 3.4), and the regional cross section (Figure 3.9). Equal area 

stereonets, which include all pertinent structural data discussed below for the respective 

map areas, are displayed within their respective map in Figure 3.4. For this study we 

differentiate between structures measured in the Yukon-Tanana terrane and the 

Blanchard River assemblage using the shorthand notation DTy+2 and D1b, respectively, as 

there are older deformation events preserved in the Yukon-Tanana terrane rocks that 

pre-date those observed in the Blanchard River assemblage (e.g., Berman et al., 2007; 

Staples et al. , 2013, 2014, 2016; Clark, 2017). The DTy+2 and the D1b describe the same 

regional deformation event in the two units, structures within the Late Cretaceous 

orthogneiss and the Vand Creek assemblage are assigned the same notation as the 

Blanchard River assemblage (e.g., D1b).  
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Figure 3.9 Geological cross-sections through Kluhini River and Takhanne River areas.  
Locations of sections are indicated on Figure 2. See text or Figure 3.2 legend for unit descriptions. a.s.l. = above sea level. 
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Defining characteristics of deformation events and interpretations 

At least two phases of deformation post-date the development of the 

transposition foliation in the Yukon-Tanana terrane; these include isoclinal folds (FTy+1) 

that are themselves refolded by tight southwest-verging folds (FTy+2) (Figure 3.4a & 

Figure 3.10a). Axial surfaces (STy+2) of these southwest-verging folds parallel axial 

surfaces (S1b) for similar tight to isoclinal, southwest-verging folds within the Blanchard 

River assemblage (Figure 3.4a & Figure 3.10b). Folding in this orientation represents 

compression in the northeast-southwest direction which is approximately parallel to the 

interpreted movement across the southwest-directed Kluhini River thrust placing the 

Yukon-Tanana terrane over the Blanchard River assemblage (Figure 3.4a & Figure 3.9). 

Texturally, garnet from the Yukon-Tanana terrane in part overprints, but is also wrapped 

by the STy+2 fabric. Kyanite porphyroblasts are aligned in and wrapped by the STy+2 fabric 

in the Yukon-Tanana terrane and appear to be in textural equilibrium with the biotite that 

defines the STy+2 fabric.  

In the Blanchard River assemblage primary sedimentary features such as 

compositional layering and graded bedding that define S0b are observed in outcrop 

(Figure 3.11a). The alignment of micaceous minerals defines the penetrative foliation 

(S1b) which parallels the axial surfaces of isoclinal folds (F1b) that have transposed the 

original bedding (S0b). The S0b bedding is aligned roughly parallel to F1b axial surfaces 

(S1b) along the limbs of F1b folds, and perpendicular to the axial surface where it wraps 

around the F1b fold hinges (Figure 3.11b). The growth of kyanite and staurolite 

porphyroblasts are pre- to syn-tectonic with respect to S1b as they are aligned parallel to 

and wrapped by the S1b fabric, porphyroblasts also contain inclusion trails that have 

been rotated to align with the S1b foliation which can be observed in thin section (Figure 

3.11c). Garnet porphyroblasts in the Blanchard River assemblage in part overprint but 

are also wrapped by the S1b foliation, which is interpreted to indicate growth syn-tectonic 

with D1.  

D2b in the Blanchard River assemblage is defined by southeast-verging open 

folds that plunge moderately to the east-northeast that deform both S0b and S1b. 

Structures associated with D2b deformation are most prominent in the Haines Peak and 

Vand Peak areas, however, they are observed within the northern field areas as well 

(F2b; Figure 3.4b & d; Figure 3.11d). L2b lineations are primarily crenulation lineations or 
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the alignment of minerals such as hornblende, aluminosilicates and mica along F2b fold 

hinges. Mimectically recrystallized aggregates of biotite form mineral lineations (L2b) that 

are aligned parallel with the fold hinge of these gentle open folds (Figure 3.11e). 

Although these biotite aggregates are aligned along the foliation, they do not show 

evidence in hand sample or thin section of deformation (e.g., relatively equant shape, 

lack of mechanical twinning, uniform extinction). Notably the S1b foliation appears to be 

re-oriented parallel to the Tatshenshini shear zone where the rock is most affected by 

the D2b deformation in the Haines Peak and Vand Peak areas (Figure 3.4b & d), 

suggesting that movement along the shear zone could be related to deformation 

observed throughout the study area. However, deformation along the shear zone 

deforms rocks of the Ruby Range suite, which can be interpreted to post-date D1b 

deformation based on cross cutting relationships.   

Klukshu Peak area 

In the Klukshu Peak area (Figure 3.4a) the penetrative foliation has a consistent 

west-northwest strike that dips moderately to the north-northeast (Figure 3.4a) in both 

the overthrusted Neoproterozoic to Devonian Snowcap assemblage of Yukon-Tanana 

terrane (STy+2) and the Early Cretaceous Blanchard River assemblage (S1b) that sits 

structurally beneath it. The thrust contact between these two units is obscured by the 

intrusion of the Ruby Range suite. Fold hinges of tight to isoclinal folds (FTy+2 & F1b) 

plunge moderately to shallowly towards the north-northwest (Figure 3.4a). The main 

phase of folding observed in the Blanchard River assemblage is characterized by 

isoclinal folding (F1b) with axial surfaces (S1b) approximately parallel to bedding (S0b) in 

the limbs. The F1b folds in the Blanchard River assemblage are oriented approximately 

parallel to folds in the adjacent Yukon-Tanana terrane (FTy+2), although axial surfaces of 

FTy+2 folds are somewhat steeper than in F1b folds (Figure 3.10a & b; Figure 3.11a & b). 

Mineral lineations, as well as crenulation lineations, in both the Yukon-Tanana terrane 

(LTy+1) and the Blanchard River assemblage (L1b) plunge toward the north-northwest 

parallel to the F1b and FTy+2 fold hinges (Figure 3.4a). In thin section, biotite mineral fish 

wrap around garnet porphyroblasts indicating tops to the southwest sense of shear 

within the S1b fabric (Figure 3.11c). Tops to the southwest shear sense indicators are 

also observed in outcrops within Yukon-Tanana terrane, including rotated quartz 

lozenges, asymmetric boudinage and folding (Figure 3.10c-e). Although the Ruby Range 

suite exposed between Yukon Tanana terrane and the Blanchard River assemblage 
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appears to have a foliation which parallels the STy+2 and S1b, this is considered to be a 

magmatic fabric inherited from the country rock. In thin section there is a lack of any 

discernable deformation features such as pressure shadows around the garnet crystals, 

or intracrystalline deformation features in quartz and mica crystals (e.g., subgrain 

development, undulose or twinned extinction), instead they have uniform extinction 

(Figure 3.8b). In both outcrop and thin section it is possible to see crenulations related to 

F2b folds deforming the S1b-S0b fabric, as well as the alignment of relict kyanite (?) 

crystals oriented parallel to the S2b axial surface (Figure 3.11a & c). 
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Figure 3.10 Structural features within the Yukon Tanana terrane.  
A) Three phases of deformation are visible within psammitic schist of the Yukon Tanana terrane 
({5Ssp). The axial surfaces (STy+2) of FTy+2 folds are parallel with S1b foliation surfaces within the 
Blanchard River assemblage. B) Tight FTy+2 fold in the Yukon Tanana terrane. C) Consistent tops 
to the southwest sense of shear in stretched quartz lozenges for DTy+2 deformation. D) Consistent 
tops to the southwest sense of shear for DTy+2 deformation shown by asymmetric folds and 
stretched boudins. E) Consistent tops to the southwest sense of shear for DTy+2 deformation in a 
rotated quartz lozenge in psammitic schist ({5Ssp). 
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Vand Peak area 

In the Vand Peak area (Figure 3.4b) the Blanchard River assemblage sits 

structurally above metasedimentary/metavolcanic rocks of the Vand Creek assemblage. 

Overall, the foliation (S1b) found within the Blanchard River assemblage and Vand Creek 

assemblage in this area strikes northwest and dips moderately to the northeast (Figure 

3.4b). Unlike in the Klukshu Peak area, F1b isoclinal folds are rarely observed in the 

Blanchard River assemblage. L1b mineral lineations and crenulations in the Blanchard 

River assemblage are variable, plunging anywhere from northwest to east-southeast, 

suggesting that they were re-oriented (Figure 3.4b). The foliation (S1b) here has been 

folded about undulating open folds with east-northeast plunging fold hinges (F2b). L2b 

crenulation lineations and mineral lineations defined by the alignment of hornblende are 

approximately parallel to F2b fold hinges plunging moderately to steeply towards the 

east-northeast (Figure 3.4b). In the Vand Creek assemblage it is possible to differentiate 

between fold generations where F1b fold hinges are moderately plunging to the north and 

F2b fold hinges are moderately plunging to the east-northeast.  

Measurements from foliated parts of the Ruby Range suite are consistent with 

those in the Blanchard River and Vand Creek assemblages, which strike to the north-

northwest and dip moderately to the northeast (Figure 3.4b). Foliations within the Ruby 

Range suite generally parallel the Tatshenshini shear zone, which is in close proximity to 

the foliated rocks from this unit. Deformation in the Ruby Range suite is best observed in 

the hanging wall of the Tatshenshini shear zone (Figure 3.8c-e), in addition, no rocks of 

the Ruby Range suite crop out to the west of the Tatshenshini shear zone. Although no 

folds were observed in rocks of the Ruby Range suite, mineral lineations from aligned 

hornblende in the Ruby Range suite plunge shallow to moderately to the northeast, 

parallel to measured F2b fold hinges within the Blanchard River assemblage and the 

Vand Creek assemblage (Figure 3.4b). As the intrusion of the Ruby Range suite post-

dates the structural development of S1b in the Blanchard River assemblage, it is possible 

that foliations in the intrusive rocks were inherited from the country rock, however this 

seems highly unlikely when in proximity to the Tatshenshini shear zone. When all S1b 

foliation measurements in the area are combined from all units, including the Ruby 

Range suite, a pi axis can be calculated which is consistent with measured F2b fold 

hinges, as well as L2b mineral lineations and crenulations, all of which plunge moderately 

to the east-northeast (Figure 3.4b). As there are no folds observed within the Ruby 
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Range suite it is unclear whether this deformation is related to D2b deformation, or 

deformation associated with the shear zone.  

Structural measurements in the Vand Creek quartzite and marble from this area 

indicate a change in the average orientation of the foliation from northeast dipping to 

southwest dipping, parallel to the dip of D2b axial planes. It is unclear due to lack of 

exposure if these anomalous foliation attitudes are due to D2b or if these rocks may have 

been re-oriented during the intrusion of the Ruby Range suite. There is also a shear 

zone located in the Vand Peak field area (Figure 3.4b; Figure 3.9) that strikes north-

northwest and dips east-northeast parallel to the Tatshenshini shear zone. Shear sense 

indicators from leucosome within the Vand Peak shear zone appear to have a tops to 

the northeast sense of shear, suggesting normal faulting. Although it is notable that this 

shear zone strikes parallel to the orientation of the Tatshenshini shear zone, it is unclear 

whether these structures are related.  
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Figure 3.11 Blanchard River assemblage structural features.  
A) Primary compositional bedding (S0b) of the Blanchard River assemblage parallel to S1b 

transposition fabric, with S2b observed x-cutting it in sample 16LV043-1. B) F1b isoclinal folds in 
the Klukshu Peak map area with S0b bedding folded around the hinge. C) PPL photomicrograph 
of the rock observed in panel A where S0b and S1b surfaces are visibly folded by F2b. Muscovite 
has pseudomorphed a porphyroblast (likely kyanite) and preserves inclusion patterns of S1b. D) 
Open F2b folding with vergence to the southeast observed in schist within the Haines Peak map 
area. 
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Takhanne Peak area 

In the Takhanne Peak area there is another example where rocks of the older 

Yukon-Tanana terrane structurally overlie rocks of the much younger Blanchard River 

assemblage (Figure 3.4c). Average foliations within the Yukon-Tanana terrane (STy+2), 

as well as the Cretaceous Blanchard River assemblage and orthogneiss (S1b) strike 

west-northwest with moderate dips toward the north-northeast similar to the foliations 

observed in the Klukshu Peak area (Figure 3.4c). Mineral lineations and crenulations 

(L1b, LTy+2) moderately plunge toward the north-northeast with a single crenulation 

lineation plunging shallowly to the northwest similar to those observed in the Klukshu 

Peak area (Figure 3.4a). The minimal amount of structural data from this area makes it 

difficult to make interpretations; however it is noteworthy that structures in this area are 

most similar to the Klukshu Peak area (Figure 3.4a) with an average foliation dipping 

approximately north parallel to the thrust fault juxtaposing the Blanchard River 

assemblage and the Yukon-Tanana terrane.  

Haines Peak area 

The Haines Peak map area (Figure 3.4d) consists of Blanchard River 

assemblage intruded by the Ruby Range suite, and Late Cretaceous orthogneiss. 

Overall the penetrative foliation (S1b) strikes towards the northwest and dips moderately 

towards the northeast (Figure 3.4d). Open undulating folds (F2b) with a vergence to the 

southeast fold the S1b fabric. Fold hinges (L2b) plunge moderately to the east-northeast 

and have minerals such as biotite blebs and hornblende aligned parallel to them. Axial 

planes of the F1b and F2b folds measured in the area intersect approximately parallel to 

measured intersection lineations (L1-2b) plunging to the east. Many of the interpreted L1b 

mineral lineations defined by the alignment of kyanite and staurolite porphyroblasts are 

approximately parallel to the L2b mineral lineations of aligned biotite aggregates. Fold 

hinges and crenulations (L1b) of the isoclinal F1b folds plunge moderately to the north-

northeast similar to what was observed in the Takhanne and Vand Peak map areas. An 

F2b fold axis that was calculated from the intersection of folded S1b foliations moderately 

plunges towards the east, parallel to measured fold axes and consistent with the F2b fold 

axes measured and calculated in the Vand Peak area (Figure 3.4d). 

It is noteworthy that the Blanchard River assemblage expresses the D2b 

deformation more intensely in the Vand Peak and Haines Peak map areas (Figure 3.4b 
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& d) which are farthest removed from the Kluhini River thrust (Figure 3.9) and most 

proximal to the Tatshenshini shear zone to the west (Figure 3.1, 3.2 & 3.9). Between the 

southwestern and northeastern areas there is also a large river valley containing Howard 

Lake and Klukshu River that may contain large subdued structures (Figure 3.2 & 3.9). In 

the southwestern field areas there is an overall change in the orientation of the S1b 

foliation to strike to the north-northwest and dip moderately to the east-northeast, which 

may be realigned by overprinting east-northeast verging F2b folds. Overall, the 

realignment of the S1b foliation in the southwestern field areas approximately parallel to 

the Tatshenshini shear zone suggests that these earlier structures could have been re-

oriented when in close proximity to the shear zone, alternatively the shear zone could 

have an older tectonic history related to D1b deformation and has been reactivated. This 

may suggests that deformation along the Tatshenshini shear zone has tectonic 

implications linking it to the regional deformation. 

3.4.3. Metamorphism 

Detailed petrography was completed on 62 thin sections from the study area to 

characterize the metamorphic evolution and microstructures relating to it. Field stations 

for samples used to constrain the metamorphic assemblages in this study are provided 

in Figure 3.4a-d, a map containing all field stations in the area can be found in Appendix 

A2. Three main metamorphic events were identified based on the textural and fabric 

relationships of the metamorphic assemblages observed. The first phase of 

metamorphism (M1) is a regional metamorphic event related to high pressures and 

temperatures, followed by M2 that involved recrystallization during decompression 

evidenced by low-pressure minerals that have replaced higher pressure M1 minerals. 

The third phase of metamorphism (M3) is a high temperature, low pressure contact 

metamorphism caused by the intrusion of the Ruby Range suite. This event is most 

obvious in paragneissic rocks throughout the Haines Peak area (Figure 3.4d) where the 

intrusion of the Ruby Range suite is more pervasive. 

M1 Burial 

M1 is characterized by amphibolite facies metamorphic assemblages in both the 

Yukon-Tanana terrane and the Blanchard River assemblage. Mineral assemblages 

include porphyroblasts of kyanite, garnet and staurolite within a quartz-biotite-
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plagioclase matrix (Figure 3.12). Garnet porphyroblasts are <1 mm to 5 mm in diameter, 

often inclusion free or have few quartz inclusions along fractured surfaces, and euhedral 

when they are unaffected by later phases of metamorphism. Euhedral garnets are 

observed primarily in the Klukshu Peak, Vand Peak and Takhanne Peak areas and are 
best preserved within the schist of the Yukon-Tanana terrane ({5Ss). Distinguishing 

features of the Yukon-Tanana terrane rocks include: metamorphic assemblages strictly 

containing kyanite and garnet porphyroblasts and an increased amount of muscovite in 
pelitic rocks ({5Ss). In both the Yukon-Tanana terrane and the Blanchard River 

assemblage, elongate minerals such as staurolite (Blanchard River specific), hornblende 

and kyanite are aligned in the foliation and often form a mineral lineation parallel to 

F1b/FTy+2 fold axes. The penetrative S1b/ STy+2 foliation in the study area is defined by the 

alignment of biotite that is partly overgrown by, but also wraps around, garnet 

porphyroblasts, indicating that the porphyroblasts grew syn-tectonically with respect to 

STy+2 and S1b (Figure 3.12 a-d). Kyanite and staurolite porphyroblasts 1-7 mm long are 

often found together with garnet in the Blanchard River assemblage, however these 

minerals are wrapped by the S1b or STy+2 foliation. Kyanite and staurolite are poikioblastic 

with inclusions of ilmenite, quartz and biotite that form circular or wavy inclusion trails 

that align parallel to the S1b or STy+2 foliation (Figure 3.12c & d), suggesting pre- to syn-

tectonic growth with respect to S1b or STy+2. Locally, small garnet porphyroblasts are also 

found as inclusions within staurolite. Prior to this study, Bordet et al (2015) carried out 

phase equilibrium modeling using Theriak-Domino software (deCapitani and Petrakakis, 

2010) for sample 14-SI-008 from the Blanchard River assemblage in the Klukshu Peak 

map area (Figure 3.3), which calculated the peak P-T conditions for the mineral 

assemblage kyanite-staurolite-garnet-biotite-muscovite-ilmenite to be 635-650°C and 

6.3-6.7 kbars. These peak amphibolite facies conditions can also be inferred to have 

been attained in the Haines Peak area where relict kyanite is incompletely replaced by 

retrograde andalusite, as well as spinel and plagioclase (Figure 3.13a-c), something not 

previously identified by Bordet et al. (2015). This incomplete replacement of prograde 

kyanite by retrograde andalusite indicates that andalusite did not grow with the prograde 

assemblage including kyanite, staurolite and garnet. Furthermore, the low-pressure 

estimation of ~3.5-4 kbar for the growth of andalusite and staurolite in the Haines Peak 

attributed to prograde metamorphism by Bordet et al. (2015) does not reflect pressure 

conditions attained in the area as staurolite and andalusite did not grow in equilibrium 

with one another. 
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Figure 3.12 Defining features of M1 prograde metamorphism in the Yukon 
Tanana terrane and the Blanchard River assemblage.  

QEMSCAN colour index is on the right for primary minerals; see Geochronological Methods for a 
detailed description of QEMSCAN and Appendix C1 for full section QEMSCAN images and 
complete legend of accessory minerals. A) PPL photomicrograph of Yukon Tanana terrane 
sample 16LV005-2 with prograde metamorphism (M1) porphyroblasts of garnet that have 
overgrown but are also wrapped by the STy+2 fabric; kyanite porphyroblasts overgrow the STy+2 
fabric. B) QEMSCAN of section shown in panel A; textures of partial replacement of garnet and 
kyanite by muscovite and chlorite are clearly shown. C) PPL photomicrograph of Blanchard River 
assemblage sample 14-SI-088 garnet-kyanite-staurolite-biotite-quartz schist with some late 
chlorite and muscovite that partially replaced garnet and staurolite. Inclusion trails are highlighted 
in red in staurolite porphyroblasts and line up approximately parallel to the external S1b fabric. D) 
QEMSCAN for the thin section shown in panel C; Textural relationships are easily seen, which 
include prograde staurolite and garnet that have been replaced by plagioclase, chlorite and 
muscovite. E) PPL photomicrograph of Blanchard River assemblage sample 16-LV-113 garnet-
staurolite schist used for monazite geochronology. M3 chlorite and muscovite have partially 
replaced the prograde staurolite and garnet. F) QEMSCAN of the thin section shown in panel E, 
which clearly shows that prograde garnet and staurolite are overprinted by plagioclase (orange) 
and to a lesser degree by chlorite (lime-green). 

M2 Decompression 

Within the Takhanne Peak and Haines Peak areas, M1 is overprinted by an M2 

assemblage that is characterized by the breakdown of garnet and kyanite, which we 

attribute to a period of decompression causing retrograde metamorphism (Figure 3.13). 
Evidence for cooling and decompression during M2 is indicated by: 1) kyanite that has 

been partly replaced by andalusite formed in equilibrium with biotite (Figure 3.13 a, & b), 

which indicates recrystallization at pressures <3 kbar (Spear et al., 1995); 2) spinel and 

plagioclase coronas surrounding relict kyanite porphyroblasts (Figure 3.13c); and 3) 

garnet is replaced by plagioclase and biotite (Figure 3.13d). Coronas surrounding garnet 

and kyanite porphyroblasts also include cordierite; however, the cordierite is most likely 

part of a later high-temperature metamorphic overprint of the M2 event as it is most 

commonly accompanied by sillimanite (discussed in M3 below). Andalusite 

porphyroblasts appear to have underwent deformation as they exhibit undulose 

extinction as well as grain boundary migration textures (Figure 3.14e), this indicates that 

there was some deformation post-dating the crystallization of these M2 porphyroblasts. 

In both Blanchard River assemblage and Yukon-Tanana terrane (Figure 3.12), samples 

in the northernmost map areas show that plagioclase, muscovite, cordierite and fine-

grained chlorite have grown in pressure shadows during the breakdown of garnet and 

kyanite; however, it is unclear whether this breakdown is a result of M2 metamorphism or 

a later metamorphic event. 
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Figure 3.13 Defining characteristics of M2 metamorphism related to 

decompression and cooling.  
A&B) Photomicrographs of sample 16-LV-294-1 paragneiss where andalusite in equilibrium with 
biotite has overprinted kyanite in PPL (panel A) and XPL (panel B). C) PPL photomicrograph of 
kyanite in sample 16-LV-170-1 overprinted by a corona of spinel, cordierite and plagioclase. D) 
PPL photomicrograph of garnet in sample 16-LV-164-1 partially replaced by a corona of cordierite 
and plagioclase, as well as biotite 

M3 Contact Metamorphism 

M3 is characterized by high temperature overprinting of M1 and M2 mineral 

assemblages by sillimanite and cordierite that statically re-crystalize over previous 

phases of metamorphism and deformation (Figure 3.14). Complete sillimanite 

pseudomorphs that statically replace kyanite porphyroblasts are most common 

throughout the study area (Figure 3.14a-d). In the Haines Peak area within the 
paragneiss (3Bgn) and proto-paragneiss (3Bpgn), sillimanite and variable amounts of 
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cordierite or plagioclase are observed to have replaced prograde M1 staurolite, kyanite 

and garnet, as well as the retrograde M2 andalusite (Figure 3.14e). M3 minerals such as 

cordierite, sillimanite and mimectically re-crystalized biotite statically overprint D2b 

crenulations indicating that D2b deformation occurred prior to this high temperature 

event. The amount of sillimanite replacement is directly dependent on the distance from 

the Ruby Range intrusive suite, with a greater abundance of sillimanite found closer to 

the batholith. The sillimanite and cordierite overprinting textures are interpreted to reflect 

recrystallization with an increase in heat attributed to contact metamorphism related to 

the intrusion of the Ruby Range suite. Heat increase is also supported by the presence 

of interstitial lozenges of leucosome within pelitic paragneiss in close proximity to 

contacts with the Ruby Range suite and Late Cretaceous intrusions (Figure 3.7e), which 

may be attributed to attainment of partial melting conditions (up to ~650°C for pelitic 

rocks at ~3 kbar; Spear et al. 1999). It is however unlikely that partial melting was 

attained with contact metamorphism as these leucosome lozenges appear to be 

deformed. Although M3 is best preserved in the Haines Peak area, overprinting 

relationships of M1 are also observed in the three northern field areas. In the north, 

prograde minerals such as kyanite, staurolite and garnet are replaced by muscovite and 

trace amounts of chlorite and cordierite within pressure shadows (Figure 3.12), or as 

muscovite pseudomorphs of earlier porphyroblasts (possibly kyanite) (Figure 3.11c). 
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Figure 3.14 Defining characteristics of M3 metamorphism.  
A) PPL photomicrograph for sample 16-LV-170 thin section used for in situ monazite 
geochronology where kyanite has been completely pseudomorphed by sillimanite within the 
cordierite, spinel and plagioclase corona. B) QEMSCAN image for the same part of the thin 
section from panel A. C) PPL photomicrograph for sample 16-LV-211-1 used for monazite in situ 
geochronology where sillimanite, cordierite and plagioclase have completely pseudomorphed an 
unknown porphyroblast (possibly kyanite or staurolite. D) QEMSCAN image for the same part of 
the thin section from panel C. E) PPL photomicrograph of sample 16-LV-248-1 in the paragneiss 
where andalusite is replaced by cordierite and sillimanite. F) PPL photomicrograph of sample 16-
LV-208-2 with staurolite overprinted by sillimanite, cordierite and plagioclase. Refer to QEMSCAN 
colour index in Figure 3.12 for the minerals depicted in QEMSCAN images. 

3.5. Monazite Geochronology 

Geochronological Methods 

Prior to U-Th-Pb analysis, the location of all monazite crystals were identified in 

thin section using Quantitative Evaluation of Materials by Scanning Electron Microscopy 

(QEMSCAN). QEMSCAN was used to create mineral maps for 12 strategically selected 

thin sections distributed throughout the study area. These maps were used to determine 

the abundance, size and locations of all monazite and zircon crystals in each thin section 

(Appendix C1). Most of the thin sections made were from metapelitic or metapsammitic 

samples that contain garnet or kyanite. In localities that these minerals were not 

observed, priority was given to sections that appeared to have pseudomorphed kyanite 

or garnet. Of these sections we chose 8 for additional analyses as some sections did not 

contain sufficient amounts of monazite in texturally interesting locations. All samples 

were analysed using the Field Image technique described by Pirrie (2004) using a 20 µm 

step interval over an area of 20 mm x 30 mm. System configurations were set to run at 

20kV with a measured beam current of 10nA, which was monitored and adjusted 

throughout the analyses. The search routine for finding monazite and zircon crystals was 

done using a sparse mineral search mode (SMS) set to 95 while the section was 

scanned at 5 µm resolution using backscatter electron (BSE) only. Frames containing 

bright phases were then analysed using X-ray signal at 5 µm resolution with the frame 

size minimized to 500 µm across to map the area surrounding a particle of interest. The 

dimensions of the particle size and coordinates of each zircon and monazite were 

obtained and are provided in Appendix C1. Up to 30 monazite crystals for each sample 

that were ≥17 µm along their short axis (preferably ≥20 µm) and in texturally interesting 

locations were selected for compositional mapping.  
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The compositional mapping for monazite was carried out using the Cameca SX-

Ultrachron at the University of Massachusetts. Maps were collected for Y, Ca, Th, U and 

Nd using Y Lα (TAP monochromator), Ca Kα (LPET), Th Mα (LPET), U Mβ (VLPET), 

and Nd Lαa (LLIF). Collection conditions were run at 15 kV, 300 nA, with a focussed 

beam with 40 ms per pixel dwell times. The location of spots for U-Pb in situ 

geochronology were preferentially selected based on chemical zoning of Y in monazite 

maps, which has been shown to correlate with episodes of growth and breakdown of 

garnet (Foster et al., 2000; Pyle et al., 2001; Foster et al., 2002; Gibson et al., 2004). 

Monazite crystals were analyzed for U-Th-Pb and trace elements (Table 3.1; 

Appendix C2) at the University of California Santa Barbara (UCSB), Department of Earth 

Science, using Laser Ablation Split Stream Inductively Coupled Plasma Mass 

Spectrometry (LASS-ICP-MS) to allow for simultaneous isotopic and elemental analysis 

from a single spot (Kylander-Clark et al., 2013). Thin sections of samples were ablated 

using a Photon Machines 193 nm ArF excimer with a HelEx ablation cell coupled to a Nu 

Plasma high-resolution multi-collector ICP-MS and a Nu Agilent 7700S quadrupole ICP-

MS. The Plasma high-resolution spectrometer was used to measure U, Th and Pb 

isotopes and the Agilent 7700S was used to measure trace element concentrations. 

After 2 cleaning shots and a 20 second washout, the laser was fired at 3 Hz for 20 

seconds with a spot diameter of 8 µm, and a laser fluence of ~1j/cm2 (pit depth ~5 µm). 

For U-Th-Pb analyses, the 44069 monazite was used as the primary reference material; 

secondary standards Stern, FC1, and Trebilcock were used to check for accuracy; U-Pb 

ages were within 2% of their accepted values. Ages were calculated using the 206Pb/238U 

decay system corrected for common Pb using the 207Pb correction, following the 

procedures of Stern & Berman (2001) and Ireland & Gibson (1998). For this study, the 
206Pb/238U date is preferred because it is the most precise U-Pb chronometer for 

relatively young monazite that typically have low 207Pb values, and there was no 

noticeable reverse discordance that would indicate excess 206Pb due to 230Th 

disequilibrium (Schärer, 1984; Parrish, 1990). Although the 208Pb/232Th chronometer 

would be ideal to use, given the relatively high concentration of these isotopes in 

monazite and being unaffected by the 230Th disequilibrium problem, there are few 

accepted values for 208Pb/232Th ages of reference materials. Nonetheless, the 208Pb/232Th 

ages are also provided in Appendix C2 for the sake of comparison, and to demonstrate 
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that the 206Pb/238U ages were generally within error of the 208Pb/232Th ages. Stern was 

used as the primary trace-element reference material.  

The Wavemetrics Igor Pro software using the Iolite plug-in (Paton et al., 2011) 

was used to correct measured isotopic ratios for baselines, time-dependent laser-

induced inter-element fractionation, plasma-induced fractionation and instrument drift. 

The intensity of baselines was determined prior to the analyses. Trace-element data was 

normalized using P as the internal standard. Two hundred and forty six laser spots were 

analyzed, 6 of which were automatically rejected due to insufficient data. Data with a low 

count rate of P might indicate that the laser did not entirely hit monazite and were 

rejected in the analyses; these data generally had low concordance (below 60%). A 2% 

uncertainty was added to the individual analyses to account for session-based 

reproducibility of secondary reference values. Because long-term accuracy of U-Pb ages 

of the reference materials is ca. 2%, we include this uncertainty in any calculated age. 

Best ages for each monazite spot were calculated using the 207Pb corrected ratio of 
238U/206Pb in Tera-Wasserburg diagrams following procedures described by Ireland and 

Gibson (1998). Furthermore, using these “best ages”, weighted mean ages were 

calculated for groups of analyses that targeted specific chemical domains in the 

monazite crystals, such as low Y cores or high Y rims. 
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Table 3.1 U-Th-Pb isotope, preferred age and trace element data from in situ LASS-ICPMS monazite analyses 
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Sample U 
(ppm) 

Th 
(ppm) 

207Pb/
235U 2σ 206Pb/ 

238U 2σ rho 207P/ 
206Pb 2σ 208Pb/ 

232Th 2σ Age* 
(Ma) 

2σ  
(Ma) Con** Y 

(ppm) 
Yb 

(ppm) 
Lu 

(ppm) 
LV-005m17-1 10040 34200 0.101 0.016 0.0105 0.0003 0.88 0.069 0.010 0.00393 0.00010 65 2 0.69 10330 72 7.4 
LV-005m14-1 8100 33200 0.109 0.030 0.0114 0.0005 0.90 0.069 0.015 0.00350 0.00020 71 3 0.70 10900 86 9.3 
LV-005m07-1 10410 37400 0.102 0.003 0.0109 0.0003 0.63 0.068 0.002 0.00344 0.00010 68 2 0.71 5300 73 9.2 
LV-005m08-2 11100 37300 0.103 0.005 0.0112 0.0003 0.17 0.066 0.003 0.00344 0.00010 70 2 0.72 15700 145 15.8 
LV-005m01-3 11100 46400 0.103 0.006 0.0121 0.0004 0.18 0.062 0.004 0.00365 0.00012 76 2 0.78 17700 267 33.6 
LV-005m16-1 8940 42900 0.086 0.005 0.0106 0.0003 0.54 0.059 0.003 0.00348 0.00010 67 2 0.81 3880 41 4.3 
LV-005m11-2 10230 36500 0.085 0.002 0.0107 0.0003 0.15 0.058 0.002 0.00337 0.00009 67 2 0.83 5640 83 8.6 
LV-005m08-1 9800 34000 0.082 0.003 0.0110 0.0003 0.13 0.053 0.002 0.00318 0.00009 70 2 0.88 3810 34 2.6 
LV-005m16-2 9700 54100 0.078 0.005 0.0108 0.0003 0.06 0.051 0.003 0.00346 0.00009 69 2 0.91 7000 58 7.5 
LV-005m03-1 10100 34900 0.078 0.004 0.0109 0.0003 0.82 0.051 0.002 0.00330 0.00011 70 2 0.92 12500 106 8 
LV-005m13-1 11800 55200 0.080 0.002 0.0113 0.0003 0.61 0.051 0.001 0.00355 0.00008 72 2 0.93 13100 118 9.1 
LV-005m09-2 11560 56700 0.076 0.002 0.0108 0.0003 0.80 0.050 0.001 0.00339 0.00009 69 2 0.94 6790 53 3.8 
LV-005m06-2 10900 40600 0.074 0.002 0.0108 0.0003 0.76 0.050 0.001 0.00347 0.00008 69 2 0.96 3680 49 8.4 
LV-005m15-2 11400 34300 0.075 0.002 0.0110 0.0003 0.41 0.049 0.001 0.00348 0.00009 70 2 0.96 5040 47 7.9 
LV-005m09-1 11550 87700 0.076 0.002 0.0113 0.0002 0.72 0.049 0.001 0.00358 0.00008 72 2 0.97 10160 76 7.1 
LV-005m05-1 10770 31400 0.073 0.002 0.0108 0.0003 0.78 0.049 0.001 0.00354 0.00011 69 2 0.97 14000 128 13.5 
LV-005m01-4 9300 26600 0.075 0.002 0.0112 0.0003 0.68 0.049 0.001 0.00346 0.00010 72 2 0.97 9500 78 18.4 
LV-005m15-1 8960 23200 0.073 0.002 0.0109 0.0003 0.61 0.049 0.001 0.00360 0.00010 70 2 0.98 11200 97 8 
LV-005m01-5 9600 29400 0.076 0.002 0.0113 0.0003 0.74 0.049 0.001 0.00354 0.00008 72 2 0.98 13300 124 14 
LV-005m12-1 11600 35100 0.071 0.002 0.0107 0.0003 0.46 0.048 0.001 0.00344 0.00009 69 2 0.98 14400 134 10.7 
LV-005m01-2 12300 45900 0.076 0.002 0.0115 0.0003 0.69 0.049 0.001 0.00352 0.00010 73 2 0.98 19500 249 35 
LV-005m03-2 9100 32300 0.072 0.002 0.0108 0.0003 0.52 0.048 0.001 0.00329 0.00009 69 2 0.98 11400 91 10.3 
LV-005m04-2 10090 26800 0.073 0.002 0.0109 0.0003 0.51 0.048 0.001 0.00362 0.00010 70 2 0.98 10830 119 12.5 
LV-005m11-1 11300 31300 0.072 0.002 0.0108 0.0003 0.65 0.048 0.001 0.00347 0.00010 69 2 0.98 4450 47 8.2 
LV-005m04-1 6880 17700 0.072 0.002 0.0109 0.0003 0.72 0.049 0.001 0.00352 0.00010 70 2 0.99 10200 118 7.3 
LV-005m01-1 9940 31600 0.073 0.002 0.0111 0.0003 0.86 0.049 0.001 0.00344 0.00011 71 2 0.99 4150 63 6.2 
LV-005m05-3 8980 23000 0.072 0.002 0.0109 0.0003 0.71 0.048 0.001 0.00363 0.00009 70 2 0.99 11500 87 7.7 
LV-005m05-2 10800 29100 0.072 0.002 0.0109 0.0003 0.63 0.048 0.001 0.00359 0.00009 70 2 0.99 12500 103 11.7 
LV-005m06-1 8730 65700 0.074 0.002 0.0112 0.0003 0.78 0.048 0.001 0.00361 0.00010 72 2 0.99 5360 32.7 4.8 
LV-005m02-2 11300 20100 0.074 0.002 0.0112 0.0003 0.83 0.048 0.001 0.00371 0.00010 72 2 0.99 14800 163 19.8 
LV-005m02-1 10600 21000 0.072 0.002 0.0110 0.0003 0.82 0.048 0.001 0.00358 0.00010 71 2 1.00 12100 128 17.2 
LV-005m07-2 11000 37100 0.073 0.002 0.0112 0.0004 0.87 0.048 0.001 0.00352 0.00012 72 2 1.01 14600 129 14.2 
LV-005m03-3 8550 30800 0.070 0.003 0.0110 0.0004 0.91 0.047 0.001 0.00332 0.00011 71 2 1.03 14800 98 15 
    

 
      

 
      

LV-113m10-1 6390 26200 0.270 0.057 0.0114 0.0007 0.85 0.170 0.027 0.00403 0.00026 62 5 0.30 5770 26 1.4 
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Sample U 
(ppm) 

Th 
(ppm) 

207Pb/
235U 2σ 206Pb/ 

238U 2σ rho 207P/ 
206Pb 2σ 208Pb/ 

232Th 2σ Age* 
(Ma) 

2σ  
(Ma) Con** Y 

(ppm) 
Yb 

(ppm) 
Lu 

(ppm) 
LV-113m02-2 7120 20900 0.144 0.020 0.0115 0.0004 0.76 0.091 0.010 0.00366 0.00019 70 3 0.54 13800 95 9 
LV-113m03-1 8300 36800 0.129 0.006 0.0104 0.0002 0.78 0.091 0.004 0.00359 0.00012 63 2 0.54 8550 40 7.8 
LV-113m14-1 6870 40000 0.124 0.018 0.0106 0.0003 0.49 0.085 0.012 0.00316 0.00011 65 2 0.57 12300 85 8.5 
LV-113m13-1 8110 28500 0.112 0.005 0.0101 0.0003 0.27 0.081 0.003 0.00332 0.00009 62 2 0.60 13900 77 8.3 
LV-113m21-1 9000 33900 0.108 0.007 0.0099 0.0003 0.64 0.080 0.005 0.00347 0.00010 61 2 0.61 11000 57 3.8 
LV-113m02-1 7400 29100 0.116 0.044 0.0107 0.0003 0.76 0.078 0.029 0.00315 0.00011 66 3 0.62 12400 50 5 
LV-113m16-1 7110 36400 0.110 0.007 0.0103 0.0002 0.23 0.078 0.005 0.00314 0.00007 63 2 0.62 7490 42 4.8 
LV-113m11-2 3560 16900 0.119 0.010 0.0113 0.0003 0.52 0.076 0.006 0.00362 0.00008 70 2 0.63 20600 526 61.1 
LV-113m04-1 7350 40500 0.101 0.013 0.0105 0.0004 0.80 0.069 0.007 0.00328 0.00015 66 2 0.69 9270 33 6.9 
LV-113m17-2 13590 31100 0.095 0.003 0.0102 0.0002 0.37 0.069 0.002 0.00326 0.00009 64 1 0.71 13300 59 7.1 
LV-113m07-1 8200 23100 0.094 0.008 0.0106 0.0002 0.61 0.065 0.005 0.00332 0.00010 66 2 0.75 13300 75 5.2 
LV-113m17-1 15400 30000 0.086 0.005 0.0099 0.0002 0.42 0.063 0.004 0.00322 0.00010 62 2 0.76 16100 95 12.2 
LV-113m04-2 8630 43800 0.092 0.015 0.0107 0.0003 0.87 0.063 0.009 0.00330 0.00012 67 2 0.76 10300 40 2.2 
LV-113m19-1 8600 39000 0.089 0.003 0.0103 0.0002 0.44 0.063 0.002 0.00332 0.00009 65 2 0.76 11400 70 7.8 
LV-113m23-1 7120 33000 0.091 0.004 0.0106 0.0003 0.30 0.062 0.003 0.00339 0.00008 67 2 0.77 4970 19.5 2.9 
LV-113m24-1 8800 30800 0.085 0.004 0.0104 0.0003 0.85 0.060 0.002 0.00333 0.00011 65 2 0.80 12700 55 7.5 
LV-113m18-1 9950 40300 0.075 0.002 0.0098 0.0002 0.63 0.055 0.002 0.00304 0.00007 62 1 0.85 13000 88 7.1 
LV-113m25-1 6380 30100 0.084 0.003 0.0112 0.0003 0.47 0.055 0.002 0.00341 0.00009 71 2 0.88 15000 222 18.6 
LV-113m13-2 7160 31500 0.074 0.005 0.0102 0.0003 0.85 0.053 0.003 0.00312 0.00009 65 2 0.90 12700 71 5.3 
LV-113m12-2 5690 33800 0.079 0.002 0.0110 0.0003 0.61 0.052 0.002 0.00369 0.00009 70 2 0.92 12400 196 22 
LV-113m06-2 10200 20300 0.068 0.002 0.0096 0.0003 0.75 0.050 0.001 0.00303 0.00009 61 2 0.93 15700 166 18.3 
LV-113m03-2 8200 41200 0.072 0.003 0.0103 0.0002 0.51 0.052 0.002 0.00334 0.00008 66 2 0.93 9200 34 6.4 
LV-113m11-1 3550 19500 0.079 0.002 0.0113 0.0003 0.35 0.050 0.002 0.00365 0.00012 72 2 0.94 12800 264 33.3 
LV-113m01-3 6190 32900 0.083 0.005 0.0119 0.0003 0.80 0.051 0.003 0.00375 0.00011 76 2 0.94 12600 220 18.4 
LV-113m12-1 7300 36800 0.074 0.002 0.0111 0.0003 0.53 0.049 0.002 0.00361 0.00013 71 2 0.98 14400 237 24.9 
LV-113m20-1 5320 29200 0.075 0.003 0.0112 0.0003 0.71 0.049 0.002 0.00348 0.00011 72 2 0.98 15000 227 15.1 
LV-113m01-2 6990 37300 0.078 0.003 0.0116 0.0003 0.72 0.049 0.001 0.00367 0.00011 74 2 0.98 14000 255 27.1 
LV-113m20-2 5830 37300 0.075 0.003 0.0113 0.0003 0.20 0.048 0.002 0.00350 0.00010 73 2 0.98 14500 171 18.3 
LV-113m06-1 10900 25900 0.064 0.002 0.0097 0.0002 0.61 0.048 0.001 0.00300 0.00008 62 1 0.98 19300 175 19.3 
LV-113m01-1 6060 28300 0.075 0.003 0.0114 0.0004 0.62 0.047 0.002 0.00354 0.00011 73 2 1.01 13700 180 24.8 
    

 
      

 
      

170mnz01-2 7470 33000 0.081 0.003 0.0103 0.0003 0.44 0.058 0.002 0.00324 0.00009 65 2 0.84 18800 671 82 
170mnz08-2 5600 28300 0.082 0.003 0.0106 0.0003 0.68 0.057 0.002 0.00391 0.00012 67 2 0.85 12400 367 50.4 
170mnz05-1 5740 30400 0.094 0.003 0.0123 0.0003 0.82 0.056 0.001 0.00399 0.00014 78 2 0.86 4780 98 11.3 
170mnz12-1 8400 32700 0.080 0.004 0.0109 0.0004 0.65 0.054 0.002 0.00340 0.00016 69 2 0.89 15700 580 67 
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Sample U 
(ppm) 

Th 
(ppm) 

207Pb/
235U 2σ 206Pb/ 

238U 2σ rho 207P/ 
206Pb 2σ 208Pb/ 

232Th 2σ Age* 
(Ma) 

2σ  
(Ma) Con** Y 

(ppm) 
Yb 

(ppm) 
Lu 

(ppm) 
170mnz06-1 6730 30500 0.080 0.007 0.0110 0.0004 0.21 0.054 0.004 0.00349 0.00011 70 2 0.90 16100 582 79 
170mnz01-1 3590 38700 0.087 0.004 0.0119 0.0004 0.38 0.053 0.003 0.00348 0.00012 76 3 0.90 10200 233 24.4 
170mnz04-2 8760 29100 0.080 0.003 0.0114 0.0003 0.91 0.052 0.001 0.00380 0.00011 73 2 0.93 11700 295 45.7 
170mnz09-1 2860 38100 0.086 0.004 0.0122 0.0004 0.45 0.051 0.002 0.00378 0.00011 78 3 0.93 5120 93 13.7 
170mnz19-1 4930 32600 0.086 0.004 0.0123 0.0003 0.54 0.051 0.002 0.00371 0.00010 79 2 0.94 20600 484 66 
170mnz14-1 6500 26800 0.079 0.005 0.0114 0.0005 0.72 0.050 0.002 0.00343 0.00012 73 3 0.94 12300 340 45 
170mnz02-1 2400 33300 0.085 0.004 0.0123 0.0003 0.72 0.050 0.002 0.00373 0.00014 78 2 0.95 3640 56 5.5 
170mnz13-1 4160 40900 0.083 0.004 0.0120 0.0003 0.61 0.050 0.002 0.00365 0.00011 77 2 0.95 16200 383 52 
170mnz08-1 9260 13200 0.075 0.004 0.0109 0.0005 0.67 0.050 0.003 0.00393 0.00039 69 3 0.95 18000 609 75.2 
170mnz17-1 6310 30600 0.080 0.003 0.0117 0.0003 0.76 0.050 0.002 0.00344 0.00009 75 2 0.95 14700 424 55 
170mnz11-1 6750 32900 0.075 0.003 0.0109 0.0003 0.78 0.050 0.001 0.00350 0.00011 70 2 0.96 15000 523 69 
170mnz07-1 6670 33100 0.077 0.002 0.0114 0.0004 0.61 0.049 0.002 0.00347 0.00011 73 3 0.97 11800 319 40.4 
170mnz16-1 7460 27900 0.076 0.003 0.0114 0.0003 0.93 0.049 0.001 0.00356 0.00010 73 2 0.98 13700 438 66 
170mnz10-1 7080 31000 0.073 0.002 0.0109 0.0003 0.87 0.049 0.001 0.00358 0.00010 70 2 0.98 15000 489 70.1 
170mnz03-1 7010 31200 0.071 0.002 0.0107 0.0003 0.84 0.047 0.001 0.00350 0.00010 68 2 0.98 17300 668 83 
170mnz04-1 9400 25700 0.079 0.003 0.0118 0.0004 0.86 0.048 0.001 0.00387 0.00015 76 2 0.98 11500 292 38.6 
170mnz15-1 5630 29600 0.076 0.002 0.0114 0.0003 0.90 0.048 0.001 0.00371 0.00010 73 2 0.98 9020 192 24.9 
170mnz12-2 5390 34400 0.080 0.003 0.0124 0.0004 0.80 0.048 0.001 0.00376 0.00010 79 2 1.01 9700 255 22.2 
    

 
      

 
      

190mnz14-1 3690 32000 0.093 0.010 0.0107 0.0003 0.90 0.063 0.005 0.00356 0.00018 67 2 0.76 17700 378 51.6 
190mnz17-1 5090 29700 0.090 0.011 0.0113 0.0004 0.98 0.057 0.005 0.00387 0.00033 72 3 0.83 14800 407 53 
190mnz09-1 4820 25100 0.092 0.011 0.0120 0.0003 0.79 0.056 0.006 0.00385 0.00012 76 2 0.86 2130 22 2.3 
190mnz12-2 5120 32400 0.081 0.004 0.0107 0.0002 -0.10 0.055 0.003 0.00371 0.00011 68 2 0.87 16100 419 57.5 
190mnz10-1 3560 39500 0.088 0.002 0.0122 0.0003 0.28 0.053 0.001 0.00368 0.00008 77 2 0.91 1760 17.3 2.2 
190mnz15-2 3450 37400 0.084 0.003 0.0118 0.0003 0.61 0.052 0.002 0.00359 0.00008 75 2 0.92 3610 51 4.5 
190mnz16-1 5310 39700 0.075 0.002 0.0106 0.0003 0.33 0.052 0.002 0.00342 0.00009 67 2 0.92 22600 666 69.7 
190mnz06-2 2280 42200 0.088 0.003 0.0126 0.0003 0.48 0.051 0.002 0.00358 0.00009 80 2 0.94 1850 10.5 0.4 
190mnz20-1 3760 42600 0.085 0.004 0.0121 0.0003 0.27 0.051 0.002 0.00369 0.00010 77 2 0.94 11700 306 32.5 
190mnz08-2 3210 19900 0.082 0.002 0.0118 0.0003 0.75 0.051 0.001 0.00376 0.00009 75 2 0.94 11300 215 25 
190mnz07-1 1355 30300 0.082 0.003 0.0118 0.0003 0.17 0.051 0.002 0.00370 0.00008 75 2 0.95 6220 45 3.9 
190mnz02-1 3650 41900 0.082 0.002 0.0118 0.0003 0.22 0.050 0.001 0.00360 0.00008 75 2 0.95 780 7.6 1.48 
190mnz17-2 3940 47000 0.083 0.003 0.0120 0.0003 0.73 0.050 0.001 0.00368 0.00009 77 2 0.95 4400 53 5.7 
190mnz07-2 1560 31200 0.085 0.004 0.0123 0.0003 0.60 0.050 0.002 0.00371 0.00009 78 2 0.95 9800 112 12.4 
190mnz08-1 4280 40500 0.075 0.002 0.0109 0.0002 0.44 0.050 0.001 0.00336 0.00008 69 2 0.95 15900 403 53.9 
190mnz14-2 3340 36700 0.079 0.003 0.0116 0.0003 0.56 0.050 0.002 0.00360 0.00009 74 2 0.95 11100 182 16.7 
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Sample U 
(ppm) 

Th 
(ppm) 

207Pb/
235U 2σ 206Pb/ 

238U 2σ rho 207P/ 
206Pb 2σ 208Pb/ 

232Th 2σ Age* 
(Ma) 

2σ  
(Ma) Con** Y 

(ppm) 
Yb 

(ppm) 
Lu 

(ppm) 
190mnz04-2 2500 39900 0.086 0.004 0.0125 0.0003 0.39 0.049 0.002 0.00374 0.00011 80 2 0.96 2590 85 18.6 
190mnz01-3 2240 43300 0.081 0.002 0.0118 0.0003 0.46 0.050 0.002 0.00373 0.00010 76 2 0.96 2340 27.2 3.8 
190mnz10-2 5560 35900 0.075 0.002 0.0110 0.0003 0.70 0.049 0.001 0.00356 0.00009 70 2 0.96 15100 364 48.6 
190mnz12-1 5550 32000 0.078 0.002 0.0115 0.0003 0.71 0.049 0.001 0.00360 0.00009 73 2 0.97 1610 7.1 1.35 
190mnz23-1 5850 37400 0.080 0.002 0.0119 0.0003 0.75 0.050 0.001 0.00369 0.00008 76 2 0.97 1580 16.9 3.1 
190mnz01-1 5350 31100 0.070 0.002 0.0104 0.0002 0.38 0.048 0.001 0.00345 0.00009 67 2 0.97 19500 481 65.5 
190mnz01-2 2430 37800 0.078 0.002 0.0116 0.0003 0.02 0.048 0.002 0.00374 0.00009 75 2 0.98 2490 35 1.7 
190mnz08-3 3340 41300 0.079 0.003 0.0117 0.0003 0.41 0.049 0.001 0.00358 0.00008 75 2 0.98 4370 49 6.8 
190mnz02-2 2140 32700 0.079 0.003 0.0117 0.0003 0.21 0.049 0.002 0.00360 0.00008 75 2 0.98 1173 8.2 2 
190mnz04-1 3170 37300 0.079 0.002 0.0118 0.0003 0.38 0.048 0.002 0.00358 0.00009 76 2 0.98 5840 173 24.9 
190mnz15-1 4790 27000 0.079 0.002 0.0119 0.0003 0.38 0.049 0.001 0.00379 0.00009 76 2 0.98 21200 519 53.6 
190mnz30-1 5390 34500 0.076 0.002 0.0114 0.0003 0.30 0.048 0.001 0.00358 0.00009 73 2 0.99 15900 384 50.7 
190mnz06-1 5110 43500 0.079 0.003 0.0120 0.0003 0.67 0.048 0.001 0.00354 0.00009 77 2 0.99 1390 19.4 2.7 
190mnz11-1 11560 24300 0.077 0.002 0.0117 0.0003 0.74 0.048 0.001 0.00368 0.00008 75 2 0.99 12340 313 36.8 
    

 
      

 
      

201mnz19-1 9240 27800 0.097 0.006 0.0115 0.0003 0.58 0.062 0.004 0.00379 0.00012 72 2 0.78 14870 388 45.5 
201mnz22-1 9870 30400 0.076 0.003 0.0108 0.0003 0.84 0.051 0.001 0.00356 0.00009 69 2 0.93 15800 262 24.6 
201mnz05-1 11320 22100 0.073 0.002 0.0106 0.0003 0.69 0.050 0.001 0.00360 0.00009 68 2 0.95 15900 293 31.4 
201mnz11-1 10260 31600 0.077 0.003 0.0111 0.0003 0.58 0.050 0.001 0.00358 0.00010 71 2 0.95 11800 146 12.7 
201mnz20-1 10710 25800 0.071 0.002 0.0104 0.0003 0.74 0.049 0.001 0.00342 0.00009 67 2 0.96 16300 475 57 
201mnz17-1 11950 33000 0.071 0.002 0.0105 0.0003 0.61 0.049 0.001 0.00351 0.00010 67 2 0.97 19100 395 44.3 
201mnz25-1 10100 40400 0.073 0.002 0.0109 0.0003 0.76 0.049 0.001 0.00360 0.00009 70 2 0.97 16000 349 38.1 
201mnz10-1 9740 33700 0.071 0.002 0.0106 0.0003 0.80 0.049 0.001 0.00339 0.00009 68 2 0.97 13500 253 30.6 
201mnz12-1 10300 30800 0.071 0.002 0.0106 0.0003 0.77 0.049 0.001 0.00348 0.00009 68 2 0.97 14200 310 31.2 
201mnz28-1 9920 36800 0.072 0.002 0.0108 0.0003 0.83 0.049 0.001 0.00360 0.00010 69 2 0.98 17200 312 33 
201mnz12-2 10680 34000 0.072 0.002 0.0108 0.0003 0.71 0.049 0.001 0.00353 0.00009 69 2 0.98 17410 432 47.1 
201mnz03-2 12910 28700 0.072 0.002 0.0108 0.0002 0.77 0.048 0.001 0.00347 0.00008 69 2 0.98 15190 262 27.1 
201mnz02-2 10770 24800 0.073 0.002 0.0109 0.0002 0.35 0.048 0.001 0.00361 0.00008 70 1 0.98 17000 266 28.5 
201mnz08-1 10100 28900 0.073 0.002 0.0109 0.0003 0.72 0.048 0.001 0.00350 0.00009 70 2 0.98 17100 355 34.2 
201mnz15-1 11460 21600 0.073 0.002 0.0110 0.0003 0.69 0.048 0.001 0.00357 0.00009 70 2 0.98 14500 266 23.4 
201mnz21-1 10100 33400 0.072 0.002 0.0108 0.0003 0.68 0.048 0.001 0.00356 0.00009 69 2 0.99 16600 312 34.9 
201mnz10-2 10020 37200 0.072 0.002 0.0110 0.0003 0.75 0.048 0.001 0.00349 0.00009 70 2 0.99 15800 372 36.6 
201mnz23-1 9840 22910 0.072 0.002 0.0110 0.0003 0.81 0.047 0.001 0.00353 0.00009 71 2 1.00 14900 271 34.7 
201mnz21-2 9140 30700 0.070 0.002 0.0107 0.0003 0.79 0.047 0.001 0.00350 0.00009 69 2 1.00 15300 406 44.9 
201mnz14-1 11710 26300 0.073 0.002 0.0112 0.0002 0.52 0.048 0.001 0.00352 0.00009 72 2 1.00 14800 327 37.6 
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Sample U 
(ppm) 

Th 
(ppm) 

207Pb/
235U 2σ 206Pb/ 

238U 2σ rho 207P/ 
206Pb 2σ 208Pb/ 

232Th 2σ Age* 
(Ma) 

2σ  
(Ma) Con** Y 

(ppm) 
Yb 

(ppm) 
Lu 

(ppm) 
201mnz03-1 11150 27000 0.072 0.002 0.0111 0.0003 0.84 0.047 0.001 0.00353 0.00009 71 2 1.00 16400 302 30.9 
201mnz18-1 10700 28800 0.072 0.002 0.0111 0.0003 0.71 0.047 0.001 0.00354 0.00010 71 2 1.01 14180 236 24.5 
201mnz02-1 10780 29700 0.070 0.002 0.0108 0.0003 0.81 0.047 0.001 0.00352 0.00008 69 2 1.01 16100 294 23.3 
    

 
      

 
      

211mnz26-1 7780 35900 0.099 0.007 0.0120 0.0004 0.54 0.060 0.004 0.00376 0.00012 76 2 0.80 13300 220 20.5 
211mnz05-1 7050 33600 0.090 0.003 0.0116 0.0004 0.71 0.057 0.002 0.00380 0.00013 73 2 0.85 12500 172 19.6 
211mnz01-1 9500 41400 0.085 0.003 0.0113 0.0003 0.67 0.055 0.002 0.00347 0.00009 72 2 0.88 12000 187 20.2 
211mnz02-2 6470 26600 0.090 0.004 0.0121 0.0004 0.93 0.054 0.002 0.00384 0.00013 77 2 0.89 19000 470 54 
211mnz30-1 6830 33200 0.086 0.004 0.0118 0.0003 0.19 0.053 0.002 0.00369 0.00010 75 2 0.90 12300 246 28.5 
211mnz19-2 8550 28500 0.084 0.003 0.0115 0.0003 0.23 0.053 0.003 0.00368 0.00010 73 2 0.90 9020 64 6.4 
211mnz03-1 7240 51100 0.084 0.002 0.0116 0.0003 0.81 0.053 0.001 0.00345 0.00008 74 2 0.90 8130 111 8.4 
211mnz08-2 10200 31900 0.082 0.003 0.0113 0.0004 0.87 0.052 0.001 0.00352 0.00012 72 2 0.91 13700 259 21.6 
211mnz21-1 4580 26000 0.086 0.004 0.0121 0.0004 0.66 0.052 0.002 0.00372 0.00009 77 2 0.92 14500 528 76 
211mnz16-1 7140 27800 0.082 0.002 0.0115 0.0003 0.52 0.051 0.001 0.00376 0.00009 73 2 0.93 15200 378 39.5 
211mnz07-2 8340 36200 0.082 0.003 0.0115 0.0003 0.82 0.051 0.001 0.00367 0.00010 74 2 0.93 11200 253 35.6 
211mnz01-2 8800 24800 0.073 0.003 0.0104 0.0003 0.76 0.050 0.001 0.00343 0.00011 66 2 0.93 12800 254 29.8 
211mnz20-1 6030 15300 0.084 0.003 0.0120 0.0003 0.75 0.051 0.001 0.00386 0.00011 76 2 0.94 17400 456 52.9 
211mnz08-1 8750 34200 0.081 0.003 0.0116 0.0004 0.73 0.051 0.002 0.00353 0.00009 74 2 0.94 11900 137 19.1 
211mnz14-1 6890 36000 0.080 0.002 0.0114 0.0003 0.64 0.050 0.001 0.00371 0.00009 73 2 0.94 12800 206 21.2 
211mnz02-1 8500 40700 0.080 0.003 0.0115 0.0004 0.72 0.050 0.002 0.00356 0.00012 73 3 0.94 10000 145 17.3 
211mnz28-1 10500 31200 0.074 0.002 0.0106 0.0003 0.72 0.051 0.001 0.00355 0.00009 68 2 0.94 10000 69.6 5.3 
211mnz13-1 7260 36700 0.077 0.002 0.0111 0.0003 0.88 0.050 0.001 0.00364 0.00009 71 2 0.94 10350 162 11.4 
211mnz06-1 7740 66200 0.085 0.003 0.0121 0.0004 0.95 0.051 0.001 0.00356 0.00011 77 3 0.94 9050 118 9.7 
211mnz19-1 8800 35800 0.079 0.003 0.0114 0.0004 0.65 0.050 0.001 0.00359 0.00013 73 2 0.95 11200 171 20.1 
211mnz17-1 7730 39800 0.081 0.003 0.0117 0.0004 0.88 0.050 0.001 0.00367 0.00010 75 3 0.95 10390 197 20.1 
211mnz18-1 8740 33800 0.078 0.003 0.0114 0.0003 0.73 0.050 0.001 0.00360 0.00010 73 2 0.95 14110 236 22.6 
211mnz23-1 8110 36900 0.081 0.002 0.0118 0.0003 0.78 0.050 0.001 0.00361 0.00010 75 2 0.96 13900 371 44 
211mnz15-1 7810 40600 0.081 0.003 0.0118 0.0004 0.61 0.050 0.001 0.00374 0.00011 75 2 0.96 12400 190 15 
211mnz07-1 8280 33900 0.082 0.003 0.0119 0.0004 0.82 0.050 0.001 0.00372 0.00011 76 2 0.96 10510 198 22 
211mnz27-1 6940 33800 0.080 0.002 0.0118 0.0003 0.82 0.049 0.001 0.00377 0.00010 75 2 0.96 12120 150 11.2 
211mnz12-1 8210 35800 0.079 0.003 0.0116 0.0003 0.72 0.050 0.001 0.00371 0.00009 74 2 0.96 10310 204 24.8 
211mnz11-1 7820 21800 0.079 0.002 0.0116 0.0003 0.79 0.049 0.001 0.00376 0.00011 74 2 0.96 17200 440 45.1 
211mnz09-1 7060 30000 0.077 0.003 0.0114 0.0004 0.89 0.050 0.001 0.00378 0.00012 73 3 0.96 9200 143 14.6 
211mnz24-1 8460 34200 0.077 0.002 0.0114 0.0003 0.67 0.050 0.001 0.00366 0.00010 73 2 0.96 11200 147 18.5 
211mnz10-1 8510 44400 0.077 0.002 0.0114 0.0003 0.74 0.049 0.001 0.00365 0.00010 73 2 0.97 10970 153 13.8 
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Sample U 
(ppm) 

Th 
(ppm) 

207Pb/
235U 2σ 206Pb/ 

238U 2σ rho 207P/ 
206Pb 2σ 208Pb/ 

232Th 2σ Age* 
(Ma) 

2σ  
(Ma) Con** Y 

(ppm) 
Yb 

(ppm) 
Lu 

(ppm) 
211mnz22-1 9610 37300 0.074 0.002 0.0110 0.0003 0.63 0.049 0.001 0.00357 0.00010 71 2 0.98 12120 171 14.4 
211mnz04-1 14900 31900 0.075 0.003 0.0113 0.0004 0.84 0.048 0.001 0.00353 0.00012 73 2 0.99 12900 145 11 
    

 
      

 
      

217mnz16-1 9510 33000 0.083 0.003 0.0103 0.0003 0.71 0.058 0.002 0.00316 0.00010 65 2 0.81 18600 553 62 
217mnz19-1 9120 34500 0.086 0.004 0.0107 0.0003 0.46 0.059 0.002 0.00358 0.00009 68 2 0.81 20700 516 50.5 
217mnz14-1 9700 40800 0.082 0.002 0.0110 0.0003 0.52 0.054 0.001 0.00360 0.00008 70 2 0.88 20500 316 41.3 
217mnz04-2 8220 31100 0.081 0.004 0.0113 0.0003 0.54 0.052 0.002 0.00364 0.00011 72 2 0.91 14100 182 23.9 
217mnz21-2 7950 29000 0.077 0.002 0.0108 0.0003 0.74 0.052 0.001 0.00365 0.00009 69 2 0.92 16600 385 44.8 
217mnz10-2 9650 28400 0.074 0.002 0.0104 0.0003 0.81 0.051 0.001 0.00351 0.00009 66 2 0.93 17500 421 47 
217mnz27-1 8240 30900 0.074 0.002 0.0105 0.0002 0.90 0.051 0.001 0.00345 0.00008 67 1 0.94 17300 405 50.7 
217mnz05-1 11500 30900 0.074 0.003 0.0107 0.0003 0.42 0.049 0.002 0.00352 0.00009 68 2 0.95 19800 394 46.4 
217mnz26-1 9080 40700 0.071 0.002 0.0103 0.0003 0.88 0.049 0.001 0.00353 0.00009 66 2 0.95 17600 335 38.1 
217mnz11-2 8250 43700 0.074 0.002 0.0109 0.0003 0.68 0.049 0.001 0.00348 0.00008 70 2 0.96 18000 286 39.9 
217mnz21-1 9560 27200 0.071 0.002 0.0104 0.0003 0.72 0.049 0.001 0.00344 0.00010 67 2 0.96 19500 494 58.6 
217mnz10-1 9040 28400 0.071 0.003 0.0104 0.0003 0.82 0.049 0.002 0.00344 0.00012 67 2 0.96 17000 401 43.8 
217mnz24-1 10200 49000 0.077 0.003 0.0113 0.0004 0.95 0.049 0.001 0.00365 0.00012 72 2 0.96 10300 49 2.9 
217mnz08-2 9100 43300 0.077 0.003 0.0112 0.0004 0.83 0.049 0.001 0.00363 0.00011 72 2 0.96 18600 494 50.4 
217mnz02-1 8980 26400 0.076 0.002 0.0112 0.0003 0.82 0.049 0.001 0.00374 0.00009 72 2 0.96 17500 106 9.5 
217mnz11-1 8320 40500 0.088 0.002 0.0130 0.0003 0.72 0.049 0.001 0.00411 0.00011 83 2 0.97 15900 311 35.2 
217mnz25-1 8570 38700 0.070 0.002 0.0104 0.0003 0.67 0.049 0.001 0.00355 0.00012 66 2 0.97 19800 445 45.2 
217mnz03-1 9600 29500 0.074 0.002 0.0110 0.0003 0.57 0.049 0.001 0.00359 0.00009 70 2 0.97 15900 285 31.7 
217mnz19-2 8020 37400 0.072 0.003 0.0106 0.0003 0.79 0.049 0.001 0.00350 0.00009 68 2 0.97 18500 405 41.9 
217mnz07-2 8900 32200 0.073 0.002 0.0108 0.0003 0.80 0.049 0.001 0.00353 0.00010 69 2 0.97 19200 389 53.8 
217mnz07-1 9300 31000 0.071 0.002 0.0106 0.0003 0.65 0.049 0.001 0.00348 0.00009 68 2 0.97 20100 508 54.5 
217mnz09-1 11700 36000 0.075 0.002 0.0112 0.0003 0.75 0.048 0.001 0.00378 0.00010 72 2 0.98 17700 105 8.8 
217mnz20-1 8470 56200 0.072 0.002 0.0108 0.0003 0.77 0.049 0.001 0.00357 0.00009 69 2 0.98 15800 258 28.3 
217mnz13-2 9630 34400 0.075 0.002 0.0112 0.0003 0.73 0.048 0.001 0.00356 0.00010 71 2 0.98 18800 397 48.8 
217mnz08-1 9200 31500 0.074 0.003 0.0110 0.0003 0.80 0.049 0.001 0.00358 0.00011 70 2 0.98 17400 402 47 
217mnz04-1 11070 34200 0.077 0.002 0.0114 0.0003 0.76 0.049 0.001 0.00374 0.00009 73 2 0.98 17100 102 7.1 
217mnz18-1 9310 25600 0.072 0.003 0.0108 0.0003 0.89 0.048 0.001 0.00347 0.00010 69 2 0.98 17500 501 46.9 
217mnz02-2 11200 35300 0.076 0.002 0.0114 0.0003 0.95 0.048 0.001 0.00373 0.00010 73 2 0.98 17700 95 10.6 
217mnz06-1 9700 30800 0.072 0.002 0.0108 0.0003 0.76 0.048 0.001 0.00353 0.00009 69 2 0.98 19300 419 43.5 
217mnz17-1 9510 24800 0.071 0.003 0.0108 0.0003 0.82 0.048 0.001 0.00345 0.00009 69 2 0.99 18900 496 50.4 
217mnz12-1 9060 46500 0.072 0.002 0.0109 0.0003 0.72 0.048 0.001 0.00350 0.00009 70 2 0.99 19900 468 55.4 
217mnz12-2 7210 37300 0.071 0.002 0.0108 0.0003 0.69 0.048 0.001 0.00345 0.00009 69 2 0.99 18200 548 52.3 
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Sample U 
(ppm) 

Th 
(ppm) 

207Pb/
235U 2σ 206Pb/ 

238U 2σ rho 207P/ 
206Pb 2σ 208Pb/ 

232Th 2σ Age* 
(Ma) 

2σ  
(Ma) Con** Y 

(ppm) 
Yb 

(ppm) 
Lu 

(ppm) 
217mnz13-1 9320 32900 0.074 0.002 0.0112 0.0003 0.75 0.048 0.001 0.00359 0.00010 72 2 0.99 19100 373 41.3 
217mnz03-2 9710 33900 0.073 0.002 0.0111 0.0003 0.73 0.048 0.001 0.00360 0.00010 71 2 0.99 19800 311 31.9 
    

 
      

 
      

SI088mnz02-1 8250 31200 0.084 0.007 0.0101 0.0003 0.51 0.060 0.005 0.00328 0.00014 64 2 0.80 15400 143 15.8 
SI088mnz09-2 8200 36300 0.090 0.009 0.0109 0.0004 0.74 0.060 0.006 0.00356 0.00012 69 3 0.80 14700 67 6.6 
SI088mnz09-1 9600 36200 0.080 0.004 0.0103 0.0004 0.51 0.056 0.003 0.00332 0.00015 65 2 0.84 10580 112 15.5 
SI088mnz04-2 9230 25500 0.079 0.004 0.0103 0.0003 0.74 0.055 0.002 0.00340 0.00009 65 2 0.86 12270 218 26.3 
SI088mnz11-1 9030 30800 0.074 0.003 0.0106 0.0004 0.63 0.051 0.002 0.00327 0.00013 67 3 0.93 11100 37 1.1 
SI088mnz07-2 8030 28900 0.077 0.004 0.0111 0.0003 0.45 0.051 0.002 0.00299 0.00010 71 2 0.94 11600 152 28.6 
SI088mnz17-1 9200 32000 0.073 0.003 0.0105 0.0004 0.85 0.051 0.001 0.00348 0.00012 67 2 0.94 12100 81 9.3 
SI088mnz08-1 10600 32500 0.071 0.003 0.0103 0.0003 0.86 0.050 0.002 0.00349 0.00012 66 2 0.95 8300 36 4.5 
SI088mnz02-2 8140 28500 0.071 0.002 0.0104 0.0003 0.65 0.049 0.001 0.00331 0.00009 67 2 0.96 16600 100 4.8 
SI088mnz03-2 8150 27600 0.071 0.003 0.0104 0.0004 0.89 0.049 0.001 0.00351 0.00012 67 2 0.96 10200 60 11 
SI088mnz14-1 10800 35400 0.070 0.003 0.0103 0.0003 0.73 0.049 0.002 0.00335 0.00009 66 2 0.97 11900 77 10.2 
SI088mnz06-1 7510 28000 0.074 0.003 0.0110 0.0003 0.72 0.049 0.001 0.00351 0.00009 70 2 0.97 16400 78 5.3 
SI088mnz16-1 8370 32500 0.070 0.002 0.0104 0.0003 0.79 0.049 0.001 0.00354 0.00012 66 2 0.97 11300 103 9.8 
SI088mnz02-3 9390 34600 0.069 0.002 0.0103 0.0003 0.81 0.049 0.001 0.00323 0.00009 66 2 0.97 15800 92 7.1 
SI088mnz15-1 10540 22500 0.069 0.004 0.0103 0.0004 0.90 0.049 0.001 0.00336 0.00013 66 3 0.98 9530 29.9 4.6 
SI088mnz04-1 7950 38400 0.073 0.002 0.0109 0.0003 0.92 0.049 0.001 0.00349 0.00011 70 2 0.98 6210 24.9 1.9 
SI088mnz15-2 8880 15900 0.074 0.003 0.0111 0.0003 0.86 0.049 0.001 0.00359 0.00010 71 2 0.98 14000 75 4.8 
SI088mnz03-1 8900 34900 0.073 0.002 0.0109 0.0003 0.76 0.049 0.001 0.00362 0.00012 70 2 0.98 8380 43 4.2 
SI088mnz10-2 9500 33000 0.072 0.002 0.0108 0.0004 0.81 0.048 0.001 0.00340 0.00012 69 2 0.98 13700 106 11.1 
SI088mnz07-1 16300 24200 0.073 0.003 0.0111 0.0004 0.83 0.049 0.001 0.00335 0.00011 71 3 0.99 20200 194 16.6 
SI088mnz17-2 8120 36200 0.074 0.002 0.0112 0.0003 0.82 0.049 0.001 0.00349 0.00011 72 2 0.99 13400 44 1.8 
SI088mnz10-1 9830 36000 0.073 0.002 0.0111 0.0003 0.71 0.048 0.001 0.00353 0.00010 71 2 0.99 12900 66 6.2 
SI088mnz05-2 9450 40200 0.071 0.003 0.0108 0.0004 0.83 0.048 0.001 0.00349 0.00011 69 2 0.99 9900 56 2.9 
SI088mnz05-1 9230 31700 0.071 0.002 0.0108 0.0003 0.92 0.048 0.001 0.00351 0.00010 69 2 0.99 11940 59 3.2 
SI088mnz13-1 9300 27700 0.073 0.002 0.0112 0.0003 0.83 0.048 0.001 0.00359 0.00009 72 2 1.00 16300 87.7 5.8 
SI088mnz11-2 8500 28900 0.070 0.004 0.0107 0.0005 0.92 0.047 0.001 0.00336 0.00015 69 3 1.00 11900 45 3.9 
SI088mnz06-2 9270 28900 0.071 0.003 0.0110 0.0003 0.93 0.048 0.001 0.00347 0.00010 70 2 1.00 16100 116 6 
SI088mnz19-1 8140 30000 0.075 0.003 0.0115 0.0004 0.56 0.048 0.001 0.00359 0.00012 74 3 1.01 14300 94 4.4 

a Sample name is as follows ‘sampler initials’ ‘station #’ ‘monazite #’ ‘spot on monazite’ 
*Best Age comes from the 206Pb/238U age corrected for common Pb using the 207Pb correction (see text for explanation) 
**Concordance  
Grey bars indicate data that was rejected due to overlapping element domains or high P values. 
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Monazite Geochronology Results 

The U-Th-Pb and select trace element data used in the age determinations are provided 

in Table 3.1; an additional table with the complete set of trace element analyses can be found in 

Appendix C2. In many of the samples there is a correlation between low concordance 

percentage and low P values, which was used as an additional filter for data to be rejected. 

When comparing spot locations from the laser to the monazite maps there are some spots that 

may overlap compositional zones, such as high and low Y zones. Considering these spots may 

represent mixed ages, they typically were not considered in the determination of final ages. We 

do not consider monazite ages to have been reset by thermally-activated diffusive Pb loss, as 

peak temperature estimates for these samples are 635-650°C (Bordet et al., 2015). For 

significant Pb loss to occur, monazite crystals would have to be exposed to temperatures 

>800°C for an unrealistic length of time based on parameters determined experimentally by 

Cherniak et al. (2004.) and Gardes et al. (2006.). Weighted means of the 207Pb corrected 206Pb/ 
238U ages were used to determine average ages of monazite populations. 

Yukon-Tanana Terrane 

Sample 16-LV-005-2 

This sample is comprised of well-foliated fine- to medium-grained garnet-kyanite schist 

with a matrix of quartz, biotite and plagioclase with less abundant muscovite and chlorite. 

Garnet porphyroblasts in this sample are euhedral with some inclusions (mostly quartz), and 

range in diameter from 1 to 3 mm. Kyanite porphyroblasts up to 7 mm in length are aligned 

within the foliation (L1b) and appear texturally stable with the biotite that defines the foliation 

and partially wraps around the porphyroblasts. Garnet porphyroblasts are also texturally stable 

with the foliation and can be seen both overprinting the biotite, as well as being wrapped by it, 

indicating they crystalized syn–tectonically. Breakdown of kyanite and garnet porphyroblasts 

replaced by chlorite and muscovite occurs in pressure shadows around the porphyroblasts 

(Figure 3.12a & b; Figure 3.15a). There is relatively more chlorite and muscovite in 

porphyroblast pressure shadows versus occurring as matrix phases.  

Sixteen monazite crystals were analyzed with 33 spots. The ages of the monazite 

crystals for this sample range from ca. 76 to 65 Ma (Table 3.1; Figure 3.15). Twenty six out of 

28 spots were used for monazite age analysis resulting in a weighted mean of 70.3 ± 0.5 Ma 

with a mean squared weighted deviate (MSWD) of 1.9 (Figure 3.15b). Two spots with ages of 

ca. 76 and 65 Ma were excluded in the weighted mean age calculation by Isoplot because they 
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are noticeably older and younger, respectively, than the rest of the analyses; excluded dates 

can be seen in blue on the weighted mean plot and the Tera-Wasserburg plot (Figure 3.15b & 

c).  

Overall, elongate monazite crystals in this sample grew parallel to the foliation in the 

matrix around the edges of biotite crystals and within pressure shadows of kyanite and garnet 

porphyroblasts. Although some crystals grew as inclusions within porphyroblasts (e.g., monazite 

5 and 12), these inclusions are along fractured surfaces, indicating they may not record the age 

of growth of the porphyroblast and likely relate to the breakdown of those porphyroblasts. The 

oldest age of ca. 76 Ma comes from the centre of the largest monazite crystal, monazite 1, 

which is located in a pressure shadow of a relict kyanite porphyroblast, the older age likely 

relates to the growth of the kyanite during prograde metamorphism. Monazite crystals that were 

relatively high in Y resulted in the youngest ages below 70 Ma, such as monazite 17 and 

monazite 11.  
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Figure 3.15 Sample 16-LV-005 in-situ monazite locations and ages.  
A) PPL photomicrograph of sample 16-LV-005 showing the locations for each monazite analyzed in situ 
by LASS-ICPMS. Inset photomicrographs and BSE images show more detailed textural relationships of 
monazite included within biotite, quartz and kyanite crystals. Individual monazite maps show zonation of 
Y within monazite crystals and the locations of the spot analyses with their corresponding ages. Note that 
the Y map brightness and colour are not the same scale from crystal to crystal. B) Weighted mean of 
LASS-ICPMS spot ages with data outliers shown in blue. C) Tera-Wasserburg diagram showing isotope 
data for sample 16-LV-005 with a regression line anchored on the initial 207Pb/206Pb ratio determined 
using the Stacey and Kramers (1975) two-stage Pb evolution curve and the weighted mean age; data 
outliers are shown in blue. 

Blanchard River assemblage 

Sample 16-LV-113-1  

This sample is comprised of well-foliated staurolite-garnet schist with a matrix of biotite, 

quartz and plagioclase, as well as trace amounts of muscovite (Figure 3.16a). The foliation in 

this sample is defined by the alignment of micaceous minerals, primarily biotite. Porphyroblasts 

of staurolite are up to 4 mm in length and grow pre- to syn-tectonically with the foliation as they 

overprint and are wrapped by biotite. Garnet porphyroblasts are ~1 mm in diameter and are 

considered to have grown syn-tectonically. Surrounding staurolite and garnet porphyroblasts are 

pressure shadows of plagioclase, biotite, chlorite and muscovite. Clear textural relationships 

indicate the growth of muscovite and chlorite occurred at the expense of staurolite and garnet; 

these relationships are nicely highlighted in the QEMSCAN image for this sample (Figure 3.12f). 

Twenty-one monazite crystals were analyzed with 31 spots, eleven of these spots were 

rejected due to possible mixing of zones or high P concentrations leaving 20 monazite crystals 

for analyses (Figure 3.16b). Monazite ages in this sample range from 76 to 61 Ma, the largest 

range of ages of all samples. Yttrium zoning in these monazite grains does not obviously relate 

to different age domains as monazite crystals have relatively similar Y concentrations. However, 
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there was a significant difference in age between monazite crystals based on their relative 

proportions of the heavy rare earth element (HREE) Yb. When comparing heavy rare earth 

elements (HREE) concentration with ages, the older ages correlate to higher ppm of HREE and 

young ages correlate to a relative depletion in HREE, which is best shown by the colour 

gradient in Figure 3.16c. The resulting weighted mean from the high Yb monazite crystals was 

71.0 ± 0.7 Ma with an MSWD of 1.6. The low Yb monazite crystals resulted in a weighted mean 

of 63.1 ± 0.8 Ma with an MSWD of 2.7 (Figure 3.16b).  

Notably the oldest monazite ages of 76 and 74 Ma are found within monazite 1 in a 

pressure shadow of relict staurolite. Although monazite 1 is an elongate crystal, it did not grow 

parallel to the biotite grain encasing it, suggesting that part of this crystal had grown prior to 

biotite replacing staurolite at this location. Monazite crystals with ages of ca. 70 Ma have grown 

primarily within the matrix or along the edge of biotite grains. Monazite crystals with ages 

around 63-61 Ma are consistently found texturally associated with muscovite that has grown in 

pressure shadows surrounding garnet and staurolite porphyroblasts. The growth of these 

monazite crystals is generally parallel to the muscovite it has grown with or has very mottled 

textures when found in between muscovite crystals. 
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Figure 3.16 Sample 16-LV-113 in-situ monazite locations and ages.  
A) PPL photomicrograph of sample 16-LV-113 showing the locations for each monazite analyzed in situ 
by LASS-ICPMS. Inset photomicrographs and BSE images show more detailed textural relationships of 
monazite included within matrix crystals and porphyroblasts. Individual monazite maps show relative 
zonation of Y within monazite crystals and the locations of the spot analyses with their corresponding 
ages. Note that the Y map brightness and colour are not the same scale from crystal to crystal. B) 
Bimodal weighted mean of LASS-ICPMS spot ages with data outliers shown in blue. C) Tera-Wasserburg 
diagram showing isotope data for sample 16-LV-113 with regression lines anchored on the initial 
207Pb/206Pb ratio determined using the Stacey and Kramers (1975) two-stage Pb evolution curve and the 
weighted mean age; data outliers are outlined in white; Colour gradient shows the relative abundance of 
the HREE Yb; younger ages are depleted in Yb relative to older ages. 
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Sample 16-LV-170-1 

This sample is comprised of well-foliated kyanite-garnet-cordierite-sillimanite paragneiss 

with a matrix of quartz, plagioclase, biotite and cordierite (Figure 3.17a). In thin section, 

overprinting relationships are observed where relict kyanite porphyroblasts have simplectic 

overgrowths of spinel, plagioclase and cordierite; kyanite porphyroblasts are also completely 

replaced by sillimanite. Additional overprinting relationships recorded in this sample include the 

growth of cordierite over relict garnet porphyroblasts. Much of the biotite in this sample shows 

overgrowth of a pre-existing fabric, interpreted to represent the static recrystallization of biotite.  

Eighteen monazite crystals were analyzed with 22 total laser spots. Thirteen of these 

spots were deemed free of age mixing from inadvertent overlap of the spot across Y zones. 

When plotting the age data against Y concentration (Figure 3.17b & c), older ages correlate to 

zones low in Y domains (with the exception of one spot), which is shown in the Y maps for the 

monazite crystals (Figure 3.17a). When separating the data based on Y concentration, the 

weighted mean ages are 68.8 ± 0.8 Ma (MSWD = 1.18) in high Y rims and 77.6 ± 1.0 Ma 

(MSWD = 1.4) in low Y cores.  

There is a clear correlation between Y concentration in monazite crystals and age 

defining the bimodal age distribution in this sample, which is clear in both the Y maps (Figure 

3.17a) and in the colour gradient representing the relative concentration of Y in the Tera-

Wasserburg diagram (Figure 3.17c). In the monazite crystals, there are well defined zones that 

are relatively Y poor (dark) or Y rich (light). The ages from Y poor zones are within error of the 

ca. 78 Ma weighted mean and these crystals are generally found in coronas of relict 

porphyroblasts or within biotite grains. In many of the monazite crystals there are zones with 

both high and low Y content, and in nearly all of these cases the low Y relates to an older age 

whereas the high Y relates to a younger age. Particularly in monazites 6 and 12, it is possible to 

see that the younger, high Y monazite grew around the older low Y monazite. This textural 

relationship is common in coronas around relict porphyroblasts of kyanite and garnet likely 

indicating the older monazite crystalized during the M1 event and were possibly included within 

the porphyroblasts. The younger enveloping monazite crystallized during the breakdown of M1 

metamorphic minerals (M2). These younger monazite crystals are generally located in or around 

mimectically recrystallized biotite. 
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Figure 3.17 Sample 16-LV-170 in-situ monazite locations and ages.  
A) PPL photomicrograph of sample 16-LV-170 showing the locations for each monazite analyzed in situ 
by LASS-ICPMS. Inset photomicrographs show more detailed textural relationships of monazite included 
within matrix biotite and quartz crystals and in coronas around relict kyanite porphyroblasts. Individual 
monazite maps show relative zonation of Y within monazite crystals and the locations of the spot 
analyses with their corresponding ages. Note that the Y map brightness and colour are not the same 
scale from crystal to crystal; older ages are consistently found in spot analyses within low Y zones.  B) 
Bimodal weighted mean of LASS-ICPMS spots. C) Tera-Wasserburg diagram showing isotope data for 
sample 16-LV-170 with regression lines anchored on the initial 207Pb/206Pb ratios determined using the 
Stacey and Kramers (1975) two-stage Pb evolution curve and the weighted mean age; colour gradient 
shows the relative abundance of Y; younger ages are enriched in Y relative to older ages. 
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Sample 16-LV-190-1 

This sample is a well-foliated garnet-sillimanite-cordierite schist with a matrix of quartz 

and plagioclase, with trace amounts of muscovite and chlorite (Figure 3.18a). The garnet 

porphyroblasts up to 2 mm in diameter are mostly relict and have been replaced by plagioclase, 

quartz, muscovite and chlorite. Although sillimanite is not visible in this thin section, it was 

observed in outcrop and is interpreted to have replaced kyanite, similar to the textural 

relationship observed in sample 16-LV-170 (Figure 3.17). Cordierite encasing spinel is seen in 

thin section, indicating simplectic overgrowth of kyanite similar to that observed in sample 16-

LV-170. Much of the biotite, which wraps around garnet porphyroblasts, forming the penetrative 

foliation has been mimectically recrystallized as it does not show evidence of intracrystalline 

deformation such as undulose extinction or deformation twinning.  

Thirty-three spots on twenty monazite crystals were analyzed, of those 3 spots were 

rejected based on the criteria provided above. Nine spots appear to have inadvertently 

overlapped adjacent Y domains. The remaining 21 spots free of overlapping Y zones were 

chosen for age analysis in this sample. The results show that there is a correlation between Y 

content and age, with low Y domains in older monazite and high Y domains in younger 

monazite. The ages of ca. 76-80 Ma are from zones with low Y content, whereas the young 

ages of ca. 70 Ma are found in zones of high Y content. The respective weighted mean ages of 

these domains are 75.6 ± 0.6 Ma with an MSWD of 1.7 and 67.8 ± 1.3 Ma with an MSWD of 

1.7, with two outlying ages of 80 ± 2 Ma excluded in the calculation done by Isoplot (Figure 

3.18b & c). The two outlying ages of 80 Ma are within in low Y zones in the cores of monazite 

grains (Figure 3.18a), which likely indicates preservation of an earlier phase of monazite 

crystallization. 

Texturally young monazite crystals are found in the matrix in contact with the edge of 

biotite grains. Many of the elongate crystals are oriented parallel to the foliation, defined by the 

alignment of biotite. Few of these elongate crystals, however, are completely encased by biotite 

which means that they could be affected by M2 metamorphism with the breakdown of the 

prograde metamorphic assemblage. Several of the monazite crystals that have obvious zoning 

of high and low Y, such as monazite 10, are found in proximity to biotite grains that have 

partially replaced garnet (Figure 3.18a). 
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Figure 3.18 Sample 16-LV-190-1 in-situ monazite locations and ages.  
A) PPL photomicrograph of sample 16-LV-190 showing the locations for each monazite analyzed in situ 
by LASS-ICPMS. Inset photomicrographs show detailed textural relationships of monazite surrounding 
relict garnet porphyroblasts, included within quartz crystals and included in biotite that has mimectically 
recrystallized older phases of biotite. Individual monazite maps show relative zonation of Y within 
monazite crystals and the locations of the analyses spots with their corresponding ages. Note that the Y 
map brightness and colour are not the same scale from crystal to crystal; older ages are consistently 
found in spots within low Y zones.  B) Bimodal weighted mean of LASS-ICPMS spots; data outliers are 
shown in blue. C) Tera-Wasserburg diagram showing isotope data for sample 16-LV-190 with regression 
lines anchored on the initial 207Pb/206Pb ratios determined using the Stacey and Kramers (1975) two-stage 
Pb evolution curve  and the weighted mean age; data outliers are outlined in white. Colour gradient 
shows the relative abundance of Y; younger ages are enriched in Y relative to older ages. 
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Sample 16-LV-201-1 

This sample is a fine-grained, moderately- to well-foliated staurolite-garnet schist with a 

matrix of biotite, plagioclase and quartz, with trace amounts of pyrite throughout (Figure 3.19a). 

Staurolite porphyroblasts are up to 4 mm in length and are aligned with the foliation that is 

primarily defined by the alignment of biotite. Staurolite porphyroblasts are overprinted by 

cordierite, plagioclase and sillimanite. Garnet porphyroblasts <1 mm in diameter contain quartz 

inclusions, and are overprinted by biotite and plagioclase. In thin section, compositional zoning 

of more biotite and quartz-rich layers is visible, but it is unclear whether this is due to original 

bedding or metamorphic segregation. 

Twenty-seven spots in twenty-one monazite crystals were analyzed. Four of the spots 

were automatically rejected, and 20 were deemed free of mixing. Monazite mapping (Figure 

3.19a) and trace element analysis (Table 3.1) both indicate these monazite have relatively high 

Y content. The monazite crystals in this sample are generally not zone in Y and have 

consistently have ages within error of each other. These monazite crystals are found primarily 

within the matrix and elongate monazite crystals are aligned parallel to the foliation. The ages 

range from 72-67 Ma and result in a weighted mean of 69.6 ± 0.5 Ma with an MSWD of 1.8 

(Figure 3.19b).  
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Figure 3.19 Sample 16-LV-201-1 in-situ monazite locations and ages.  
A) PPL photomicrograph of sample 16-LV-201 showing the locations for each monazite analyzed in situ 
by LASS-ICPMS. Inset photomicrographs show more detailed textural relationships of monazite included 
within matrix biotite and quartz crystals. Individual monazite maps show relative zonation of Y within 
monazite crystals and the locations of the spot analyses with their corresponding ages. Note that the Y 
map brightness and colour are not the same scale from crystal to crystal. B) Unimodal weighted mean of 
LASS-ICPMS spot analyses. C) Tera-Wasserburg diagram showing isotope data for sample 16-LV-201 
with a regression line anchored on the initial 207Pb/206Pb ratio determined using the Stacey and Kramers 
(1975) two-stage Pb evolution curve and the weighted mean age. 
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Sample 16-LV-211-1 

This sample is a sillimanite paragneiss with a matrix of primarily quartz, biotite, 

plagioclase and cordierite. Aggregates of sillimanite crystals up to 7 mm long have 

pseudomorphed elongate crystals, some of which were porphyroblasts of staurolite and possibly 

kyanite, although, there is no relict kyanite remaining (Figure 3.20a). Sillimanite porphyroblasts 

are surrounded by coronas of cordierite, which is in contact with plagioclase (Figure 3.14b &c). 

There are large clusters of biotite mineral lineations in this sample that are aligned parallel to the 

foliation and along F2b fold hinges, although the biotite crystals themselves appear to have 

grown after the formation of the foliation as they do not appear to be exhibit any deformation 

features in thin section.  

Thirty-three spots were analyzed from twenty-eight monazite crystals; 29 of these spots 

were free of Y zone overlap and used for analysis. U-Pb ages in this sample range from 77-66 

Ma. Of these 29 spots, three dates of 77 Ma and two spots of 66 and 68 Ma were excluded in 

the weighted mean age calculation by Isoplot because they are noticeably older and younger, 

respectively, than the rest of the analyses. The remaining 24 spots resulted in a weighted mean 

age of 73.9 ± 0.5 Ma with an MSWD of 1.3 (Figure 3.20b & c).  

Overall, monazite crystals are moderately high in Y with mottled zoning making it difficult 

to identify if any spot analysis that may have overlapped more than one Y domain. In many 

cases the monazite crystals that have the oldest ages between 77-75 Ma are found texturally 

surrounding the sillimanite pseudomorphs of elongate minerals (likely kyanite) and relict 

staurolite porphyroblasts. The only monazite crystal that has a low Y zone resulted in an age of 

ca. 75 Ma, consistent with older ages observed in other samples. In contrast, the monazite 

crystals that have ages of ca. 70 Ma are found in the matrix surrounded by quartz or 

plagioclase. This sample has the most ages in the range of ca. 74-73 Ma, which in other 

samples were found in the spot analyses that overlapped more than one Y domain. It is unclear 

here whether overlap is the case for the monazite ages between ca. 74-73 Ma, or whether this 

represents a period of continuous monazite crystallization that spans the duration of the M1 and 

M2 events. 
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Figure 3.20 Sample 16-LV-211-1 in-situ monazite locations and ages.  
A) PPL photomicrograph of sample 16-LV-211 showing the locations for each monazite analyzed in situ 
by LASS-ICPMS. Inset photomicrographs show more detailed textural relationships of monazite included 
within matrix biotite and quartz crystals and around relict porphyroblasts of staurolite. Individual monazite 
maps show relative zonation of Y within monazite crystals and the locations of the spot analyses with 
their corresponding ages. Note that the Y map brightness and colour are not the same scale from crystal 
to crystal. Y zonation in this sample does not clearly separate younger ages from older ages and zonation 
patterns are not as obvious as in previous samples. B) Unimodal weighted mean of LASS-ICPMS spot 
analyses with data outliers shown in blue. C) Tera-Wasserburg diagram showing isotope data for sample 
16-LV-211 with a regression line anchored on the initial 207Pb/206Pb ratio determined using the Stacey and 
Kramers (1975) two-stage Pb evolution curve and the weighted mean age; data outliers are shown in 
blue. 
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Sample 16-LV-217-1 

This sample is a medium-grained well-foliated garnet paragneiss with a matrix of quartz, 

plagioclase and biotite (Figure 3.21a). This sample contains relatively more plagioclase than 

other samples from the Blanchard River assemblage, which also appears to overprint garnet 

porphyroblasts. Relict garnet porphyroblasts are up to 2 mm in diameter and are wrapped by 

the penetrative foliation defined by biotite that has been mimectically replaced by a younger 

generation of biotite. 

Of the thirty-five spots analyzed in twenty-four monazite, one spot was rejected. The 

range in ages for the remaining monazite spots is 73-65 Ma, with one outlying age of 83 Ma. 

Yttrium maps of monazite crystals display primarily unzoned monazite with high Y; with the 

exception of one monazite crystal (monazite 11), which was zoned with a low Y core and high Y 

rim providing ages of 83 ± 2 Ma and 70 ± 2 Ma, respectively (Figure 3.21a). A weighted mean 

age excluding the one outlier is 69.3 ± 0.7 Ma with an MSWD of 4.4. Notably, there seems to be 

a cluster of ages around 72 Ma that are relatively depleted in HREE such as Yb and Lu (Figure 

3.21c). When calculating the average age of monazite based on relatively low and high Lu 

content, resulting ages are respectively 71.7 ± 0.6 Ma (MSWD of 0.99) and 68.4 ± 0.6 Ma 

(MSWD of 2.0) (Figure 3.21b).  

Monazite crystals in this sample are found in contact with or encased within biotite that 

has been mimectically recrystallized by a younger generation of biotite parallel to the S1b 

foliation. Overall, monazite crystals with ages of ca. 71 Ma have grown within these biotite 

grains (monazite 13) and younger ages of ca 68 Ma grow towards the edge of biotite grains 

(monazite 27; Figure 3.21a). The youngest monazite crystal (monazite 16) overgrew the 

mimectically recrystallized biotite indicating that its growth post-dated the recrystallization of the 

biotite. The single monazite grain that has an age of ca. 83 Ma grew parallel to the S1b foliation. 

Besides monazite 11, most of the elongate monazite crystals in this section are not obviously 

aligned with the foliation, suggesting growth after the formation of the foliation. 
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Figure 3.21 Sample 16-LV-217-1 in-situ monazite locations and ages.  
A) PPL photomicrograph of sample 16-LV-217 showing the locations for each monazite analyzed in situ 
by LASS-ICPMS. Inset photomicrographs show more detailed textural relationships of monazite included 
within matrix biotite. Individual monazite maps show relative zonation of Y within monazite crystals and 
the locations of the spot analyses with their corresponding ages. Note that the Y map brightness and 
colour are not the same scale from crystal to crystal. There is little variation in Y zonation in monazite 
crystals within this sample with the exception of monazite 11 where the low Y zone gives a significantly 
older age of ca. 83 Ma and the high Y zone gives an age of ca. 70 Ma. B) Bimodal weighted mean of 
LASS-ICPMS spots with single outlying age in blue. This bimodal age may also be considered to be a 
continuum of monazite crystallization from. 74 to 66 Ma. C) Tera-Wasserburg diagram showing isotope 
data for sample 16-LV-217 with a regression lines anchored on the initial 207Pb/206Pb ratios determined 
using the Stacey and Kramers (1975) two-stage Pb evolution curve and the weighted mean age; data 
outliers are outlined in white. There is relative depletion in HREE Lu in the ages below 70 Ma, which is 
shown by the colour gradient. In the older monazite crystals (excluding 83 Ma) the crystals are relatively 
enriched in Lu compared to the younger crystals. 
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Sample 14-SI-088 

This sample is a well foliated kyanite-staurolite-garnet schist with a matrix of quartz, 

biotite, plagioclase and muscovite (Figure 3.22a). As described in the structure section, 

inclusion trails in kyanite and staurolite are in line with the external foliation defined by the 

alignment of micaceous minerals. The garnet, kyanite and staurolite porphyroblasts also 

overprint and are wrapped by the external foliation indicating that their growth is pre- to syn-

tectonic. Chlorite and muscovite have grown at the expense of kyanite, garnet and staurolite 

suggesting that they replaced these minerals during a later retrograde metamorphic 

recrystallization event (M3). 

Thirty-one spots in nineteen monazite crystals were analyzed, of those 3 were rejected. 

In this particular case there is a seemingly continuous spread of monazite ages from 74-64 Ma, 

which proved difficult to find a statistically significant age for the textures observed in this 

sample. In the trace element data (Table 3.1) it is possible to see that the monazite crystals with 

>14000 ppm of Y had the greatest spread of age. Monazite crystals with <14000 ppm of Y had 

a more restricted range of ages, and were used to calculate a weighted mean age of 68.2 ± 1.0 

Ma with an MSWD of 2.8 (Figure 3.22c). Although this MSWD value is slightly higher than other 

analyses, the weighted mean age of ca. 68 Ma is consistent with other weighted mean ages for 

younger monazite populations from other Blanchard River assemblage samples.   

Monazite crystals are generally elongate parallel to the foliation in this sample, 

particularly grains with older ages. Overall, there is not significant difference in the Y zoning 

within these monazite crystals and they all return similar ages. It is notable that monazite 

crystals that are the youngest are located near muscovite, such as monazite 8 (Figure 3.22) 

which has similar form and textural relationships with muscovite to monazite crystals from 

sample 16LV113 (Figure 3.16), suggesting this is an M3 mineral. The monazite crystal with the 

oldest age of ca. 74 Ma is monazite 19 and is found included in a staurolite porphyroblast, 

however, this monazite crystal is located adjacent to inclusions and cracks making it possible for 

some form of isotopic disturbance or resetting to have occurred.  
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Figure 3.22 Sample 14-SI-088 in-situ monazite locations and ages.  
A) PPL photomicrograph of sample 14-SI-088 showing the locations for each monazite analyzed in situ 
by LASS-ICPMS. Inset photomicrographs show more detailed textural relationships of monazite included 
within matrix biotite and quartz crystals and around relict porphyroblasts of staurolite. Individual monazite 
maps show relative zonation of Y within monazite crystals and the locations of the spot analyses with 
their corresponding ages. Note that the Y map brightness and colour are not the same scale from crystal 
to crystal. Y zonation in this sample does not clearly separate younger ages from older ages and zonation 
patterns are not as obvious as in previous samples. Monazite crystals with younger ages however, are 
generally found texturally alongside muscovite in pressure shadows replacing staurolite (e.g. monazite 14 
and monazite 8). B) Unimodal weighted mean of LASS-ICPMS spot analyses. C) Tera-Wasserburg 
diagram showing isotope data for sample 14-SI-088 with regression lines anchored on the initial 
207Pb/206Pb ratios determined using the Stacey and Kramers (1975) two-stage Pb evolution curve  and the 
weighted mean age; data outliers are outlined in white. Colour gradient shows the relative abundance of 
Y in the sample; in order to provide a statistically significant age the monazite crystals with Y values 
>14000 were not considered in the weighted mean age as they have the greatest spread of age. 

3.6. Discussion 

3.6.1. Late Cretaceous to Paleocene tectono-metamorphic evolution of the 
Blanchard River assemblage  

Metamorphic, structural and petrochronological results from this study have been 

synthesized here to reconstruct the tectono-metamorphic evolution for the Blanchard River 

assemblage in southwest Yukon. Between its deposition after ca. 126 Ma to the intrusion of the 

Ruby Range suite (64-51 Ma), there appear to be at least three distinct tectonic events that 

have affected the Blanchard River assemblage including: compression, exhumation and final 

reheating.  

The first phase of deformation and metamorphism in the Blanchard River assemblage is 

related to the development of the prograde amphibolite facies metamorphic assemblage 

consisting of garnet, kyanite, staurolite, biotite, muscovite and ilmenite (Figure 3.12). The P-T 
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conditions calculated for this mineral assemblage are 635-650°C and 6.3-6.7 kbars (Figure 3.3; 

Bordet et. al., 2015), which equates to ~25 km depth within the crust assuming a crustal density 

of ~2800 kg/m3. Ages from Y poor domains in monazite crystals located texturally within and 

around relict M1 porphyroblasts, or included in matrix biotite give older ages between 83 Ma and 

76 Ma. This is consistent with previous studies, which have indicated that the production and 

consumption of monazite is sensitive to Y content available within the effective bulk rock 

composition (Foster et al., 2000; Foster et al., 2002; Pyle et al., 2001; Gibson et al., 2004). In 

these studies, low Y zones in monazite have been interpreted to correlate to growth during or 

after garnet crystallization. This is due to the preferential fractionation of Y into garnet during 

growth, which substantially reduces the Y available in the effective bulk rock reservoir available 

for uptake into monazite forming at that time (Foster et al., 2000; Foster et al., 2002; Pyle et al., 

2001; Gibson et al., 2004). Applying this logic to the Blanchard River assemblage, growth of 

garnet is interpreted to have occurred during prograde metamorphism along with kyanite and 

staurolite, indicating that ages of 83-76 Ma in Y-poor monazite zones constrain the timing of 

prograde amphibolite facies metamorphism. Fabrics and textures documented in the field and 

petrographically indicate that prograde metamorphic minerals such as kyanite and staurolite 

grew pre- to syn-tectonically with respect to the penetrative S1b foliation observed in the 

Blanchard River assemblage (Figure 3.12c & d). Evidence for this includes the overprinting of 

S1b by these porphyroblasts, accompanied by the S1b foliation wrapping around these minerals, 

and inclusion trails in the porphyroblasts that have rotated into parallelism with the external S1b 

foliation. The S1b foliation is also penetrative throughout the exposures of Yukon-Tanana terrane 

within the study area (STy+2). These observations suggest that the amphibolite facies 

metamorphism documented in the study area accompanied crustal thickening that included the 

thrusting of the Yukon-Tanana terrane Snowcap assemblage rocks over Blanchard River 

assemblage rocks along the Kluhini River thrust. Interstitial leucosome found within the 

paragneiss units both parallels and cross cuts D1b structures, indicating that leucosome 

generation would have occurred late syn- to post D1b deformation. 

A second phase of metamorphism is interpreted to have occurred at ca. 70 Ma with the 

breakdown of the prograde metamorphic assemblage. The timing constraint is based on ages 

found in high-Y rims of monazite crystals that are interpreted to be the product of garnet 

breakdown that would have released Y into the effective bulk rock composition from which the 

monazite crystallized (Foster et al., 2002; Pyle et al., 2001; Gibson et al., 2004). High Y ca. 70 

Ma monazite is most commonly found in the matrix, and in pressure shadows around 
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porphyroblasts of garnet, kyanite and staurolite. During M2 metamorphism, garnet was replaced 

by plagioclase, biotite and quartz (Figure 3.13d). Kyanite in the Haines Peak area has been 

replaced by coronas of spinel, cordierite and plagioclase (Figure 3.13c; Figure 3.14a & b). 

Notably these textural relationships are observed strictly within the Haines Peak map area, 

which is strongly affected by the D2b deformation and contains paragneissic rocks. Plagioclase 

and spinel coronas surrounding kyanite are a feature that is commonly related to 

decompression from high P metamorphic facies, but is not considered indicative of a particular 

P-T condition (Štipska et al., 2010; Baldwin et al., 2015). In the Blanchard River assemblage the 

presence of cordierite in these coronas is often accompanied by the breakdown of kyanite into 

sillimanite and is likely related to the M3 metamorphic event, discussed below. In the 

southernmost part of the field area, these ca. 70 Ma monazite appear to be associated with 

matrix biotite, which in some cases appears to have been mimectically recrystallized resulting in 

a younger generation of biotite (Figure 3.15; Figure 3.22). This younger biotite is interpreted to 

have crystalized in equilibrium with andalusite that formed due to the breakdown of kyanite 

porphyroblasts (Figure 3.13a & b). Equilibrium conditions of coexisting biotite and andalusite in 

pelitic rocks is interpreted to occur below 3 kbar (Spear, 1995), suggesting that the rocks of the 

Blanchard River underwent at least 3.3 kbar of decompression (at least 10-15 km) at ca. 70 Ma 

which equates to an exhumation rate of ~1-1.5 km/Ma. In order for the kyanite to breakdown 

first into andalusite and not sillimanite, the decompression would have to be accompanied by 

cooling (Spear, 1995). All of these observations indicate that an exhumation event occurred in 

the study area at ca. 70 Ma. This exhumation may have been accommodated by normal faulting 

allowing for the decompression and cooling of these rocks. In the area there were no structures 

identified that could be definitively interpreted as normal faults that accommodated this 

exhumation. Although, apparent tops to the northeast shear sense indicators from a shear zone 

within the Vand Peak map area suggest normal sense shearing of these rocks that 

accompanied leucosome generation (Figure 3.4b; Figure 3.9). It should be noted, however, that 

normal faulting is not needed to reconcile this exhumation rate, it could also be explained simply 

by enhanced erosional processes within an uplifting orogen (Ring et al., 1999). 

The second deformational event that is observed throughout the field area is the folding 

of the S1b and S0b by F2b undulating open folds that verge to the southeast. Undulose extinction 

textures in M2 andalusite indicate that it has been deformed during or after its crystallization 

(Figure 3.14e), constraining D2b deformation ≤ ca. 70 Ma metamorphism. These D2b structures 

are predominantly observed in the western parts of the field area in the Vand Peak and Haines 
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Peak areas near the Tatshenshini shear zone (Figure 3.4b & d). The S1b foliation observed in 

these two map areas strikes parallel to the Tatshenshini shear zone and dips moderately to the 

east-northeast (Figure 3.4b & d). This orientation contrasts with those in the northern field areas 

where the S1b foliation dips to the north, parallel to the dip of the Kluhini River thrust (Figure 3.4a 

& c). This suggests that there could have been a rotation of the S1b foliation that has caused its 

realignment with the Tatshenshini shear zone. Although it is not clear whether deformation 

along the Tatshenshini shear zone affected the Blanchard River assemblage and the underlying 

Vand Creek assemblage, there is clear deformation in the Ruby Range suite within the 

immediate hanging wall of the Tatshenshini shear zone (Figure 3.4b). Foliations within this part 

of the Ruby Range suite strike parallel to the shear zone with mineral lineations that plunge 

moderately to the east-northeast. These observations suggest that deformation related to the 

Tatshenshini shear zone occurred during or after the intrusion of the oldest phases of the Ruby 

Range suite (64-51 Ma), as younger phases of the intrusive suite are massive and do not reflect 

this deformation (S. Israel, pers. com. 2017). 

M3 contact metamorphism is attributed to the intrusion of the Ruby Range suite and is 

most prevalent in the Haines Peak map area where an intense static overprinting of M1 and M2 

assemblages by sillimanite and cordierite occurs (Figure 3.14). This static growth of cordierite 

and sillimanite also appears to grow over D2b crenulations observed in thin section, suggesting 

the timing of M3 provides a lower age limit for the timing of D2b deformation. Intense heating in 

this area contributed to the formation of the gneissic textures and partial melting in the 

Blanchard River assemblage, particularly in close proximity to the contacts with the Ruby Range 

suite. Although the youngest population of monazite observed in the area is not found with 

these sillimanite-bearing samples, farther north there appears to be evidence that suggests 

heating related to contact metamorphism resulted in the replacement of staurolite, kyanite and 

garnet by muscovite, and to a lesser degree chlorite (Figure 3.12). In these samples, monazite 

is found in and around muscovite that has replaced staurolite, or in chlorite that replaced kyanite 

(Figure 3.12c & d; Figure 3.22). The monazite crystals associated with the breakdown of 

staurolite into muscovite give ages between ca. 63-61 Ma, which is coeval with the older 

portions of the Ruby Range suite documented in southwest Yukon from 64-51 Ma (Israel et al., 

2011; Nelson et al., 2013; Bordet et al., 2015). 
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Implications for Late Cretaceous to Paleocene tectonism in southwest Yukon and 
the Northern Cordillera  

The presence of an older structural fabric within the Yukon-Tanana terrane indicates that 

these rocks underwent deformation prior to the widespread penetrative deformation in the study 

area (Figure 3.10a). Furthermore, it is important to note that the Late Cretaceous deformation 

placing the Yukon-Tanana terrane over the Blanchard River assemblage post-dates previously 

documented deformation and exhumation of the Yukon-Tanana terrane elsewhere. Older 

deformation and metamorphism in the Yukon-Tanana terrane has been widely documented 

throughout southwest Yukon, and includes events from latest Triassic into the earliest Jurassic, 

followed by widespread Early to Middle Jurassic exhumation (Dusel-Bacon et al., 2002; Berman 

et al., 2007; Staples et al., 2013, 2014, 2016; Clark, 2017). Approximately 150 km to the north of 

the study area, in the Aishihik Lake region, amphibolite facies metamorphism ceased and rocks 

underwent decompression at ca. 188 Ma (Clark, 2017), indicating that portions of the Yukon-

Tanana terrane were already at the surface predating the 126 Ma deposition of the Blanchard 

River assemblage. Mezger et al. (2001a) documented similar relationships in the Kluane schist 

to those recognized in the current study area and emphasized that the Yukon-Tanana terrane 

must have experienced deformation prior to the deposition of the Kluane schist. In the study 

area, monazite ages from the lowest parts of the Snowcap assemblage indicate amphibolite 

facies metamorphism at ca. 76 Ma and retrograde metamorphism at ca. 70 Ma, indicating a 

much younger tectono-metamorphic overprint of the Yukon-Tanana terrane than that recorded 

farther north near Aishihik Lake. 

The Late Cretaceous tectono-metamorphism documented in the Blanchard River 

assemblage has many similarities to that recorded in the Kluane schist located immediately to 

the north and northwest of the study area (Figure 3.1). Metamorphic rims on zircon that record 

an age of ca. 82 Ma have been correlated to the overthrusting of Yukon-Tanana terrane on the 

Kluane schist (Mezger et al., 2001a; Israel et al., 2011), which is consistent with the 83-76 Ma 

ages for M1 metamorphism attribute to tectonic thickening in the study area. Amphibolite facies 

P-T conditions within the Blanchard River assemblage during peak metamorphism are also 

consistent with those found within the Kluane schist, which are ~7 kbar and 500°C (Mezger et 

al., 2001a). Within the study area, 78-76 Ma orthogneiss has been deformed syn-tectonically 

with the Blanchard river assemblage. Similar orthogneiss bodies have also been observed 

within the Kluane schist (Israel et al., 2011). These correlations, along with corresponding 

structural relationships with the Yukon-Tanana terrane, suggest that there was a widespread 
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tectono-metamorphic event that affected both the Blanchard River assemblage and the Kluane 

schist. This event is interpreted to reflect the thrusting of Proterozoic to Devonian Yukon-

Tanana terrane rocks overtop of these basinal rocks in response to the collapse of the basin 

during the Late Cretaceous (Mezger, 1997; Israel et al., 2011; Nelson et al., 2013).  

Jura-Cretaceous basinal sequences similar to the Blanchard River assemblage and the 

Kluane schist are observed along the length of the BC-Yukon-Alaska Cordillera between the 

Insular and Intermontane terranes (McClelland et al., 1992; Monger et al., 1994). During Late 

Cretaceous time, from west-central BC into southern Alaska, there is evidence of widespread 

crustal thickening in a compressional environment, marking the closure of these Jura-

Cretaceous basins (Crawford et al., 1987; Gehrels et al., 1992; McClelland et al., 1992; Monger 

et al., 1994). Ages of ca. 83 and 76 Ma deformation and metamorphism in southwest Yukon are 

consistent with Late Cretaceous deformation and metamorphism observed along the length of 

the Coast Belt in the Canadian Cordillera attributed to west-vergent thrusting of the 

Intermontane terranes (McClelland and Mattinson, 2000; Rusmore et al., 2005; Gehrels et al., 

2009) against the Insular terranes, and has been linked to widespread compression across the 

Cordilleran orogen (Evenchick, 1991; Rusmore and Woodsworth, 1991; McClelland and 

Mattinson, 2000).  In the southwestern Cost Mountains there is a system of west-vergent 

reverse faults related to the oldest tightly-constrained orogen-normal structures in southern BC, 

which are between 94-91 Ma (Journeay and Friedman, 1993). Although the ages from this study 

correlate to several ages of deformation and metamorphism recorded along the Coast plutonic 

complex, there are instances where deformation occurred up to 10 Myr later in southwest Yukon 

than in west-central BC. In the Central Gneiss Complex, between Bella Coola, BC and Juneau, 

Alaska, shortening accommodated the burial of basinal rocks enabling the growth of kyanite and 

garnet from ca. 90-70 Ma (Rusmore et al., 2005). Within the Coast shear zone McClelland and 

Mattinson (2000) also suggest that burial of sedimentary rocks in southeast Alaska took place 

by 90 Ma, not long after the maximum depositional age of the Kluane schist (95 Ma) (Israel et 

al., 2011), in contrast to the ca. 82-76 Ma burial in southwest Yukon. This variation in age of 

tectono-metamorphism (90 Ma in west-central BC vs. 83-76 Ma in southwest Yukon) is 

consistent with a model where a dextral transpressional environment caused the re-accretion of 

the Insular terranes to the western North American margin (McClelland et al., 1992; Monger et 

al., 1994), leading to an asymmetrical collapse of these basins starting in the south prior to their 

collapse in more northern regions. In Alaska, similar compressional structures are documented 
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in the Jura-Cretaceous basins and define much of the tectonism during the Late Cretaceous 

(85-75 Ma) (Moore and Box, 2016).  

Following the compression and tectonic burial of these Jura-Cretaceous basins, there is 

evidence of exhumation to upper crustal levels accompanied by cooling in both Blanchard River 

assemblage and the Kluane schist at ca. 70 Ma. Israel et al (2011) recorded evidence for 

metamorphic rims on detrital zircon in the Kluane schist at ca. 70 Ma, as well as syn- to post-

tectonic dikes of the same age. Ages of these zircon and dikes can be directly correlated to 

monazite ages related to decompression of the Blanchard River assemblage and the growth of 

the M2 metamorphic assemblage. We suggest that the ~10-15 km exhumation and cooling at a 

rate of ~1-1.5 km/Ma. Erosional processes could explain this exhumation rate for 

decompression resulting in the growth of M2 minerals (Ring et al., 1999). There is, however, 

evidence of apparent normal-sense shearing within the Vand Peak map area that may have 

contributed to exhumation. Within this shear zone there is leucosome parallel to the penetrative 

shear fabric. Significant amounts of leucosome is also observed within the paragneissic rock of 

the Haines Peak map area where it is both aligned with and overprints S1b fabrics, suggesting 

that leucosome generation occurred late syn- to post D1b deformation. Cross cutting 

relationships of the Ruby Range suite over paragneissic fabrics and the Vand Peak shear zone 

indicates that the intrusion of the Ruby Range suite is not responsible for this partial melting. A 

possible explanation for the generation of this leucosome during exhumation is decompression 

melting of these rocks, which would have occurred late syn- to post D1b deformation. Similarly, 

the Kluane schist is also interpreted to have underwent 9-12 km of exhumation post-regional 

metamorphism, prior to the intrusion of the Ruby Range suite (Mezger et al., 2001a). More 

regionally, Mezger (2001a; 2001b) suggests that exhumation of the Kluane schist was related to 

the northwards change in direction of the movement of the Kula plate (Engebretson et al., 1995) 

juxtaposing the Dezadeash Formation and the Kluane schist, prior to the intrusion of the Ruby 

Range suite.  

The youngest monazite ages in the Blanchard River assemblage at ca. 63-61 Ma are 

somewhat older than those observed in the Kluane schist (57-55 Ma); however, both ages are 

within the time span of the intrusion of the Ruby Range suite (Erdmer and Mortensen, 1993; 

Mezger et al., 2001a; Mezger et al., 2001b; S. Israel, 2017 pers. com.). Perhaps there is a 

younging of the intrusion of the Ruby Range batholith locally in southwest Yukon towards the 

north. Within the Kluane schist, Mezger et al (2001a) identified a contact aureole 5-6 km wide 

with staurolite, andalusite and cordierite restricted to high grade parts of the aureole. Similarly, a 
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contact aureole related to the intrusion of the Ruby Range suite in the Blanchard River 

assemblage is interpreted to be responsible for the growth of cordierite and sillimanite 

documented in this study, although we only see intense overprinting of the M1 and M2 

assemblages directly adjacent to the contacts with the Ruby Range suite as opposed to a 5-6 

km wide aureole. 

Significant exhumation during the latest Cretaceous, like that recorded in southwest 

Yukon, is a hallmark of the Central Gneiss Complex (Hollister, 1982; Andronicos et al., 1999; 

Andronicos, 1999; Andronicos et al., 2003; Rusmore et al., 2005). In this region, the start of 

decompression is recorded after 70 Ma with erosion and coaxial crustal thinning followed by 

near-isothermal decompression and intense heating during the intrusion of the Quotoon pluton 

at ca. 59 Ma (Rusmore et al., 2005). Across the Central Gneiss Complex a transition from the 

production of kyanite to sillimanite is used to infer decompression during continuous 

metamorphism (Harrison et al., 1979; Hollister, 1982; Crawford et al., 1987; Rusmore et al., 

2005). It seems that the ages of tectonism in this part of the Cordillera are approximately coeval 

with those observed in southwest Yukon, however the initial exhumation event from 70-59 Ma in 

the Central Gneiss Complex is interpreted as a slow process occurring at a rate of 0.5 km/Ma 

(Rusmore et al., 2005). Rusmore et al. (2005) interpreted a second period of exhumation at a 

rate of >0.9 km/Ma in the Central Gneiss Complex after the intrusion of the Quotoon pluton at 

59 Ma, which is linked to a detachment system that developed along the northeastern margin of 

the Central Gneiss Complex. Exhumation observed in the Central Gneiss Complex occurred at 

a similar time (ca. 70 Ma) to the rocks in the study area, illustrated by the decompression of 

amphibolite facies minerals. However, in the current study area exhumation allowing for the 

replacement of kyanite by andalusite occurred at a faster rate of ~1-1.5 km/Ma. Additionally, 

there is no observed evidence of multi-stage exhumation due to extensional faulting in the 

current study area. It is also unclear whether the exhumation in the study area can be attributed 

to erosion or extensional faulting or both. Andronicos et al. (2003) suggest that widespread 

extension occurred from 55-50 Ma in the region near Terrace, BC, with normal faulting 

beginning as early as 65 Ma (Crawford et al., 1999). Similarly, along the western Coast 

Mountains in western BC and southeast Alaska, retrograde metamorphic assemblages, as well 

as deformation along the pluton margins, have been interpreted to be related to periods of 

exhumation (McClelland and Mattinson, 2000). Exhumation of Coast Mountains rocks is 

interpreted to have occurred along the Coast shear zone (Crawford et al., 1987; McClelland and 

Mattinson, 2000). In the southern Coast Mountains normal faulting (≥45 Ma) appears to be 
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somewhat later than that observed in west-central BC, similar in timing to the regional extension 

within the southern interior (Monger and Brown, 2016).  

Evidence related to the deformation and metamorphism of the Yukon-Tanana terrane 

and Blanchard River assemblage brings into question previous interpretations concerning the 

Tatshenshini shear zone. It was suggested that deformation along the Tatshenshini shear zone 

occurred syn-tectonically with mid-Cretaceous thrusting that placed the Yukon-Tanana terrane 

over the Dezadeash Formation prior to the intrusion of the Ruby Range suite (Lowey, 2000). We 

have related ca. 83-76 Ma D1b structures and amphibolite facies metamorphism to tectonic 

thickening associated with the thrusting of the Yukon-Tanana terrane overtop of the Blanchard 

River assemblage. As upper-greenschist facies metamorphism is the highest grade of 

metamorphism recorded in the Dezadeash formation in the footwall of the Tatshenshini shear 

zone (Eisbacher, 1976; Lowey, 2007; Bordet et al., 2015), it is unlikely that apparent thrusting 

along the shear zone occurred during basinal collapse and final Insular terrane accretion, which 

induced amphibolite facies metamorphism in the Blanchard River assemblage and Yukon-

Tanana terrane. Additionally, the Ruby Range suite cross cuts the penetrative S1b fabric. 

Preserved deformation in the Ruby Range suite and the Dezadeash Formation along the 

Tatshenshini shear zone indicates that deformation occurred during or after the emplacement of 

the earliest stages of the Ruby Range suite during the Paleocene. Furthermore, deformation 

related to the Tatshenshini shear zone appears to be spatially restricted as there is no clear 

evidence that would suggest the penetrative deformation that affects the Blanchard River 

assemblage relates to Paleocene deformation along the Tatshenshini shear zone. Although we 

cannot definitively say whether there was previous deformation along the shear zone, evidence 

strongly suggests that the Tatshenshini shear zone was not active in the mid- to Late 

Cretaceous, as previously suggested (Lowey, 2000), but rather it was active during and/or after 

the intrusion of the oldest phases of the Paleocene Ruby Range suite.  

The tectonic model proposed by Monger et al. (1994) and Gehrels et al. (2009) is 

consistent with results that are observed in the Blanchard River assemblage and the other Jura-

Cretaceous basins within southwest Yukon, such as the Kluane schist. These Jura-Cretaceous 

basins are interpreted to have formed in the northern extent of sinistral pull apart basins that 

continued south into west-central BC. Subsequent changes in the relative convergence to a 

more compressional regime were accompanied by a dextral transpressional system causing the 

movement of the Insular terranes northwards, which gradually and asymmetrically collided with 

the western North American margin. This movement offers a mechanism for the somewhat 
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diachronous Late Cretaceous compressional features observed throughout the Northern 

Canadian and Alaskan Cordillera (Monger et al., 1994; Gehrels et al., 2009). The gradual 

northwestward asymmetric closure and contraction of the intervening Jura-Cretaceous basins 

between the Insular and Intermontane terranes explains an apparent younging of deformation 

from west-central BC up into the Yukon and central Alaska in a continuum of deformation and 

metamorphism with the northwards movement of the Insular terranes. 

3.7. Conclusions 

The Blanchard River assemblage located to the south of Haines Junction, Yukon 

belongs to a series of Jura-Cretaceous basinal assemblages juxtaposed between the Insular 

and Intermontane terranes along (most of) the length of the Canadian and Alaskan Cordillera. It 

represents a ~5-6 km thick package of metasedimentary rock that has been affected by at least 

three stages of deformation and metamorphism from the mid- to Late Cretaceous time. Tectonic 

burial of the Blanchard River assemblage, culminating with the of peak metamorphism that 

occurred between ca. 83 and 76 Ma, was in part was accompanied by the intrusion of 78-76 Ma 

orthogneiss. Peak metamorphic conditions within the Blanchard River assemblage reached 

635°C-650°C and 6.3-6.7 kbars (Bordet et al., 2015) accompanying D1b deformation, which 

produced southwest-verging isoclinal folds that affected both the Blanchard River assemblage 

and the overthrusted Yukon-Tanana terrane. Approximately 10-15 km of exhumation of the 

Blanchard River assemblage occurred around 70-68 Ma, which is represented by the 

replacement of the prograde metamorphic assemblage of garnet, kyanite and staurolite by lower 

pressure assemblages that include andalusite, spinel, plagioclase and biotite. A second phase 

of deformation (D2b) is represented by open, undulating east-northeast-vergent folds and the 

folding of the S1b fabric. Age constraints for this deformation are interpreted to have occurred 

after the 70-68 Ma exhumation and before the intrusion of the Ruby Range suite. A subsequent 

period of intense heating at ca. 63-61 Ma is indicated by the static overprinting of both the 

prograde (M1) and lower pressure retrograde (M2) metamorphic assemblages with high 

temperature sillimanite and cordierite (M3), which becomes more intense towards contacts with 

the Ruby Range suite.  

The tectono-metamorphic history observed within the Blanchard River assemblage is 

directly comparable to that recorded in the Kluane schist to the north, where thrusting of the 

Yukon-Tanana terrane over the Cretaceous basinal assemblages caused Late Cretaceous 

intense compressional deformation and metamorphism. This was followed by latest Cretaceous 
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exhumation and final contact metamorphism related to the Paleocene intrusion of the Ruby 

Range batholith (Mezger et al., 2001a; Israel et al., 2011). Based on these observations, we 

contend that the west-verging thrusting event placing the Yukon-Tanana terrane over the 

Blanchard River assemblage is the same as that proposed for the Kluane schist. Tectonic 

events observed in southwest Yukon are also observed throughout the Coast Mountains of the 

North American Cordillera in the mid- to Late Cretaceous where the terminal accretion of the 

Insular terranes onto the North American margin is attributed to a dextral transpressional regime 

along the western North American margin (McClelland et al., 1992; Monger et al., 1994; 

Rusmore et al., 2005; Gehrels et al., 2009; Moore and Box, 2016). The debate continues 

regarding the exact nature and timing of the accretion of the Insular terranes with the North 

American margin. However, it seems most likely that the Late Cretaceous tectono-

metamorphism documented herein, which is related to the final closure and collapse of the Jura-

Cretaceous basins, marked the terminal accretion (or re-accretion?) of the Insular terranes to 

the western margin of North America.  
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 Conclusions 

The Blanchard River assemblage is a ~5-6 km thick metasedimentary package in 

southwest Yukon that is one of a series of Jura-Cretaceous basinal assemblages that are 

juxtaposed between the Intermontane terrane (Yukon-Tanana terrane) to the east and the 

Insular terranes (Alexander terrane and Wrangellia) to the west. Results from this study 

constrain the lithological characteristics, a depositional environment, provenance and tectono-

metamorphic evolution of the Blanchard River assemblage, in a timeline that stretches from the 

Early Cretaceous into the Paleocene. Analyses undertaken to uncover the history of these rocks 

include two forms of U-Pb geochronology. Detrital zircon geochronology was undertaken to 

constrain the maximum depositional age and provenance for the Blanchard River assemblage. 

In-situ monazite geochronology was undertaken to provide timing constraints relating to 

metamorphism and deformation of the Blanchard River assemblage. In combination with the in-

situ geochronology, detailed structural analyses and petrography was done on key samples 

from the Blanchard River assemblage to define the tectono-metamorphic history of the region.  

The Blanchard River assemblage is comprised primarily of deformed and 

metamorphosed quartz-biotite mica schist, interlayered with quartz-biotite psammitic schist. 

Primary bedding features of the Blanchard River assemblage that are preserved include: 

compositionally distinct layers, graded bedding with fining upwards of grain size, soft sediment 

deformation, and mass flow conglomerates. The combination of mud, sand and debris flow 

deposits reflects a changing marine clastic depositional environment that included high energy 

conditions possibly relating to turbiditic flows. Similarly, protoliths of other Jura-Cretaceous 

basins in the region have been interpreted as turbiditic in nature, such as the Kluane schist and 

the Dezadeash Formation (Eisbacher, 1976; Mezger et al., 2001a, 2001b; Israel et al., 2011). 

Underlying the Blanchard River assemblage we identify the Vand Creek assemblage, which is 

an enigmatic package of latest Jurassic age consisting of metabasaltic, metasedimentary, and 

ultramafic rock. 

Major detrital zircon peak ages from the Blanchard River assemblage are between 199-

190 Ma, which indicate that the primary source of detritus was from Jurassic plutons that intrude 

the Intermontane terranes, such as the Aishihik batholith (190-180 Ma) (Joyce et al., 2016) of 

the Long Lake suite (192-178 Ma) and possibly the somewhat older Minto suite (204-194 Ma; P. 

Sack, pers. com. 2017). Detrital zircon ages from the Blanchard River assemblage have a minor 
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peak from 137-120 Ma which can be correlated to detritus from magmatic suites that have 

intruded into the Insular terranes, such as the Chisana arc (135-115 Ma) and the Kluane 

Ranges suite (125-108 Ma) (Hart et al., 2004, Beranek et al., 2012). The high input of Yukon-

Tanana terrane detritus, combined with a relatively low input of Insular terrane detritus indicates 

that during the deposition of Blanchard River assemblage there was increased exhumation 

occurring in the Intermontane terranes to the east, and relatively subdued exhumation in the 

Insular terranes to the west. The eastward underthrusting of the Blanchard River assemblage 

beneath Yukon-Tanana terrane indicates the Blanchard River assemblage was probably 

deposited within a forearc setting relative to Yukon-Tanana terrane. However, there is no 

evidence of arc magmatism in the Yukon-Tanana terrane during the Early Cretaceous that could 

account for these ages in the Blanchard River assemblage; thus, the depositional environment 

of the Blanchard River assemblage was more likely a “proto-forearc” setting. After 95 Ma, the 

Kluane schist was deposited in a similar tectonic setting, resulting in similar detrital zircon 

signatures; however, arc magmatism within the Yukon-Tanana terrane during the early Late 

Cretaceous indicates that the Kluane schist was deposited in a true forearc basin (Israel et al., 

2011).  

There are some key similarities between the basinal assemblages observed in the study 

area, the Dezadeash Formation and the Kluane schist. The Vand Creek assemblage detrital 

signatures are most similar to those of the Dezadeash Formation with peaks at 155 and 190 Ma 

(S. Israel, pers. com. 2017). Although, in the Dezadeash Formation the 190 Ma peak is 

significantly smaller which may suggest that this basin was farther from the Intermontane 

terranes and/or that there was subdued amounts of exhumation to the east during its deposition 

relative to increased Intermontane exhumation during the deposition of the Vand Creek 

assemblage. We interpret that the Vand Creek assemblage is laterally correlative to the 

Dezadeash Formation and that both assemblages were deposited in the Late Jurassic 

unconformably over the Bear Creek assemblage. Although the detrital signatures of the 

Blanchard River assemblage are most similar to the Kluane schist in southwest Yukon, the ages 

from the Kluane schist record a depositional age younger than the Blanchard River assemblage. 

A primary 190 Ma peak is recorded in both the Kluane schist and the Blanchard River 

assemblage, which suggests that both assemblages were deposited outboard of the Yukon-

Tanana terrane, albeit at different times.  

Along the extent of the Coast plutonic complex in the northwestern Canadian Cordillera 

of British Columbia (BC), Yukon and Alaska, similar tectonic settings are observed where Jura-
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Cretaceous basinal assemblages have been juxtaposed between the Insular and Intermontane 

terranes (Eisbacher, 1976; Monger et al., 1982; McClelland et al., 1992; Monger et al., 1994). 

We combine previous models from these studies with our data to interpret a series of schematic 

paleotectonic reconstructions to outline the depositional evolution of these basins from the 

Middle Jurassic into the Late Cretaceous, with a focus on southwestern Yukon. (1) During the 

Late Jurassic, sinistral transpression resulted in the southward displacement of the Insular 

terranes relative to the Intermontane terranes, which induced the opening of pull apart basins 

between the two terranes. Deposition of the Dezadeash Formation, the Gravina belt and the 

Nutzotin Mountains sequence occurred in these basins inboard of the Insular terranes. Within 

this basin but likely inboard of these three assemblages the Vand Creek assemblage was 

deposited with detritus sourced equally from the Insular and Intermontane terranes, which were 

in proximity to one another. (2) During the Early Cretaceous, exhumation recorded in the Yukon-

Tanana provided a mechanism for deposition of the Blanchard River assemblage after 126 Ma 

with partial detrital input from the Insular terranes. During this time in the Insular terranes there 

is a transition into orthogonal compressional tectonism marked by large structural features such 

as the Duke River fault. (3) During the early Late Cretaceous, orthogonal compressional 

tectonism transitioned into a dextral transpressional regime, which initiated northeastward 

displacement of the Insular terranes. The intrusion and exhumation of the Coffee Creek plutonic 

suite into the Yukon-Tanana terrane provided early Late Cretaceous detritus to be deposited in 

a forearc basinal setting, which formed the Kluane schist. (4) Transpression continued 

combined with probable westward movement of the North American craton, enabling the final 

closure of these basins which included the thrusting the Yukon-Tanana terrane overtop of these 

basinal assemblages. This crustal thickening initiated metamorphism and deformation in 

Blanchard River assemblage.  

After the collapse of the Jura-Cretaceous basinal assemblages, Blanchard River 

assemblage sedimentary rock underwent amphibolite facies metamorphism from 83-76 Ma, 

reaching pressure and temperature conditions between 6.3-6.7 kbar and 635-650°C (Bordet et 

al., 2015). This metamorphic event (M1) is characterized by the mineral assemblage: kyanite, 

staurolite, garnet, quartz, biotite, ilmenite and muscovite. Deformation coeval with this 

metamorphism in Blanchard River assemblage is assigned D1b with a foliation (S1b) defined by 

the alignment of biotite parallel to the axial plane of isoclinal folds that transpose primary 

bedding features (S0b). This deformation and metamorphism occurred during the intrusion of 

Late Cretaceous magmatic rocks (78-76 Ma) that were deformed and metamorphosed with the 
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Blanchard River assemblage into orthogneiss. This phase of metamorphism is also coeval with 

ca. 82 Ma metamorphism recorded in metamorphic zircon within the Kluane schist to the north, 

which is also attributed to crustal thickening associated with the thrusting of the Yukon-Tanana 

terrane over the Kluane schist (Israel et al., 2011). Correlations of metamorphism and structural 

relationships from these Cretaceous basinal assemblages suggest that they were affected by 

the same regional tectono-metamorphic event in response to the collapse of the basin between 

the Yukon-Tanana terrane and the Insular terranes during the Late Cretaceous (Mezger, 1997; 

Israel et al., 2011; Nelson et al., 2013). 

A second phase of metamorphism recorded in the Blanchard River assemblage is 

related to the breakdown of the prograde metamorphic assemblage from a decrease in pressure 

and temperature associated with exhumation. Evidence for this exhumation includes: the 

simplectic overgrowth of kyanite porphyroblasts by spinel and plagioclase, the breakdown of 

garnet into plagioclase and biotite, and the replacement of kyanite with andalusite, which grew 

in equilibrium with biotite. In particular the equilibrium between andalusite and biotite indicates 

that pressure conditions below 3 kbar were reached by 70 Ma, which equates to an exhumation 

rate of 1-1.5 km/Ma (~10-15 km of uplift). Additionally, the textures indicating the breakdown of 

the prograde assemblage can be linked to an age of ca. 70 Ma, based on U-Pb ages of high-Y 

monazite rims, which suggest the release of Y into the bulk chemical composition from the 

breakdown of garnet. These values are comparable with those calculated in the Kluane schist, 

which has been interpreted to have underwent 9-12 km of uplift post regional metamorphism 

prior to the intrusion of the Ruby Range suite (Mezger et al., 2001a). Exhumation in the study 

area was likely accommodated by erosional processes and possible normal faulting relating to 

regional extension. On a large scale, Mezger et al. (2001a) suggest that exhumation was 

caused by a change in plate movement direction of the Kula plate prior to the intrusion of the 

Ruby Range batholith. Post-dating exhumation, a second phase of deformation (D2b) is 

recorded in the study area where the S1b fabric is folded about southeast vergent open 

undulating folds (F2b) that plunge moderately to the northeast. 

Replacement of M1 and M2 metamorphic assemblages through contact metamorphism 

characterizes a third metamorphic event (M3) that affected the Blanchard River assemblage. 

Contact metamorphism is shown by the replacement of kyanite, garnet, staurolite and 

andalusite by sillimanite, cordierite, chlorite and muscovite, which becomes more pronounced 

approaching contacts with the Ruby Range suite (64-51 Ma). U-Pb ages from monazites found 

texturally associated with muscovite that overprints the porphyroblasts from previous phases of 
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metamorphism result in ages of ca. 63-60 Ma. As these ages correlate to early phases of the 

Ruby Range suite, we interpret the M3 to be contact metamorphism associated with the intrusive 

rocks. Similarly in the Kluane schist, cordierite and sillimanite grew preferentially towards the 

Ruby Range batholith (Mezger et al., 2001a; Mezger et al., 2001b), again suggesting that these 

two assemblages underwent a very similar metamorphic history.  

Future work 

With additional work, several conclusions of this study could be made more robust. In 

particular, further work on rocks of Vand Creek assemblage would be helpful in characterizing 

the relationships between the different lithological units to discern whether they are accurately 

grouped into one unit or if all, or some of the units belong to the Blanchard River assemblage or 

other assemblages in the region. In this study we use one detrital zircon sample from the Vand 

Creek assemblage to estimate potential sources and define a depositional setting for the whole 

package of rock. Additional detrital zircon analyses on more of the siltstone and particularly on 

the quartzite would better constrain an age range for this package of rock. As the quartzite, 

marble and basaltic rock appear to conformably underlie the Blanchard River assemblage, 

detrital zircon analyses of the quartzite could also indicate whether it may be considered a part 

of the Blanchard River assemblage or remain within the Vand Creek assemblage. In conjunction 

with additional detrital zircon ages, Hf isotope analyses on the detrital zircon would allow for the 

determination of magma sources for the zircon, subsequently strengthening the arguments 

made pertaining to their origin on either side of the basin. Moreover geochemical analysis on 

the basalt and ultramafic rocks of the Vand Creek assemblage could be useful to identify a 

magmatic reservoir for these rocks and find potential links to other volcanic/intrusive rocks found 

in the region. It would also be interesting to use geochemical analysis to attempt to determine a 

tectonic setting for the intrusion of these rocks, relative to the Insular and Intermontane terranes, 

in order to test our paleotectonic reconstruction.  

Pertaining to the Blanchard River assemblage, additional work that could be particularly 

useful in refining our conclusions is Ar/Ar dating to obtain biotite cooling ages in the paragneiss 

and the schist of the Blanchard River assemblage to asses when mimectically recrystallized 

biotite cooled relative to the biotite that crystalized to define the S1b foliation. Ar/Ar cooling ages 

could help assess our interpretations of monazite textural relationships with timing, as 

unfortunately no all samples preserved or grew monazite crystals documenting every phase of 

metamorphism we have interpreted. U-Pb dating and geochemical analysis of the hornblende-
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plagioclase-biotite interlayered with schist of the Blanchard River assemblage could confirm our 

suspicions that this unit is a tuff and could strengthen the argument of the proximity of the 

Insular terranes during deposition of the Blanchard River assemblage. 

In southwest Yukon more detail is needed to truly characterize the Kluane schist, where 

there has been no in situ geochronology or modern thermobarometry to constrain its tectono-

metamorphic history. Additionally, more detailed detrital zircon U-Pb geochronology in 

combination with Hf isotope determinations would be helpful in the Kluane schist to compare it 

to the Blanchard River assemblage, as well as identify potential links of Jura-Cretaceous basinal 

assemblages from southwest Yukon to those in southern Alaska in particular.  

In Cordilleran tectonics there is a knowledge gap concerning the relationships between 

the Jura-Cretaceous basinal assemblages along the length of the Coast Mountains from 

southwestern BC into southwestern Alaska. Although these assemblage appear to have similar 

detrital signatures, indicating very similar tectonic settings, there is not a clear understanding of 

how these basins were connected. Systematically comparing these basinal assemblages 

through detrital zircon U-Pb and Hf isotope geochemistry analyses would help to elucidate the 

interconnectivity between these basinal assemblages during their deposition. This limited 

understanding of how these basins relate to one another is a key factor in the debate pertaining 

to the timing of both initial and terminal accretion of the Insular terranes onto North America. 
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Appendix A.   

Detailed bedrock mapping 

A1. Bedrock maps 

Description:  

Detailed 1:10000 and 1:20000 bedrock maps and respective cross sections. 

Filename: VICE_Thesis_BedrockMaps.pdf
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A2. Footprint maps for 2016 field season 

Description:  

Station footprints on detailed maps. 

Filename: VICE_thesis_footprint_maps.pdf
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Appendix B.   

Detrital zircon geochronology 

B1. LA-ICPMS analytical procedures 

Boise State University 

Zircon grains were separated from rocks using standard techniques, annealed at 900°C 

for 60 hours in a muffle furnace, and randomly selected grains were mounted in epoxy and 

polished until their centers were exposed. Cathodoluminescence (CL) images were obtained 

with a JEOL JSM-1300 scanning electron microscope and Gatan MiniCL. Zircon was analyzed 

by laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) using a 

ThermoElectron X-Series II quadrupole ICPMS and New Wave Research UP-213 Nd:YAG UV 

(213 nm) laser ablation system. In-house analytical protocols, standard materials, and data 

reduction software were used for acquisition and calibration of U-Pb dates and a suite of high 

field strength elements (HFSE) and rare earth elements (REE). Zircon was ablated with a laser 

spot of 30 µm wide using fluence and pulse rates of 5 J/cm2 and 10 Hz, respectively, during a 

45 second analysis (15 sec gas blank, 30 sec ablation) that excavated a pit ca. 25 µm deep. 

Ablated material was carried by a 1.2 L/min He gas stream to the nebulizer flow of the plasma. 

Quadrupole dwell times were 5 ms for Si and Zr, 200 ms for 49Ti and 207Pb, 80 ms for 206Pb, 

40 ms for 202Hg, 204Pb, 208Pb, 232Th, and 238U and 10 ms for all other HFSE and REE; total 

sweep duration is 950 ms. Background count rates for each analyte were obtained prior to each 

spot analysis and subtracted from the raw count rate for each analyte. For concentration 

calculations, background-subtracted count rates for each analyte were internally normalized to 

29Si and calibrated with respect to NIST SRM-610 and -612 glasses as the primary standards. 

Ablations pits that appear to have intersected glass or mineral inclusions were identified based 

on Ti and P signal excursions, and associated sweeps were discarded. U-Pb dates from these 

analyses are considered valid if the U-Pb ratios appear to have been unaffected by the 

inclusions. Signals at mass 204 were normally indistinguishable from zero following subtraction 

of mercury backgrounds measured during the gas blank (<1000 cps 202Hg), and thus dates are 

reported without common Pb correction. Rare analyses that appear contaminated by common 

Pb were rejected based on mass 204 greater than baseline. Temperature was calculated from 
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the Ti-in-zircon thermometer (Watson et al., 2006). Because there are no constraints on the 

activity of TiO2 in the source rocks, an average value in crustal rocks of 0.8 was used. 

Data were collected in six experiments from May 2014 until June 2016. For U-Pb and 
207Pb/206Pb dates, instrumental fractionation of the background-subtracted ratios was corrected 

and dates were calibrated with respect to interspersed measurements of zircon standards and 

reference materials. The primary standard Plešovice zircon (Sláma et al., 2008) was used to 

monitor time-dependent instrumental fractionation based on two analyses for every 10 analyses 

of unknown zircon. A secondary correction to the 206Pb/238U dates was made based on results 

from the zircon standards Seiland (530 Ma, unpublished data, Boise State University) and 

Zirconia (327 Ma, unpublished data, Boise State University), which were treated as unknowns 

and measured once for every 10 analyses of unknown zircon. These results showed a linear 

age bias of up to several percent that is related to the 206Pb count rate. The secondary 

correction is thought to mitigate matrix-dependent variations due to contrasting compositions 

and ablation characteristics between the Plešovice zircon and other standards (and unknowns). 

Radiogenic isotope ratio and age error propagation for all analyses includes uncertainty 

contributions from counting statistics and background subtraction. For groups of analyses that 

are collectively interpreted from a weighted mean date (i.e., igneous zircon analyses), a 

weighted mean date is first calculated using Isoplot 3.0 (Ludwig, 2003) using errors on individual 

dates that do not include a standard calibration uncertainty, and then a standard calibration 

uncertainty is propagated into the error on the weighted mean date. This uncertainty is the local 

standard deviation of the polynomial fit to the interspersed primary standard measurements 

versus time for the time-dependent, relatively larger U/Pb fractionation factor, and the standard 

error of the mean of the consistently time-invariant and smaller 207Pb/206Pb fractionation factor. 

These uncertainties are 1.2-2.0% (2σ) for 206Pb/238U and 0.4-1.0% (2σ) for 207Pb/206Pb. Age 

interpretations are based on 207Pb/206Pb dates for analyses with 206Pb/238U dates >1000 Ma and 
206Pb/238U dates for analyses with 206Pb/238U dates <1000 Ma. Analyses with 206Pb/238U dates 

>1000 Ma and >20% positive discordance or >10% negative discordance are not considered.

Errors on the dates are given at 2σ.

References cited: 

Ludwig, K. R., 2003, User's manual for Isoplot 3.00: a geochronological toolkit for Microsoft 
Excel, Kenneth R. Ludwig. 
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Sláma, J., Košler, J., Condon, D. J., Crowley, J. L., Gerdes, A., Hanchar, J. M., Horstwood, M. 
S. A., Morris, G. A., Nasdala, L., and Norberg, N., 2008, Plešovice zircon—a new natural
reference material for U–Pb and Hf isotopic microanalysis: Chemical Geology, v. 249,
no. 1, p. 1-35.

Watson, E. B., Wark, D. A., and Thomas, J. B., 2006, Crystallization thermometers for zircon 
and rutile: Contributions to Mineralogy and Petrology, v. 151, no. 4, p. 413-433. 

Arizona Laserchron Center 

Heavy mineral separates were obtained from 2 kg samples by standard crushing, shaker 

table, heavy liquid and magnetic separation methods.  Non-zircon grains were removed from 

random aliquots of the heavy mineral separates by hand picking under alcohol.  The purified 

zircon aliquot was mounted in epoxy with natural zircon standards. Samples were imaged by 

cathodoluminescence (CL) with a Gatan Chroma CL2 mounted on a Hitachi S3400 SEM at the 

University of Iowa prior to analysis to aid in spot selection. U-Th-Pb analysis was performed by 

laser ablation multicollector inductively coupled plasma mass spectrometry (LA-MC-ICPMS) on 

the Nu Instruments HR ICPMS and Photon Machines Analyte G2 excimer laser at the University 

of Arizona Laserchron Center using a 30 μm beam diameter and following analytical procedures 

of Gehrels et al. (2006; 2008).  Analytical data is presented in Table XX.  U and Th 

concentrations and Pb/U fractionation were monitored by repeat analysis of Sri Lanka (SL) 

zircon standard (563.5 ± 3.2 Ma; ~518 ppm U and 68 ppm Th; Gehrels et al. 2008) and R33 

(421 Ma; Black et al., 2004; Mattinson, 2010).  Common Pb corrections were made using 204Hg-

corrected 204Pb measurements for each analysis, and initial Pb compositions of Stacey and 

Kramers (1975).  Analyses that are >10% discordant, >5% reversely discordant or have large 

uncertainties (>10 % at the 2σ level) are not considered in discussion of the data.  Normalized 

probability distribution functions (Figure XX) were plotted with the Excel 2003 macro of Gehrels 

(personal communication, 2007), available from the Arizona Laserchron Center at 

www.laserchron.org. The 206Pb/238U ages are used for apparent ages less than 900 Ma; the 
207Pb/206Pb ages are used for analyses older than 900 Ma.  In cases where the 206Pb/238U and 
207Pb/206Pb ages straddle 900 Ma, the age with lower uncertainty is used.  Data reduction and 

plotting utilized in house programs generated at the Arizona Laserchron Center and Isoplot 3.00 

(Ludwig, 2003). 
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B2. Detrital zircon CL images 

Description:  

Detrital zircon cathodoluminescence images with laser spots in red for each zircon grain that was analysed. 
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B3. LA-ICPMS isotope analyses of detrital zircon 

Description: 

Geochronological data and chemical composition data (where applicable) for LA-ICPMS 

analysis of detrital zircon in an excel format.  

Filename: VICE_thesis_DZ_LA-ICPMS.xlsx 



195 

B4. Analyses plots for detrital zircon ages 

Description:  

TuffZirc, Unmix and weighted mean plots for detrital zircon analyses. 
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Appendix C.   

Monazite geochronology 

C1. Monazite location and composition 

QEMSCAN maps 

Description: 

QEMSCAN maps, backscatter electron and optical images with monazite and zircon locations of 

selected thin sections within a PDF. 

Filename: VICE_thesis_QEMSCAN_maps.pdf 
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QEMSCAN monazite and zircon size and location 

Description: 

PDF file with table containing location coordinates and size of monazite and zircon crystals from 

QEMSCAN. 

Filename: VICE_thesis_QEM_crystal_location.pdf 
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QEMSCAN modal mineralogy 

Description:  

Tables containing the modal mineralogy from QEMSCAN analyses.

Filename: VICE_thesis_QEM_ModalMin.pdf
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Monazite Y maps and locations 

Description: 

Figures of 8 thin sections and monazite locations within thin section. Red circle on Y 

monazite maps shows the location of analysis. 

Filename: VICE_thesis_mnz.pdf
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C2. U-Pb-Th geochronology 

Trace element data table 

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Eu* Lu/Dy Th/U 

LV-005m17-1 696203 398042 335129 240263 145946 49734 76884 42382 20163 7363 2381 1077 447 301 0.47 0.001 3.41
LV-005m14-1 510549 329527 328664 266958 155405 56483 71859 45152 19024 8590 3419 1538 534 378 0.53 0.002 4.10
LV-005m07-1 527426 391517 315733 282276 162838 50977 74874 40166 12561 4542 1881 1012 453 374 0.46 0.003 3.59
LV-005m08-2 493671 308320 280172 231729 137162 51155 74372 49307 23943 11355 4156 2146 901 642 0.51 0.003 3.36
LV-005m1-3 523207 283850 284483 249453 164189 42096 127136 62881 30325 13663 5875 2915 1658 1366 0.29 0.005 4.18

LV-005m16-1 531646 402936 306034 267396 175000 53464 74372 32687 9878 2839 1006 409 255 175 0.47 0.002 4.80
LV-005m11-2 611814 388254 328664 269147 166216 49911 75879 38227 13618 4505 1850 777 516 350 0.44 0.003 3.57
LV-005m08-1 556962 384992 334052 284464 168243 47069 78894 34349 9350 2857 856 421 211 106 0.41 0.001 3.47
LV-005m16-2 535865 448613 323276 280088 179730 55773 83920 42105 12317 4524 1863 826 360 305 0.45 0.002 5.58
LV-005m03-1 523207 365416 371767 282276 156081 51865 80905 48753 21016 8773 3356 1676 658 325 0.46 0.002 3.46
LV-005m13-1 601266 412724 311422 258206 162838 43517 90955 49584 21545 9103 3594 1401 733 370 0.36 0.002 4.68
LV-005m09-2 569620 362153 296336 291028 177703 52398 80905 38033 13537 4560 1638 947 329 154 0.44 0.001 4.90
LV-005m06-2 590717 401305 287716 271335 173649 50444 77889 32687 8902 2747 1063 575 304 341 0.43 0.004 3.72
LV-005m15-2 556962 378467 296336 282276 158784 50444 77387 35734 11057 3663 1538 534 292 321 0.46 0.003 3.01
LV-005m09-1 493671 336052 258621 225383 150000 41385 85427 41551 16220 6630 2338 1162 472 289 0.37 0.002 7.59
LV-005m05-1 565401 412724 332974 247265 181757 50089 90955 48753 21301 9560 3219 1453 795 549 0.39 0.003 2.92
LV-005m1-4 594937 324633 349138 240700 140541 43872 80402 39058 18862 7637 2931 1344 484 748 0.41 0.004 2.86

LV-005m15-1 547257 393148 326509 269147 151351 47425 70352 48199 19431 8571 3538 1640 602 325 0.46 0.002 2.59
LV-005m1-5 523207 350734 338362 227571 141892 43694 78894 47368 23821 11154 4381 2356 770 569 0.41 0.002 3.06

LV-005m12-1 485232 389886 313578 262582 162838 45293 91457 51524 22967 9744 3713 1976 832 435 0.37 0.002 3.03
LV-005m1-2 523207 384992 287716 245077 164189 44583 131156 64266 30081 14945 6875 3563 1547 1423 0.30 0.005 3.73
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Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Eu* Lu/Dy Th/U 
LV-005m03-2 485232 290375 256466 214442 158784 47602 68844 47368 19431 7692 2994 1178 565 419 0.46 0.002 3.55 
LV-005m04-2 468354 389886 290948 249453 147297 45115 72864 38227 19431 8407 3163 1449 739 508 0.44 0.003 2.66 
LV-005m11-1 552743 440457 326509 240700 169595 46004 73869 31579 10407 3480 1138 599 292 333 0.41 0.003 2.77 
LV-005m04-1 435021 360522 241379 212254 129730 39787 68844 37119 19024 7344 3081 1457 733 297 0.42 0.002 2.57 
LV-005m1-1 552743 347471 281250 236324 146622 41741 73869 33518 10650 3260 1181 510 391 252 0.40 0.002 3.18 

LV-005m05-3 468354 331158 285560 234136 147297 50977 76884 45706 20122 8901 3313 1530 540 313 0.48 0.002 2.56 
LV-005m05-2 548523 373573 273707 245077 153378 48845 78392 48476 21626 9890 3656 1838 640 476 0.45 0.002 2.69 
LV-005m06-1 510549 340946 267241 234136 155405 44405 71055 32133 9878 3315 1181 364 203 195 0.42 0.002 7.53 
LV-005m02-2 565401 378467 308190 242888 143243 50977 81910 44875 25488 11612 4619 2789 1012 805 0.47 0.003 1.78 
LV-005m02-1 523207 337684 282328 227571 134459 42274 76884 39058 20000 9267 3819 1960 795 699 0.42 0.003 1.98 
LV-005m07-2 544304 380098 360991 284464 166892 52220 89950 51801 23537 10604 4481 1955 801 577 0.43 0.002 3.37 
LV-005m03-3 510549 336052 322198 247265 158108 51687 80905 53463 23374 11978 3881 1996 609 610 0.46 0.003 3.60 

                  
LV-113m10-1 620253 373573 332974 282276 152703 40853 72864 35457 12439 3901 1225 449 161 57 0.39 0.000 4.10 
LV-113m02-2 569620 313214 338362 271554 191892 39964 103015 61496 23862 10440 3888 1328 590 366 0.28 0.002 2.94 
LV-113m03-1 478481 371941 328664 242888 137838 41030 73869 37950 16341 5549 1650 563 248 317 0.41 0.002 4.43 
LV-113m14-1 489451 375204 300647 258206 175676 43339 97990 52909 22886 10000 3444 911 528 346 0.33 0.002 5.82 
LV-113m13-1 485232 409462 296336 264770 184459 44050 94975 55402 26911 10110 3188 1138 478 337 0.33 0.001 3.51 
LV-113m21-1 535865 453507 308190 271335 176351 40320 86432 52355 21382 6996 2131 555 354 154 0.33 0.001 3.77 
LV-113m02-1 586498 332790 313578 236324 191892 38899 82915 53740 23211 8956 2956 1206 311 203 0.31 0.001 3.93 
LV-113m16-1 530802 417618 332974 257549 143919 37300 67990 37950 14472 5055 1450 462 261 195 0.38 0.001 5.12 
LV-113m11-2 616034 429038 335129 240700 122297 44405 61307 47645 26220 15568 9313 6316 3267 2484 0.51 0.009 4.75 
LV-113m04-1 485232 363785 239224 234136 140541 33215 67337 36565 17358 4963 1863 522 205 280 0.34 0.002 5.51 
LV-113m17-2 437975 375204 279095 266521 177027 37123 92965 50416 23171 10000 3463 1409 366 289 0.29 0.001 2.29 
LV-113m07-1 514768 383361 341595 282276 187162 45293 90955 56787 21911 8810 3331 943 466 211 0.35 0.001 2.82 
LV-113m17-1 464135 407830 282328 255142 162162 33037 81407 54848 25691 11190 4194 1644 590 496 0.29 0.002 1.95 
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Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Eu* Lu/Dy Th/U 
LV-113m04-2 471308 365416 287716 243545 143243 33215 83417 45152 19065 7436 1931 684 248 89 0.30 0.000 5.08
LV-113m19-1 535865 363785 312500 258206 161486 36590 89950 47091 21057 7491 1713 713 435 317 0.30 0.002 4.53
LV-113m23-1 607595 393148 334052 253829 169595 35329 78894 40443 12439 3645 894 291 121 118 0.31 0.001 4.63
LV-113m24-1 599156 376835 317888 266958 175676 42274 87940 52632 22561 7985 2488 822 342 305 0.34 0.001 3.50
LV-113m18-1 565401 363785 362069 258206 180405 47425 97487 64266 27276 10659 3644 1692 547 289 0.36 0.001 4.05
LV-113m25-1 582278 362153 334052 256018 202703 57549 91457 56510 26138 12344 6250 2713 1379 756 0.42 0.003 4.72
LV-113m13-2 472574 394780 268319 243545 163514 40142 88945 46537 21707 8736 3094 1150 441 215 0.33 0.001 4.40
LV-113m12-2 413502 336052 286638 229103 134459 34458 57286 37119 19228 9963 4875 2749 1217 894 0.39 0.005 5.94
LV-113m06-2 447257 407830 285560 264770 175676 43517 101508 59003 30244 13004 5438 2065 1031 744 0.33 0.002 1.99
LV-113m03-2 556962 409462 344828 288840 150000 42451 72864 46814 17724 5879 1725 482 211 260 0.41 0.001 5.02
LV-113m11-1 620253 391517 325431 240700 135135 40142 61809 44044 22358 12344 5688 3547 1640 1354 0.44 0.006 5.49
LV-113m01-3 481013 378467 281250 208534 139865 30373 72362 37119 20244 11282 5450 3441 1366 748 0.30 0.004 5.32
LV-113m12-1 586498 362153 275862 260394 158784 32860 72362 37396 22276 12454 5813 3684 1472 1012 0.31 0.005 5.04
LV-113m20-1 497890 344209 320043 286652 198649 60746 90955 50416 25366 12106 5588 2632 1410 614 0.45 0.002 5.49
LV-113m01-2 518987 402936 312500 264770 166892 31261 73367 39889 21138 12454 5688 3522 1584 1102 0.28 0.005 5.34
LV-113m20-2 481013 298532 342672 275711 209459 48845 112060 57618 26585 12527 5375 3279 1062 744 0.32 0.003 6.40
LV-113m06-1 438397 442088 334052 283589 197973 49023 101005 58449 32642 14066 5794 2433 1087 785 0.35 0.002 2.38
LV-113m01-1 426160 326264 255388 203501 134459 40675 73869 43767 22520 11667 6000 3198 1118 1008 0.41 0.004 4.67

                  
170mnz01-2 489451 337684 302802 251641 150000 23268 63819 35180 23130 12875 9688 7004 4168 3333 0.24 0.014 4.42 
170mnz08-2 502110 380098 324353 258206 138514 14565 57889 30083 15610 9396 5869 4304 2280 2049 0.16 0.013 5.05 
170mnz05-1 487342 384992 280172 210941 112838 19716 48241 17756 7195 3626 1875 1069 609 459 0.27 0.006 5.30 
170mnz12-1 540084 308320 311422 234136 125000 30906 63819 30471 19959 11905 8313 5870 3602 2724 0.35 0.014 3.89 
170mnz06-1 527426 367047 296336 231947 116892 20426 59296 35180 18089 12619 8625 6194 3615 3211 0.25 0.018 4.53 
170mnz01-1 582278 398042 321121 251641 140541 20249 63819 32964 15528 8077 4813 2308 1447 992 0.21 0.006 10.78 
170mnz04-2 502110 435563 311422 238512 129054 25577 64322 29640 16341 9121 6125 3684 1832 1858 0.28 0.011 3.32 
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Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Eu* Lu/Dy Th/U 
170mnz09-1 603376 404568 312500 240700 124324 18117 53769 20582 8780 3864 1969 1040 578 557 0.22 0.006 13.32 
170mnz19-1 472574 375204 387931 282276 150000 25755 79397 45152 27764 16850 9250 5101 3006 2683 0.24 0.010 6.61 
170mnz14-1 481013 342577 287716 240700 124324 19005 53769 28255 16301 10440 6125 3320 2112 1829 0.23 0.011 4.12 
170mnz02-1 561181 420881 343750 243326 119595 19361 43719 15956 6789 2967 1300 883 348 224 0.27 0.003 13.88 
170mnz13-1 531646 358891 309267 238512 147973 38899 75879 43490 22073 13553 7188 4777 2379 2114 0.37 0.010 9.83 
170mnz08-1 489451 378467 278017 241357 135135 22877 65327 39058 22073 13498 8375 6640 3783 3057 0.24 0.014 1.43 
170mnz17-1 548523 399674 302802 238512 129054 21847 61307 34072 18171 12271 6938 4777 2634 2236 0.25 0.012 4.85 
170mnz11-1 506329 371941 292026 214442 116216 19538 57286 31025 16911 11795 7188 5385 3248 2805 0.24 0.017 4.87 
170mnz07-1 489451 339315 278017 238512 117568 28242 54774 28532 14919 9359 5563 3158 1981 1642 0.35 0.011 4.96 
170mnz16-1 493671 324633 286638 229759 120270 24689 55276 29224 17398 12088 7313 4534 2720 2683 0.30 0.015 3.74 
170mnz10-1 444726 389886 271552 221663 123649 28064 61307 34349 18008 11850 7969 5385 3037 2850 0.32 0.016 4.38 
170mnz03-1 485232 352365 314655 221007 124324 19361 59799 35180 21504 14267 10000 6761 4149 3374 0.22 0.016 4.45 
170mnz04-1 455696 347471 276940 200219 120270 34813 56281 30471 15854 9322 5000 3117 1814 1569 0.42 0.010 2.73 
170mnz15-1 482278 373573 295259 234136 135135 33748 57337 28255 14593 7473 3500 1919 1193 1012 0.38 0.007 5.26 
170mnz12-2 506329 388254 308190 224508 142568 30373 56281 29640 14350 8443 4938 3077 1584 902 0.34 0.006 6.38 

                  
190mnz14-1 401266 350734 290948 221007 151351 33570 95980 59834 28171 14286 7063 5142 2348 2098 0.28 0.007 8.67 
190mnz17-1 443038 342577 287716 223195 124324 15986 73869 40720 21301 11044 6500 4211 2528 2154 0.17 0.010 5.83 
190mnz09-1 452321 378467 320043 253392 172973 39432 64824 23047 5691 1557 438 182 137 93 0.37 0.002 5.21 
190mnz12-2 467089 375204 321121 258206 151351 20586 83920 46814 23049 13498 7000 4656 2602 2337 0.18 0.010 6.33 
190mnz10-1 582278 391517 304957 230416 118919 17513 44573 16039 4419 1352 444 146 107 89 0.24 0.002 11.10 
190mnz15-2 556962 402936 322198 253829 126351 17957 49799 18006 6098 2399 1206 709 317 183 0.23 0.003 10.84 
190mnz16-1 506329 383361 341595 242888 156757 14654 91960 59834 30732 17711 10438 6761 4137 2833 0.12 0.009 7.48 
190mnz06-2 556962 384992 326509 234136 117568 16306 44673 14515 4089 1196 454 121 65 16 0.22 0.000 18.51 
190mnz20-1 540084 388254 328664 245077 120946 25755 57286 28255 16382 8352 5500 3360 1901 1321 0.31 0.008 11.33 
190mnz08-2 616034 378467 290948 198249 80270 21847 39950 22992 12358 8132 4806 3077 1335 1016 0.39 0.008 6.20 
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Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Eu* Lu/Dy Th/U 
190mnz07-1 535021 396411 348060 264770 152703 19005 69849 29917 11951 4670 1706 704 280 159 0.18 0.001 22.36 
190mnz02-1 573840 433931 360991 273523 142568 20959 46382 9668 1850 692 275 178 47 60 0.26 0.003 11.48 
190mnz17-2 544304 422512 312500 250328 124324 17034 51357 20083 7967 3095 1381 696 329 232 0.21 0.003 11.93 
190mnz07-2 537131 396411 320043 251641 150676 20178 74171 37396 16463 7821 3375 1660 696 504 0.19 0.003 20.00 
190mnz08-1 514768 381729 303879 227352 132432 13837 75327 45706 23293 12436 6888 4575 2503 2191 0.14 0.009 9.46 
190mnz14-2 578059 375204 318966 251641 124324 25933 64824 35152 16057 8278 4169 2190 1130 679 0.29 0.004 10.99 
190mnz04-2 540084 433931 344828 266958 137838 22202 57286 21108 6463 2308 925 571 528 756 0.25 0.012 15.96 
190mnz01-3 624473 407830 360991 253829 128378 18934 46985 15263 4785 1729 794 279 169 154 0.24 0.003 19.33 
190mnz10-2 510549 363785 281250 234354 150000 18082 83417 48476 22520 11154 6188 3543 2261 1976 0.16 0.009 6.46 
190mnz12-1 535865 404568 330819 252079 151351 35524 58794 18920 4569 1093 291 130 44 55 0.38 0.001 5.77 
190mnz23-1 603376 425775 321121 223195 134459 24156 47437 14183 3923 1141 475 235 105 126 0.30 0.003 6.39 
190mnz01-1 430380 326264 292026 205908 127027 12682 78894 50139 26748 15256 8563 5101 2988 2663 0.13 0.010 5.81 
190mnz01-2 561181 376835 325431 238512 116892 15400 42211 14183 4512 1795 831 417 217 69 0.22 0.002 15.56 
190mnz08-3 548523 376835 317888 238512 117568 16448 47437 18476 7724 3516 1625 644 304 276 0.22 0.004 12.37 
190mnz02-2 514768 404568 331897 260394 146622 18828 59598 18864 4252 1005 251 132 51 81 0.20 0.002 15.28 
190mnz04-1 495359 389886 350216 253392 138514 19591 57136 23213 8293 4432 2563 1474 1075 1012 0.22 0.012 11.77 
190mnz15-1 531646 344209 286638 210066 112838 22913 64322 39058 24187 14451 9625 6397 3224 2179 0.27 0.009 5.64 
190mnz30-1 524895 375204 306034 245077 144595 18472 83920 49307 23618 12509 6500 4089 2385 2061 0.17 0.009 6.40 
190mnz06-1 561181 404568 342672 264770 145270 18686 49196 13740 3443 930 425 215 120 110 0.22 0.003 8.51 
190mnz11-1 599156 381729 311422 238512 143243 38899 61658 31801 17439 10256 5756 4008 1944 1496 0.41 0.009 2.10 

                  
201mnz19-1 438819 352365 281250 226039 135135 27531 70352 42936 22276 12692 6956 4696 2410 1850 0.28 0.008 3.01 
201mnz22-1 459916 350734 335129 260394 186486 47602 93970 52909 25000 13059 6313 3502 1627 1000 0.36 0.004 3.08 
201mnz05-1 451477 345840 310345 240700 167568 34458 83920 47091 25081 13443 7150 3802 1820 1276 0.29 0.005 1.95 
201mnz11-1 488608 407830 323276 240700 147297 35346 68844 36565 18008 8681 3888 1992 907 516 0.35 0.003 3.08 
201mnz20-1 426582 326264 341595 271335 162838 25400 78392 44875 24350 13974 8063 5065 2950 2317 0.22 0.010 2.41 
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Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Eu* Lu/Dy Th/U 
201mnz17-1 523207 398042 362069 271335 186486 36767 91960 52355 28496 15623 8063 4656 2453 1801 0.28 0.006 2.76 
201mnz25-1 427848 358891 304957 241794 156757 37655 82915 51801 23293 13864 6681 4170 2168 1549 0.33 0.007 4.00 
201mnz10-1 468354 380098 296336 240700 134459 30728 65829 35512 18089 10147 4938 3053 1571 1244 0.33 0.007 3.46 
201mnz12-1 430802 337684 292026 229103 133784 33215 77387 44321 21016 11722 6100 3482 1925 1268 0.33 0.006 2.99 
201mnz28-1 426160 368679 327586 247265 167568 39609 87437 50416 25691 12985 7063 3806 1938 1341 0.33 0.005 3.71 
201mnz12-2 451477 383361 283405 242888 152027 28419 76884 46260 23089 13022 7875 5049 2683 1915 0.26 0.008 3.18 
201mnz03-2 472574 371941 292026 222976 154054 41385 81407 49307 23049 12363 5763 3433 1627 1102 0.37 0.005 2.22 
201mnz02-2 386076 347471 310345 251641 164189 40675 91960 54294 27480 14139 7063 3725 1652 1159 0.33 0.004 2.30 
201mnz08-1 455696 357259 337284 271335 186486 40497 103015 56510 26260 14579 7563 4324 2205 1390 0.29 0.005 2.86 
201mnz15-1 474262 373573 311422 234354 157432 41208 82412 46260 20732 10714 5388 3028 1652 951 0.36 0.005 1.88 
201mnz21-1 481013 355628 313578 260394 167568 39432 85930 49861 26138 13150 6438 3927 1938 1419 0.33 0.005 3.31 
201mnz10-2 502110 332790 315733 232823 139189 29840 73869 42382 22358 12473 6913 4049 2311 1488 0.29 0.007 3.71 
201mnz23-1 506329 402936 317888 240044 140541 29130 71558 39612 20081 11374 5613 3328 1683 1411 0.29 0.007 2.33 
201mnz21-2 453586 368679 296336 247265 148649 27709 77889 46814 25081 12454 7063 4615 2522 1825 0.26 0.007 3.36 
201mnz14-1 502110 368679 293103 232166 138514 30906 68844 43767 20894 11886 6063 3765 2031 1528 0.32 0.007 2.25 
201mnz03-1 473418 358891 304957 235667 154730 41741 87437 50416 23171 12912 6013 3947 1876 1256 0.36 0.005 2.42 
201mnz18-1 448523 360522 314655 240481 148649 37655 78392 42909 22073 11190 5606 3360 1466 996 0.35 0.005 2.69 
201mnz02-1 447257 370310 322198 280088 188514 53996 93970 60942 26057 13498 6838 3684 1826 947 0.41 0.004 2.76 

                  
211mnz26-1 616034 401305 288793 240700 114189 53641 52060 28892 14106 9066 4800 2571 1366 833 0.70 0.006 4.61 
211mnz5-1 531646 362153 302802 219475 107432 57904 49749 25762 14309 9048 4556 2700 1068 797 0.79 0.006 4.77 

211mnz01-1 637131 409462 300647 223195 102027 52753 48141 25762 15488 8791 4788 2794 1161 821 0.75 0.005 4.36 
211mnz02-2 531646 342577 324353 203501 105405 70870 54774 30748 17846 11722 7813 5506 2919 2195 0.93 0.012 4.11 
211mnz30-1 561181 358891 297414 210284 108784 64121 51256 28781 15244 9560 4981 3077 1528 1159 0.86 0.008 4.86 
211mnz19-2 459916 332790 284483 190591 108784 51865 45628 26122 12439 5769 2731 1130 398 260 0.74 0.002 3.33 
211mnz03-1 561181 353997 243534 167396 74324 36767 34573 18116 9837 5495 2881 1385 689 341 0.73 0.003 7.06 
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Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Eu* Lu/Dy Th/U 
211mnz08-2 493671 324633 298491 249453 112162 56661 56784 30194 17398 10971 5563 3117 1609 878 0.71 0.005 3.13 
211mnz21-1 516456 337684 281250 207877 117568 72469 49548 30277 17398 10824 7500 4939 3280 3089 0.95 0.018 5.68 
211mnz16-1 624473 381729 335129 230197 114865 66785 48744 33407 16382 11905 6875 4453 2348 1606 0.89 0.010 3.89 
211mnz07-2 552743 389886 290948 214442 100676 39076 47136 24654 13659 8223 4538 2915 1571 1447 0.57 0.011 4.34 
211mnz01-2 500000 321370 295259 219037 118919 53819 58543 33518 17724 10549 5356 2919 1578 1211 0.65 0.007 2.82 
211mnz20-1 523207 345840 308190 218140 115473 83126 50201 30748 18821 11190 7938 5020 2832 2150 1.09 0.011 2.54 
211mnz08-1 578059 352365 309267 227571 110811 50622 56281 26039 16098 8516 4563 2227 851 776 0.64 0.005 3.91 
211mnz14-1 552743 357259 296336 205689 104054 54885 51055 28532 15325 9451 4775 2915 1280 862 0.75 0.006 5.22 
211mnz02-1 493671 327896 293103 199781 116892 49378 51357 28255 13740 7601 3400 1769 901 703 0.64 0.005 4.79 
211mnz28-1 527426 376835 294181 218818 130405 56483 55276 31025 13943 6337 2444 947 432 215 0.67 0.002 2.97 
211mnz13-1 556962 367047 283405 198906 102027 49734 45226 24017 12561 8187 4281 2182 1006 463 0.73 0.004 5.06 
211mnz06-1 590717 360522 241379 165208 65000 36945 32010 17230 9959 5952 3319 1915 733 394 0.81 0.004 8.55 
211mnz19-1 548523 367047 282328 209628 100000 55950 46985 26371 13618 8443 4694 2146 1062 817 0.82 0.006 4.07 
211mnz17-1 569620 396411 294181 219912 106284 42274 45226 23490 11992 7711 4556 2032 1224 817 0.61 0.007 5.15 
211mnz18-1 565401 384992 286638 221444 115541 57726 54422 26620 15732 9029 4700 2968 1466 919 0.73 0.006 3.87 
211mnz23-1 552743 349103 322198 221007 108108 48668 50251 26593 14553 9011 6063 4737 2304 1789 0.66 0.012 4.55 
211mnz15-1 590717 414356 329741 249453 114189 61812 51960 28837 15447 9469 5338 2194 1180 610 0.80 0.004 5.20 
211mnz07-1 510549 353997 287716 218512 108108 50444 47337 25845 14024 7308 4175 2725 1230 894 0.71 0.006 4.09 
211mnz27-1 518987 353997 285560 198031 109459 55417 51910 26537 15041 8791 4625 2271 932 455 0.74 0.003 4.87 
211mnz12-1 578059 336052 278017 197374 95946 44405 41709 22105 12683 7106 3994 2510 1267 1008 0.70 0.008 4.36 
211mnz11-1 556962 386623 329741 238512 127703 75311 54372 35180 19675 13370 8313 4696 2733 1833 0.90 0.009 2.79 
211mnz09-1 497890 353997 285560 212254 95946 48490 42161 21773 12073 6648 3463 1636 888 593 0.76 0.005 4.25 
211mnz24-1 485232 365416 316810 225383 118919 60746 50352 28809 15163 8388 4088 2004 913 752 0.79 0.005 4.04 
211mnz10-1 506329 378467 297414 212035 102027 51865 47186 23823 12967 8223 4244 2012 950 561 0.75 0.004 5.22 
211mnz22-1 502532 420881 340517 231729 120270 58437 55729 29640 16463 8535 3931 1619 1062 585 0.71 0.004 3.88 
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Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Eu* Lu/Dy Th/U 
211mnz04-1 485232 360522 335129 218162 114865 55773 55377 30471 15813 8736 4456 1980 901 447 0.70 0.003 2.14 

                  
217mnz16-1 476793 326264 340517 256018 151351 23979 83417 44875 26504 15934 9875 6518 3435 2520 0.21 0.010 3.47 
217mnz19-1 461603 362153 314655 239606 147297 24512 77387 46260 25528 15513 9125 6113 3205 2053 0.23 0.008 3.78 
217mnz14-1 421308 327896 280172 206127 141216 25577 77387 47091 24024 13553 7000 4126 1963 1679 0.24 0.007 4.21 
217mnz04-2 535865 378467 311422 224508 132432 19982 68342 40166 21423 10568 4900 2603 1130 972 0.21 0.005 3.78 
217mnz21-2 443038 345840 293103 221007 123649 23979 68342 43490 23862 13681 7188 4656 2391 1821 0.26 0.008 3.65 
217mnz10-2 464135 339315 296336 208972 114189 22380 68342 44321 25610 14396 8625 4818 2615 1911 0.25 0.007 2.94 
217mnz27-1 442194 375204 312500 236324 134459 22025 70854 42216 23130 13315 7500 4534 2516 2061 0.23 0.009 3.75 
217mnz05-1 476371 381729 301724 233479 143919 24618 81407 49030 25894 15128 7375 4534 2447 1886 0.23 0.007 2.69 
217mnz26-1 476793 342577 281250 225383 135135 26465 69849 45429 24350 13425 7063 3927 2081 1549 0.27 0.006 4.48 
217mnz11-2 510549 334421 273707 214442 129730 25400 72864 43767 25447 12912 7000 3806 1776 1622 0.26 0.006 5.30 
217mnz21-1 481013 370310 329741 233917 151351 28242 81910 47091 24390 14377 8938 5182 3068 2382 0.25 0.010 2.85 
217mnz10-1 464135 303426 272629 242888 143919 23623 61307 40166 23252 12692 8125 4777 2491 1780 0.25 0.008 3.14 
217mnz24-1 518143 380098 269397 196937 110135 17407 57789 35457 17073 7015 2019 656 304 118 0.22 0.001 4.80 
217mnz08-2 493671 347471 289871 236324 128378 24512 76382 46814 24959 15018 8375 5870 3068 2049 0.25 0.008 4.76 
217mnz02-1 523629 381729 317888 229322 131081 22345 71357 43767 26951 12253 5056 1951 658 386 0.23 0.001 2.94 
217mnz11-1 427004 298532 258621 192560 119595 19503 59296 38227 21585 12308 6500 3927 1932 1431 0.23 0.007 4.87 
217mnz25-1 493671 350734 286638 211816 114189 25222 70854 42105 25772 14377 8375 4696 2764 1837 0.28 0.007 4.52 
217mnz03-1 548523 409462 320043 229540 142568 21314 71859 46814 21789 11832 6375 3441 1770 1289 0.21 0.006 3.07 
217mnz19-2 430380 352365 279095 207877 131081 24512 66834 44875 24106 14304 8438 5061 2516 1703 0.26 0.007 4.66 
217mnz07-2 485232 353997 294181 216630 127027 24867 70854 41828 24309 14158 7625 4437 2416 2187 0.26 0.009 3.62 
217mnz07-1 531646 389886 343750 242888 149324 26821 84422 49584 27276 15201 8938 5466 3155 2215 0.24 0.008 3.33 
217mnz09-1 565401 381729 296336 238512 134459 23268 72362 47922 25935 12747 5119 2081 652 358 0.24 0.001 3.08 
217mnz20-1 548523 350734 266164 210066 125000 24867 66332 40166 22724 12784 6438 3198 1602 1150 0.27 0.005 6.64 
217mnz13-2 468354 342577 279095 212473 127027 24334 72663 43213 25122 13791 8219 4696 2466 1984 0.25 0.008 3.57 
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Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Eu* Lu/Dy Th/U 
217mnz08-1 447257 324633 301724 236324 125676 23979 62312 40997 21301 14469 8500 4980 2497 1911 0.27 0.009 3.42 
217mnz04-1 518987 386623 318966 235011 141892 23872 72864 47091 24065 12729 4969 2016 634 289 0.23 0.001 3.09 
217mnz18-1 472574 363785 339440 231947 125676 25577 73367 41274 22480 14451 8750 5020 3112 1907 0.27 0.008 2.75 
217mnz02-2 575949 391517 268319 211597 109459 22380 65628 43407 24472 12949 5075 1834 590 431 0.26 0.002 3.15 
217mnz06-1 468354 347471 285560 229759 133108 26288 75879 43213 24390 13956 8188 4737 2602 1768 0.26 0.007 3.18 
217mnz17-1 455274 386623 341595 240700 132432 23268 72362 44044 23333 15293 9125 5263 3081 2049 0.24 0.009 2.61 
217mnz12-1 476793 339315 269397 212254 115541 23091 71859 50139 24756 18132 10250 5587 2907 2252 0.25 0.009 5.13 
217mnz12-2 472574 401305 314655 235011 129054 18064 58794 40222 23740 15678 9000 5951 3404 2126 0.21 0.009 5.17 
217mnz13-1 484388 350734 287716 198249 126351 24973 76382 45983 25244 13535 7875 4340 2317 1679 0.25 0.007 3.53 
217mnz03-2 485232 386623 329741 256018 147973 23623 78392 51801 26585 15696 7613 3887 1932 1297 0.22 0.005 3.49 

                  
SI088mnz02-1 426160 353997 294181 234136 141216 71581 65327 46537 26829 9744 4188 1615 888 642 0.75 0.002 3.78 
SI088mnz09-2 518987 422512 314655 234136 160135 67673 72864 50139 23943 10183 3625 1126 416 268 0.63 0.001 4.43 
SI088mnz09-1 518987 362153 316810 238512 138514 71758 71859 40997 19675 8388 2581 1190 696 630 0.72 0.003 3.77 
SI088mnz04-2 523207 378467 292026 221663 138514 70160 67186 40720 22480 10128 4506 2348 1354 1069 0.73 0.005 2.76 
SI088mnz11-1 502110 342577 307112 234136 134459 62877 66834 42105 21260 8553 2750 794 230 45 0.66 0.000 3.41 
SI088mnz07-2 493671 327896 310345 208753 137162 66607 68844 40166 21179 8407 4163 1984 944 1163 0.69 0.005 3.60 
SI088mnz17-1 443038 316476 289871 216630 123649 61989 72864 44044 23333 8718 3431 1134 503 378 0.65 0.002 3.48 
SI088mnz08-1 472574 368679 310345 214442 129730 66252 66332 35180 15285 5183 1625 429 224 183 0.71 0.001 3.07 
SI088mnz02-2 472574 401305 325431 225383 143919 67140 86432 52632 27764 13333 5188 1826 621 195 0.60 0.001 3.50 
SI088mnz03-2 421139 350734 273707 201313 117568 58615 58291 35457 17398 7271 2206 1117 373 447 0.71 0.003 3.39 
SI088mnz14-1 489451 381729 335129 237418 157432 70693 80905 44875 22317 8333 2281 870 478 415 0.63 0.002 3.28 
SI088mnz06-1 523207 429038 328664 258206 166892 70870 91960 57895 28943 12399 4769 1632 484 215 0.57 0.001 3.73 
SI088mnz16-1 434599 401305 299569 236324 145946 66963 77387 43490 21504 8114 3181 1397 640 398 0.63 0.002 3.88 
SI088mnz02-3 476793 396411 309267 249453 160135 66607 83920 53186 25813 11355 3919 1530 571 289 0.57 0.001 3.68 
SI088mnz15-1 531646 419250 345905 245077 158784 75133 77387 45152 20041 6886 1444 425 186 187 0.68 0.001 2.13 
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Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Eu* Lu/Dy Th/U 
SI088mnz04-1 493671 337684 294181 205689 132432 31616 55226 29086 12317 4670 1419 534 155 77 0.37 0.001 4.83 
SI088mnz15-2 464135 357259 309267 229540 139189 59858 76382 45706 22033 10476 4013 1453 466 195 0.58 0.001 1.79 
SI088mnz03-1 396624 342577 285560 212473 135811 52575 63819 36011 16301 6282 2325 672 267 171 0.56 0.001 3.92 
SI088mnz10-2 472574 376835 285560 207877 143919 62700 81910 47922 22805 9982 3931 1551 658 451 0.58 0.002 3.47 
SI088mnz07-1 451477 362153 297414 201313 132432 76377 86935 58726 31341 16117 6750 2713 1205 675 0.71 0.002 1.48 
SI088mnz17-2 510549 380098 282328 210066 131081 63943 69849 47922 23089 9634 3031 1166 273 73 0.67 0.000 4.46 
SI088mnz10-1 386920 323002 310345 258206 179054 58615 80402 47091 22805 10348 3475 1271 410 252 0.49 0.001 3.66 
SI088mnz05-2 385232 360522 321121 255361 165541 43517 72864 38781 16098 8260 2688 927 348 118 0.40 0.001 4.25 
SI088mnz05-1 370886 345840 306034 260394 173649 51155 83417 45706 20203 9121 3263 1344 366 130 0.43 0.001 3.43 
SI088mnz13-1 499578 407830 320043 271335 169595 71226 101005 56787 26260 13040 4875 1526 545 236 0.54 0.001 2.98 
SI088mnz11-2 531646 331158 300647 223195 129054 60568 74372 45983 23293 9084 3213 955 280 159 0.62 0.001 3.40 
SI088mnz06-2 548523 402936 342672 269147 181081 73179 96985 56510 29431 13516 5106 1854 720 244 0.55 0.001 3.12 
SI088mnz19-1 477637 334421 289871 236324 150000 62345 78392 50139 24837 10476 3950 1389 584 179 0.57 0.001 3.69 

Trace element data is chondrite normalized 
Grey highlighted rows are analyses that have been excluded from interpretations. 
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U-Pb-Th ages

Sample 207/235 
(Ma) 

2s 
(Ma) 

206/238 
(Ma) 

2s 
(Ma) 

208/232 
(Ma) 

2s (Ma) 

LV-005m17-1 97 15 67.3 1 79.2 1.3 
LV-005m14-1 104 26 73.3 2.7 70.6 3.8 
LV-005m07-1 98.9 2.4 69.9 1.2 69.3 1.4 
LV-005m08-2 99.6 4.3 71.8 1 69.5 1.4 
LV-005m01-3 99.5 5.4 77.3 1.6 73.6 1.9 
LV-005m16-1 83.5 4.7 67.74 0.99 70.3 1.5 
LV-005m11-2 82.4 1.5 68.3 1.1 68.1 1.1 
LV-005m08-1 79.7 2.2 70.4 1.3 64.2 1.3 
LV-005m16-2 75.8 4 69.2 1 69.9 1.3 
LV-005m03-1 76.6 2.7 70.1 1.6 66.7 1.7 
LV-005m13-1 77.7 1.7 72.41 0.72 71.67 0.91 
LV-005m09-2 73.9 1.8 69.1 1.3 68.4 1.2 
LV-005m06-2 72.1 1 69 1 70.04 0.96 
LV-005m15-2 72.9 1.7 70.35 0.8 70.3 1.1 
LV-005m09-1 74.8 1 72.32 0.55 72.14 0.91 
LV-005m05-1 71.6 1.4 69.4 1.1 71.3 1.7 
LV-005m01-4 73.8 1.4 71.9 1.5 69.7 1.4 
LV-005m15-1 71.8 1.3 70.2 1 72.6 1.3 
LV-005m01-5 73.9 1.8 72.19 0.68 71.32 0.7 
LV-005m12-1 69.8 1.4 68.6 1.4 69.4 1.1 
LV-005m01-2 74.7 1.6 73.5 1.1 71 1.6 
LV-005m03-2 70.5 1.7 69.39 0.96 66.4 1.3 
LV-005m04-2 71.2 1.2 70.1 1.1 72.9 1.3 
LV-005m11-1 70.5 1 69.42 0.81 70.1 1.5 
LV-005m04-1 70.8 1.7 69.7 1.1 71.1 1.3 
LV-005m01-1 71.8 1.7 70.9 1.6 69.4 1.8 
LV-005m05-3 70.9 1.1 69.99 0.97 73.2 1 
LV-005m05-2 70.6 1.3 69.8 1.1 72.5 1.2 
LV-005m06-1 72.5 1.6 71.9 1.3 72.8 1.4 
LV-005m02-2 72.6 1.3 72 1.1 74.9 1.3 
LV-005m02-1 70.3 1.3 70.6 1.2 72.3 1.4 
LV-005m07-2 71.5 1.2 71.9 1.8 71.1 1.9 
LV-005m03-3 68.9 2.8 70.8 2.1 66.9 1.8 
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Sample 207/235 
(Ma) 

2s 
(Ma) 

206/238 
(Ma) 

2s 
(Ma) 

208/232 
(Ma) 

2s (Ma) 

 
      

LV-113m10-1 241 45 73.1 4.4 81.3 5.1 
LV-113m02-2 136 17 73.7 2.4 73.9 3.6 
LV-113m03-1 122.8 4.8 66.66 0.77 72.4 1.8 
LV-113m14-1 118 16 68.1 1.6 63.7 1.9 
LV-113m13-1 107.4 4.1 64.8 1.1 67 1.2 
LV-113m21-1 104.4 6.4 63.6 1.2 70 1.3 
LV-113m02-1 110 40 68.5 1.7 63.5 1.8 
LV-113m16-1 106.2 5.8 65.97 0.86 63.41 0.76 
LV-113m11-2 114.4 9.2 72.3 1 73.03 0.89 
LV-113m04-1 98 11 67.6 1.9 66.3 2.7 
LV-113m17-2 92.4 2.1 65.26 0.79 65.7 1.1 
LV-113m07-1 90.8 7.1 67.93 0.8 67.1 1.5 
LV-113m17-1 83.6 4.5 63.67 0.83 65 1.6 
LV-113m04-2 90 14 68.3 1.6 66.6 1.9 
LV-113m19-1 86.4 2 66.07 0.9 66.9 1.3 
LV-113m23-1 88.6 3.8 68.2 1.1 68.43 0.99 
LV-113m24-1 83.2 3.1 66.5 1.2 67.2 1.8 
LV-113m18-1 73.7 1.5 62.85 0.62 61.34 0.88 
LV-113m25-1 81.8 2.4 71.88 0.95 68.8 1.2 
LV-113m13-2 72.7 4.1 65.7 1.4 62.9 1.3 
LV-113m12-2 76.8 1.6 70.3 0.82 74.5 1 
LV-113m06-2 66.4 1.4 61.7 1.5 61.1 1.4 
LV-113m03-2 70.8 2 65.87 0.86 67.3 1 
LV-113m11-1 77.1 1.7 72.6 1.4 73.6 1.9 
LV-113m01-3 81 4.7 76.5 1.6 75.7 1.7 
LV-113m12-1 72.5 1.8 70.9 1.3 72.9 2.1 
LV-113m20-1 73.3 2.7 71.7 1.4 70.2 1.7 
LV-113m01-2 76 2 74.4 1.4 74.1 1.8 
LV-113m20-2 73.7 1.9 72.6 1.4 70.5 1.5 
LV-113m06-1 63.3 1.1 62.42 0.79 60.45 0.92 
LV-113m01-1 72.9 2.5 73.4 1.8 71.5 1.7 

 
      

170mnz01-2 79.4 2.6 66.3 1.6 65.4 1.4 
170mnz08-2 79.9 2.4 67.89 0.98 78.8 1.9 
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Sample 207/235 
(Ma) 

2s 
(Ma) 

206/238 
(Ma) 

2s 
(Ma) 

208/232 
(Ma) 

2s (Ma) 

170mnz05-1 90.8 2.1 78.6 1.5 80.5 2.3 
170mnz12-1 78.3 3.4 69.6 2 68.5 2.8 
170mnz06-1 78.1 6.2 70.4 1.9 70.3 1.7 
170mnz01-1 84.3 3.6 76.2 2.3 70.2 2 
170mnz04-2 78.2 2.4 73 1.3 76.6 1.5 
170mnz09-1 83.8 2.9 78.3 2.2 76.2 1.6 
170mnz19-1 83.9 3.4 78.9 1.3 74.8 1.4 
170mnz14-1 77.4 4.5 73.1 2.8 69.2 1.9 
170mnz02-1 82.8 3.4 78.6 1.4 75.3 2.3 
170mnz13-1 80.8 3.8 76.96 0.67 73.6 1.7 
170mnz08-1 73.1 3.3 69.6 2.5 79.3 7.7 
170mnz17-1 78.5 2.7 74.8 1.3 69.5 1.1 
170mnz11-1 73 2.1 69.9 1.4 70.5 1.7 
170mnz07-1 74.9 1.7 72.8 2.1 69.9 1.6 
170mnz16-1 74.5 2 72.7 1.6 71.9 1.3 
170mnz10-1 71.4 1.7 69.8 1.3 72.2 1.4 
170mnz03-1 69.7 1.8 68.3 1.5 70.6 1.5 
170mnz04-1 77.1 2.9 75.8 1.9 78 2.6 
170mnz15-1 74.3 1.6 73.1 1.4 74.8 1.2 
170mnz12-2 78.1 2 79.2 1.6 75.8 1.4 

190mnz14-1 90.6 9.5 68.5 1.7 71.9 3.5 
190mnz17-1 87 10 72.4 2.3 78.2 6.5 
190mnz09-1 89.3 9.9 76.7 1.3 77.6 1.9 
190mnz12-2 79.1 3.3 68.75 0.67 74.9 1.5 
190mnz10-1 85.8 1.3 77.85 0.67 74.29 0.59 
190mnz15-2 82.2 2.8 75.51 0.85 72.37 0.87 
190mnz16-1 73.4 1.1 67.7 1.1 68.9 1.2 
190mnz06-2 85.5 1.9 80.4 0.94 72.3 1 
190mnz20-1 82.5 2.9 77.6 1.1 74.5 1.5 
190mnz08-2 79.9 1.6 75.5 1.3 75.8 1.1 
190mnz07-1 80.1 2 75.8 1.2 74.73 0.64 
190mnz02-1 79.6 1.5 75.4 1 72.64 0.84 
190mnz17-2 81.1 2.1 76.9 1 74.1 1.2 
190mnz07-2 82.8 3 78.6 1.3 74.8 1.1 
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Sample 207/235 
(Ma) 

2s 
(Ma) 

206/238 
(Ma) 

2s 
(Ma) 

208/232 
(Ma) 

2s (Ma) 

190mnz08-1 73 1.2 69.55 0.7 67.84 0.85 
190mnz14-2 77.6 2.4 74 1.1 72.6 1.2 
190mnz04-2 83.3 3.2 80.14 0.82 75.4 1.6 
190mnz01-3 78.7 1.8 75.7 1.3 75.1 1.2 
190mnz10-2 73.3 1.3 70.57 0.83 71.8 1.1 
190mnz12-1 76.1 1.4 73.5 1.2 72.6 1 
190mnz23-1 78.4 1.1 76.17 0.78 74.39 0.52 
190mnz01-1 68.56 0.88 66.81 0.81 69.5 1.1 
190mnz01-2 76.3 1.5 74.58 0.82 75.44 0.98 
190mnz08-3 77 1.8 75.25 0.55 72.13 0.64 
190mnz02-2 76.8 2.1 75.25 0.8 72.59 0.82 
190mnz04-1 76.9 1.8 75.6 1.4 72.3 1.1 
190mnz15-1 77.4 1.5 76.25 0.77 76.5 1.1 
190mnz30-1 74 1.4 72.9 1.1 72.23 0.95 
190mnz06-1 77.5 1.9 76.6 1.5 71.5 1.1 
190mnz11-1 75.4 1.2 74.84 0.92 74.16 0.77 

 
      

201mnz19-1 94.1 5.8 73.73 0.96 76.5 1.8 
201mnz22-1 74.6 2.3 69.3 1.2 71.8 1.2 
201mnz05-1 71.6 1.3 67.85 0.98 72.6 1 
201mnz11-1 75.3 2.1 71.4 1.1 72.1 1.4 
201mnz20-1 69.6 1.4 66.9 1.1 69 1.2 
201mnz17-1 69.35 0.76 67.2 1.1 70.9 1.3 
201mnz25-1 71.9 1.1 69.84 0.96 72.6 1 
201mnz10-1 69.9 1.5 67.9 1.3 68.4 1.2 
201mnz12-1 69.9 1.6 68.1 1 70.3 1.3 
201mnz28-1 70.88 0.65 69.1 1 72.6 1.4 
201mnz12-2 70.5 1.5 68.9 1 71.2 1.2 
201mnz03-2 70.7 1.2 69.24 0.7 69.95 0.72 
201mnz02-2 71.25 0.8 69.75 0.41 72.77 0.52 
201mnz08-1 71.1 1.4 69.8 1 70.7 1.1 
201mnz15-1 71.57 0.96 70.47 0.81 71.9 1.1 
201mnz21-1 70.1 1.7 69.27 0.83 71.9 0.98 
201mnz10-2 70.9 1.3 70.22 0.96 70.5 1 
201mnz23-1 70.8 1 70.59 0.8 71.2 1.2 



229 

Sample 207/235 
(Ma) 

2s 
(Ma) 

206/238 
(Ma) 

2s 
(Ma) 

208/232 
(Ma) 

2s (Ma) 

201mnz21-2 68.7 1.2 68.8 1.1 70.6 1.2 
201mnz14-1 71.42 0.8 71.56 0.66 70.9 1 
201mnz03-1 70.8 1.5 71 1.1 71.2 1.1 
201mnz18-1 70.3 1.2 70.82 0.99 71.4 1.3 
201mnz02-1 68.9 1.3 69.44 0.96 71.11 0.81 

211mnz26-1 95.4 6.7 76.7 1.7 75.9 1.7 
211mnz05-1 87 2.6 74 2 76.6 2.1 
211mnz01-1 82.6 2.6 72.4 1.1 70.1 1.3 
211mnz02-2 87.1 3.7 77.8 1.9 77.5 2.1 
211mnz30-1 83.7 3.3 75.3 1.4 74.5 1.4 
211mnz19-2 81.5 2.7 73.8 1 74.2 1.3 
211mnz03-1 82 1.5 74.3 1.1 69.69 0.97 
211mnz08-2 79.9 2.5 72.5 1.7 71 1.9 
211mnz21-1 84.2 3.3 77.6 1.8 75 1.2 
211mnz16-1 79.7 1.5 73.8 1.1 75.8 1.1 
211mnz07-2 79.6 2.1 73.9 1.6 74.1 1.5 
211mnz01-2 71.3 2 66.4 1.7 69.1 1.6 
211mnz20-1 81.7 2.5 76.7 1.1 77.8 1.7 
211mnz08-1 79.4 2 74.5 1.7 71.2 1.1 
211mnz14-1 78 1.4 73.3 1.2 74.8 1 
211mnz02-1 78.1 2.5 73.4 2.1 71.7 1.9 
211mnz28-1 72.5 1.4 68.2 1.3 71.6 1 
211mnz13-1 75.3 1.7 70.9 1 73.5 1.1 
211mnz06-1 82.4 2.2 77.7 2.3 71.8 1.8 
211mnz19-1 77.4 2 73.3 1.9 72.5 2.2 
211mnz17-1 79.1 2.5 75.2 2.1 74 1.4 
211mnz18-1 76.7 2.1 73.1 1.3 72.6 1.4 
211mnz23-1 79.1 1.8 75.6 1.5 72.8 1.2 
211mnz15-1 78.9 1.9 75.4 1.8 75.4 1.6 
211mnz07-1 79.6 2.1 76.2 1.7 75 1.5 
211mnz27-1 78.5 1.6 75.3 1 76.1 1.2 
211mnz12-1 77.6 2 74.63 0.85 74.9 1.2 
211mnz11-1 77.3 1.7 74.4 1.5 75.8 1.6 
211mnz09-1 75.6 2.3 73 2 76.2 2 



230 

Sample 207/235 
(Ma) 

2s 
(Ma) 

206/238 
(Ma) 

2s 
(Ma) 

208/232 
(Ma) 

2s (Ma) 

211mnz24-1 75.4 1.7 72.7 1.2 73.9 1.4 
211mnz10-1 75.3 1.8 73 1.7 73.6 1.4 
211mnz22-1 72.2 1.5 70.7 1.4 72 1.3 
211mnz04-1 73.7 2.1 72.6 1.7 71.2 2 

217mnz16-1 81.1 2.7 66.1 1.2 63.8 1.4 
217mnz19-1 84.1 2.9 68.5 1 72.2 1 
217mnz14-1 79.8 1.4 70.65 0.78 72.58 0.59 
217mnz04-2 79.4 3.3 72.1 1.4 73.3 1.5 
217mnz21-2 75.6 1.8 69.3 0.89 73.7 1.1 
217mnz10-2 72 1.6 66.7 1.3 70.9 1.2 
217mnz27-1 72.1 1.5 67.45 0.62 69.59 0.79 
217mnz05-1 72.2 2.4 68.63 0.94 71.1 1.2 
217mnz26-1 69.4 1.6 66.1 1.2 71.2 1.2 
217mnz11-2 72.92 0.81 69.68 0.91 70.16 0.89 
217mnz21-1 70.3 1.2 66.9 1.5 69.5 1.5 
217mnz10-1 69.7 2.5 66.8 1.6 69.5 2 
217mnz24-1 75.5 2.1 72.5 1.9 73.6 2 
217mnz08-2 75 2 72 2 73.1 1.8 
217mnz02-1 74.4 1.2 71.73 0.84 75.48 0.99 
217mnz11-1 86.1 1.6 83.1 1.4 82.8 1.4 
217mnz25-1 68.6 1.7 66.5 1.6 71.6 1.9 
217mnz03-1 72.8 1.3 70.6 1.3 72.5 1.1 
217mnz19-2 70.2 1.9 68.09 0.98 70.7 1.1 
217mnz07-2 71.4 1.7 69.46 0.88 71.3 1.3 
217mnz07-1 69.5 1.3 67.7 1.2 70.2 1.2 
217mnz09-1 73.4 1.4 71.62 0.82 76.3 1.2 
217mnz20-1 70.91 0.73 69.27 0.82 72 1.1 
217mnz13-2 73.2 1.6 71.51 0.91 71.8 1.5 
217mnz08-1 72.2 2.1 70.6 1.6 72.2 1.8 
217mnz04-1 74.8 1.5 73.32 0.99 75.5 1.1 
217mnz18-1 70.4 2.3 69 1.7 69.9 1.4 
217mnz02-2 74.3 1.3 73 1.4 75.3 1.2 
217mnz06-1 70.1 1.1 69 1 71.2 1.2 
217mnz17-1 70 2 68.94 0.89 69.6 1.1 



231 

Sample 207/235 
(Ma) 

2s 
(Ma) 

206/238 
(Ma) 

2s 
(Ma) 

208/232 
(Ma) 

2s (Ma) 

217mnz12-1 70.8 1.4 70 1.3 70.5 1.2 
217mnz12-2 69.7 1.2 69.07 0.95 69.6 1.1 
217mnz13-1 72.1 1.5 71.5 1.3 72.5 1.5 
217mnz03-2 71.6 1.5 71.1 1.4 72.7 1.3 

 
      

SI088mnz02-1 81.5 5.9 65 1.7 66.2 2.4 
SI088mnz09-2 87 8.3 69.7 2.1 71.7 2 
SI088mnz09-1 78 3.8 65.9 1.9 66.9 2.6 
SI088mnz04-2 76.7 3.8 65.7 1.4 68.7 1.3 
SI088mnz11-1 72.4 2.3 67.6 2.5 66 2.2 
SI088mnz07-2 75.6 3.6 71 1.7 60.3 1.7 
SI088mnz17-1 71.6 2.1 67.5 2.1 70.1 1.9 
SI088mnz08-1 69.4 2.9 65.8 1.7 70.5 2 
SI088mnz02-2 69.7 1.6 66.9 1.2 66.7 1.1 
SI088mnz03-2 69.3 2.8 66.7 2.1 70.7 2 
SI088mnz14-1 68.4 2.1 66.3 1.5 67.5 1.1 
SI088mnz06-1 72.8 2 70.7 1.3 70.8 1.2 
SI088mnz16-1 68.2 1.7 66.4 1.3 71.4 2.1 
SI088mnz02-3 67.8 1.4 66.1 1.1 65.2 1.4 
SI088mnz15-1 67.9 3.1 66.3 2.5 67.8 2.2 
SI088mnz04-1 71.4 1.6 69.9 1.4 70.5 1.6 
SI088mnz15-2 72.4 2.3 71.1 1.6 72.5 1.5 
SI088mnz03-1 71.4 1.7 70 1.6 73 1.9 
SI088mnz10-2 70.4 1.7 69.1 1.9 68.5 1.9 
SI088mnz07-1 71.7 2.8 70.8 2.1 67.5 1.7 
SI088mnz17-2 72.7 1.8 71.8 1.5 70.4 1.7 
SI088mnz10-1 71.8 1.7 71 1.4 71.2 1.6 
SI088mnz05-2 69.8 2.6 69.1 1.8 70.5 1.8 
SI088mnz05-1 69.8 1.6 69.2 1.4 70.9 1.3 
SI088mnz13-1 72 1.2 71.7 1 72.4 1.1 
SI088mnz11-2 68.6 3.6 68.6 2.7 67.7 2.7 
SI088mnz06-2 70 2 70.3 1.7 70 1.5 
SI088mnz19-1 73.3 2.5 73.8 2.2 72.5 2 
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