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Abstract 

The Cenozoic cooling history of the Canadian Cordillera is important for understanding large-

scale processes and relative importance of smaller geologic features. Our study uses the uranium-

thorium-helium method, which provides a cooling history for upper crust (~2-6 km). Our data 

helps resolve near surface problems such as the amount and extent of overburden removed 

during the Cenozoic, the possible mechanisms to explain the loss of the thick overburden (i.e. 

tectonic, climate, erosion), and how our regional cooling history fits into the cooling histories we 

already have for the Cordillera. Using our data we estimated the amount of overburden removed 

from the Foreland Belt portion of our study, since the L. Paleocene, to be 5-9 km and did extend 

further west into the Cordillera. Using hanging wall and footwall relationships, we found that 

faulting, despite lying in the extensional regime in the current model did not control cooling. 

 



 iii 

Acknowledgements 

I would like to acknowledge my Supervisor, Dr. Bernard Guest, for giving me the opportunity to 

work on this project. I would also like to acknowledge Dr. Edward Ghent and William Mathews 

for the mentorship and advice during my thesis. Finally, I would like to acknowledge Daniel 

Stockli for allowing me to use his lab. 



 iv 

Table of Contents 

Abstract ............................................................................................................................... ii	  
Acknowledgements ............................................................................................................ iii	  
Table of Contents ............................................................................................................... iv	  
List of Figures ................................................................................................................... vii	  

CHAPTER 1: INTRODUCTION ........................................................................................9	  
1.1 Questions to be addressed ........................................................................................10	  
1.2 Regional geology .....................................................................................................12	  
1.3 Previous thermochronological work ........................................................................15	  

Southern Foreland Belt .............................................................................................15	  
Southern Omineca Belt .............................................................................................15	  
Southern Intermontane Belt ......................................................................................17	  

CHAPTER 2: LOCAL GEOLOGY ...................................................................................18	  
2.1 Whistlers Mountain ..................................................................................................18	  
2.2 Ptarmigan Mountain ................................................................................................19	  
2.3 Raft Mountain ..........................................................................................................22	  
2.4 Nicola Horst .............................................................................................................22	  

CHAPTER 3: METHODS .................................................................................................30	  
3.1 Sampling methods ....................................................................................................30	  
3.2 Mineral separation methods .....................................................................................31	  
3.4 Grain selection .........................................................................................................32	  
3.5 The uranium-thorium-helium method .....................................................................33	  
3.6 Lab analysis .............................................................................................................36	  
3.7 Alpha ejection correction (FT) .................................................................................37	  

CHAPTER 4: RESULTS ...................................................................................................39	  
4.1	   Whistlers Mountain ................................................................................................40	  

NM1-37-01 ...............................................................................................................40	  
NM1-37-02 ...............................................................................................................41	  
NM1-37-03 ...............................................................................................................41	  
NM1-37-04 ...............................................................................................................42	  
NM1-38-05 ...............................................................................................................43	  
NM1-39-06 ...............................................................................................................43	  
NM1-39-07 ...............................................................................................................44	  
NM1-39-08 ...............................................................................................................45	  
Interpretation of Whistlers Mountain .......................................................................45	  

4.2 Ptarmigan Mountain ................................................................................................48	  
AH47-1 .....................................................................................................................48	  
AH48-1 .....................................................................................................................48	  
AH48-2 .....................................................................................................................49	  
AH49-3 .....................................................................................................................49	  
AH49-1 .....................................................................................................................50	  



 v 

AH49-2 .....................................................................................................................50	  
Interpretation of Ptarmigan Mountain ......................................................................51	  

4.3 Raft Mountain ..........................................................................................................53	  
DB-1-1-1 ...................................................................................................................53	  
DB-1-1-2 ...................................................................................................................53	  
DB-1-4-1 ...................................................................................................................54	  
DB-1-3-1 ...................................................................................................................54	  
Interpretation of Raft Mountain ................................................................................55	  
DB-1-5-1 ...................................................................................................................55	  
DB-1-5-2 ...................................................................................................................56	  
DB-1-6-1 ...................................................................................................................56	  
DB-1-15-1 .................................................................................................................58	  
DB-1-13-1 .................................................................................................................58	  
DB-1-7-2 ...................................................................................................................58	  
DB-1-8-1 ...................................................................................................................59	  
DB-1-9-1 ...................................................................................................................59	  
DB-1-10-1 .................................................................................................................60	  
DB-1-11-1 .................................................................................................................60	  
DB-1-10-2 .................................................................................................................60	  
DB-1-12-1 .................................................................................................................61	  
DB-1-12-2 .................................................................................................................61	  
Interpretation of Nicola Horst ..................................................................................61	  

CHAPTER 5: DISCUSSION .............................................................................................63	  
5.1 Diffusion Effects ......................................................................................................66	  
5.2 Cenozoic Overburden ..............................................................................................69	  
5.3 Spatial Distribution of Overburden ..........................................................................70	  
5.4 Core Complex Formation ........................................................................................71	  
5.5 Mechanisms of Removal .........................................................................................71	  

CHAPTER 6: CONCLUSIONS ........................................................................................75	  

CHAPTER 7: FUTURE WORK .......................................................................................77	  

REFERENCES ..................................................................................................................78	  

APPENDIX A	    ................................................................................................................85	  

APPENDIX B ....................................................................................................................94	  
The effect on grain damage from using a disc-mill during a mineral separation. ...........94	  

Abstract .........................................................................................................................94	  
Introduction ...................................................................................................................95	  
Methods .........................................................................................................................97	  

Step one: rock saw ....................................................................................................97	  
Step two: jaw crusher ...............................................................................................97	  
Step two (a): sieving .................................................................................................98	  
Step three: disc-mill ..................................................................................................98	  



 vi 

Step four: Water table ...............................................................................................99	  
Step five: Hand magnet ............................................................................................99	  
Step six: Frantz™ magnetic separator ....................................................................100	  
Step six: Heavy liquid separation ...........................................................................100	  
Step seven: microscope analysis ............................................................................101	  

Results ..........................................................................................................................102	  
Sample IA ...............................................................................................................102	  
Sample IB ...............................................................................................................102	  
Sample SA ..............................................................................................................102	  
Sample SB ..............................................................................................................103	  

Discussion ....................................................................................................................103	  
Broken grains ..........................................................................................................103	  
Aspect ratios ...........................................................................................................104	  
Aggregates ..............................................................................................................105	  
Zircon recovery ......................................................................................................105	  
Sieving before disc-milling ....................................................................................106	  
Application .............................................................................................................106	  

Conclusion ...................................................................................................................107	  
References ....................................................................................................................108	  

 



 vii 

List of Figures 

Figure 1: The Canadian Cordillera is located along the western margin of Canada. The 
Canadian Cordillera is divided into five morphological belts: the Foreland Belt, the 
Omineca Belt, the Intermontane Belt, the Coast Belt, and the Insular Belt. The circular 
dots are the locations of the sample locations for this study. Image is modified from 
Monger and Price (2002). ..................................................................................................... 14	  

Figure 2: Local geologic map of the Whistlers Mountain area. Whistlers Mountain in near 
Jasper Alberta in the Foreland Belt of the Canadian Cordillera. Samples are shown by 
the Triangles. Named faults in the map: Snaring, Monarch, and Simpson Pass are all 
thrust faults. ........................................................................................................................... 20	  

Figure 3: Local geologic map of the Ptarmigan Mountain area (shown on next page). 
Ptarmigan Mountain is Near Blue River, BC in the Omineca Belt. Samples are shown 
by the triangles. The named fault in the map: Adams-North Thompson Fault is a small 
segment of the larger Eocene Okanogan Valley extensional fault system. .......................... 23	  

Figure 4: Local geologic map of the Raft Mountain area (shown on next page). Raft 
Mountain is Near Clearwater, BC in the Omineca Belt. Samples are shown by the 
triangles. The faults in the map are part of the larger Eocene Okanogan Valley 
extensional fault system. ....................................................................................................... 26	  

Figure 5: Local geologic map of the Nicola Horst area. Nicola Horst is Near Kamloops, BC 
in the Intermontane Belt. Samples are shown by the triangles. The named fault in the 
map: Clapperton and Cherry Creek are Eocene aged extensional faults. ............................. 28	  

Figure 6: The effect of stopping distances. Depending on the position of the parent element, 
the daughter product has the possibility to be instantly ejected from the host mineral. 
Image modified from Farley, 2002. ...................................................................................... 38	  

Figure 7: Results of the aHe (black) and zHe (red) cooling ages from Whistlers Mountain. On 
the left are the raw plots for the cooling ages (Error 1σ, analytical only). On the right 
are the averaged cooling age for each sample disregarding the ages that are considered 
anomalous for reasons discussed in the corresponding section (error calculated by root 
mean square). ........................................................................................................................ 47	  

Figure 8: Results of the aHe (black) and zHe (red) cooling ages from Ptarmigan Mountain. 
On the left are the raw plots for the cooling ages (Error 1σ, analytical only). On the 
right are the averaged cooling age for each sample disregarding the ages that are 
considered anomalous for reasons discussed in the corresponding section (error 
calculated by root mean square). .......................................................................................... 52	  

Figure 9: Results of the aHe (black) and zHe (red) cooling ages from Raft Mountain. On the 
left are the raw plots for the cooling ages (Error 1σ, analytical only). On the right are 
the averaged cooling age for each sample disregarding the ages that are considered 



 viii 

anomalous for reasons discussed in the corresponding section  (error calculated by root 
mean square). ........................................................................................................................ 57	  

Figure 10: Results of the aHe (black) and zHe (red) cooling ages from Nicola Horst. On the 
left are the raw plots for the cooling ages (Error 1σ, analytical only). On the right are 
the averaged cooling age for each sample disregarding the ages that are considered 
anomalous for reasons discussed in the corresponding section (error calculated by root 
mean square). ........................................................................................................................ 62	  

Figure 11: A comparison for all of the aHe cooling ages from all four locations. The red 
column is added to illustrate the period between 35-45 Ma, which is hypothesised as a 
period of rapid cooling in the Cordillera (error calculated by root mean square). ............... 64	  

Figure 12: A comparison for all of the zHe cooling ages from all four locations. The red 
column is added to illustrate the period between 35-45 Ma, which is hypothesised as a 
period of rapid cooling in the Cordillera. The ages have more spread in some of the 
locations (discussed above). The Whistlers Mountain samples show an older cooling 
trend, possibly from an earlier cooling event (error calculated by root mean square). ........ 65	  

Figure 13: a plot of zHe cooling age and the effective uranium content for our samples. This 
is done to test whether excess uranium explains the spread in the ages seen in our zHe 
cooling ages. From the graph, as effective uranium increases, the ages of the grain 
seems to increase. .................................................................................................................. 67	  

Figure 14: a plot of zHe cooling age and grain radius for our samples. This is done to test 
whether grain size variations explains the spread in the ages seen in our zHe cooling 
ages. From the plot, as grain size increases, the cooling age appears to increase. ............... 68	  

Figure 15: Temperature time evolution of the Omineca domes from Gordon et al, 2008, 
demonstrating the similarity in timing of tectonic events along the Belt. Samples from 
this study are added to show that the cooling ages lie within the larger trends observed 
in the Omineca Belt. Image modified without permission. .................................................. 73	  

Figure 16: Zircon cooling ages shown on a topographic cross section of the Nicola Horst. 
Image illustrates that there is little difference between the cooling ages in the hanging 
walls and footwall of the horst. This possibly represents that the faults are not 
responsible for the observed cooling ages. ........................................................................... 74	  



 9 

CHAPTER 1: INTRODUCTION 

The Cenozoic thermal evolution of the Canadian Cordillera (from here on referred 

to as the Cordillera) is tied to the large-scale tectonic and mountain forming processes 

that generated the present day geology and topography. The low temperature 

thermochronology data presented in this thesis provide the first orogen-scale thermal 

history dataset for the Cenozoic evolution of the Cordillera, and therefore provide first 

order constraints on the development of this cordillera. These data also serve to provide 

local constraints on the evolution of the structures (i.e. extensional faults and core 

complexes) that formed the Cordillera. 

The Cenozoic Era saw the Cordillera transition from a compressional to an 

extensional regime, and eventually into its post orogenic phase. Prior to the Paleocene the 

Cordillera was undergoing a combination of thick-skinned (west of the Rocky Mountain 

Trench (RMT)) and thin-skinned (East of the RMT) contractional deformation. This was 

driven by the collision between North American continental crust and the allochthonous 

terrains to the west of the RMT (Simony and Carr, 2011; Hildebrand, 2009).  During the 

Paleocene and Eocene the Cordillera transitioned from collisional deformation to 

extensional deformation, dominated by gravitational collapse, extension, and erosion 

(Osborn et al, 2006; Monger and Price, 2003; Cook et al, 1997). Lastly, the Cordillera 

transitioned into a post orogenic phase dominated by erosion and isostatic rebound 

(Osborn et al, 2006). The onset of the final, post-orogenic phase is poorly constrained, 

and will be discussed in detail below.  

The thermal history data for the Cordillera are limited in spatial distribution and 

to higher temperature ranges. Most Canadian Cordilleran thermal history studies are 
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focused on the Southern Omineca Belt, and specifically address the higher temperature 

(>200°C) evolution of individual extensional faults and core complexes (Sweetkind and 

Duncan, 1988; Sevigny et al., 1990; Ghent and Villeneuve, 2006; Lorencak et al., 2001; 

Gordon et al, 2008; Carr et al., 1987; Vanderhaeghe et al., 2003). Outside of the Omineca 

Belt, the few studies that exist are local in extent and focused on individual structures or 

areas (e.g. McDonough et al., 1995; Riddell, 2010). Our aim is to present new first order 

low temperature thermal history data, that span the Foreland, Omineca, and Intermontane 

belts, to begin to resolve the large-scale processes that control uplift and erosion across 

the Cordillera.  

1.1 Questions to be addressed 

Questions still remain regarding the Cenozoic thermal history of the Cordillera. 

Osborn et al. (2006) estimated of the amount of overburden removed since early 

Cenozoic (8-10 km). Is this accurate? What was the spatial distribution of the 

overburden? Meaning, did the overburden proposed by Osborn et al. (2006) in the 

Foreland Belt continue west from the Foreland Belt into the Cordillera? What are the 

possible mechanisms to explain the removal of the overburden (i.e. tectonic denudation, 

climate, or erosion)? Finally, are the cooling ages from the Cordilleran core complexes 

consistent with cooling ages in the adjacent belts, and what are the implications of the 

data to the Cenozoic evolution of these belts?  

Are the estimates of the amount of overburden removed since early Cenozoic 

accurate? Osborn et al. (2006) used thermal data from McDonough et al. (1995) and 

Osadetz et al. (2003) with palenspastic restorations at the Jasper level to estimate the 

amount of overburden (8-10 km) that was removed from the Foothills, Front Ranges, and 
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Western Ranges since the Paleocene. Osborn et al. (2006) estimate of 8-10 km of 

overburden at the beginning of the Paleocene will be tested with new estimates, using an 

independent dataset.  

What was the spatial distribution of the Cenozoic overburden, i.e., did the 

overburden proposed by Osborn et al. (2006) in the Foreland Belt extend farther west into 

the Omineca and Intermontane during he same time? By adding to the spatial extent of 

the existing low temperature thermochronology datasets, we can start to test for the extent 

and thickness of the overburden covering the present day erosion surface.  

Cooling ages also address the possible mechanisms (i.e. local tectonic denudation 

or regional erosion) for the removal of the cover in the Foreland and Omineca Belts. 

Osborn et al. (2006) suggests that erosion is responsible for the removal of the 

sedimentary succession from the Foreland Belt. Authors in the Omineca Belt (Sweetkind 

and Duncan, 1989; Sevigny et al., 1990; Ghent and Villeneuve, 2006; Lorencak et al., 

2001) suggest that in the Paleocene and Eocene tectonic denudation is the main 

mechanism for the removal of overburden from the metamorphic core complexes (Parrish 

et al., 1988).  

Using cooling ages we can distinguish between the different mechanisms of 

exhumation. Using a normal fault as an example, a younger to older cooling gradient in 

cooling ages from footwall to hanging wall suggests that exhumation was controlled by 

the fault. Prior to fault activation the footwall and hanging wall display similar cooling 

ages. After fault activation the hanging wall is displaced down, leaving the footwall at a 

higher elevation. After some time the footwall erodes down to expose structurally lower 

rocks that will have younger cooling ages. Where the footwall and hanging wall display 
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similar ages it indicates that exhumation was not fault controlled and that a ‘uniform’ top 

down erosional process dominated. 

On a larger scale, if we compare the cooling ages from the adjacent 

morphological belts to the Omineca Belt (Foreland Belt to the east and Intermontane to 

the west), we can evaluate the relative importance of the different exhumation 

mechanisms. During the Cenozoic, the Southern Omineca Belt underwent exhumation 

that exposed middle and lower crustal rocks at the surface. This exhumation is attributed 

to tectonic denudation. However, the timing and extent of erosional denudation in the 

Ominica Belt remains poorly understood. In the Foreland Belt Cenozoic exhumation is 

attributed entirely to erosion because of the absence of major extensional structures. If we 

compare cooling profiles from the Foreland Belt and Intermontane Belt, with the 

Omineca Belt, we can evaluate the relative importance of tectonic exhumation and 

erosion during the Cenozoic. 

1.2 Regional geology 

The Canadian Cordillera is part of the North American Cordillera, which extends 

from Alaska to Mexico along the western margin of North America. It is divided into five 

morphological belts: the Foreland, the Omineca, the Intermontane, the Coast, and the 

Insular Belts (Figure 1). The easternmost belt (Foreland) is a fold and thrust belt 

consisting of imbricated and folded Proterozoic to Mesozoic passive margin strata and 

Mesozoic and Paleogene foreland basin strata (Monger and Price, 2002). The Omineca 

Belt consists of folded and thrusted Proterozoic to Mesozoic volcanic, intrusive, and 

high-grade metamorphic rocks that were overprinted by large-scale extension during the 

early Cenozoic (Monger and Price, 2002). The Intermontane Belt is composed of 
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Devonian to Early Jurassic sedimentary and volcanic rocks, formed in island arcs and 

chert-rich accretionary complexes, all of which were accreted to North America during 

the Mesozoic (Monger and Price, 2002). These accreted terrains are overprinted by early 

Cenozoic extension and partially buried by Cenozoic volcanic rocks (Monger and Price, 

2002). The Coast Belt consists of Jurassic through Cenozoic intrusive and metamorphic 

rocks that were involved in Mesozoic contraction and early Cenozoic extension (Monger 

and Price, 2002). The Insular Belt (western most) is composed of little metamorphosed 

volcanic, sedimentary, and intrusive rocks, emplaced during the late Mesozoic and 

overprinted by Cenozoic strike slip deformation (Monger and Price, 2002).  
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Figure 1: The Canadian Cordillera is located along the western margin of Canada. 
The Canadian Cordillera is divided into five morphological belts: the Foreland Belt, 
the Omineca Belt, the Intermontane Belt, the Coast Belt, and the Insular Belt. The 
circular dots are the locations of the sample locations for this study. Image is 
modified from Monger and Price (2002). 
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1.3 Previous thermochronological work 

A significant amount of thermochronological data exists for the Cordillera. Here 

we review a representative subset of the uranium-thorium-helium ((U-Th)/He), fission 

track (FT), argon-argon (40Ar/39Ar ) and potassium-argon (K-Ar) data from the southern 

Foreland, Omineca, and Intermontane Belts.  

Southern Foreland Belt 

Limited thermochronological data exists for the Southern Foreland Belt. Larson et 

al (2006) used muscovite 40Ar/39Ar to constrain the emplacement ages of the Mt. Haley 

(108.2±0.7 Ma) and Lussier (108±0.6 Ma) stocks, which cut the east flank of the Purcell 

anticlinorium and west limb of the Porcupine Creek anticlinorial fan structure. 

McDonough et al. (1995) produced apatite FT and potassium feldspar 40Ar/39Ar cooling 

ages for a transect from Hinton, AB to the Valemount, BC area.  They concluded that the 

area underwent slow cooling, probably due to erosional exhumation. Osadetz et al. 

(2003) studied the Lewis thrust in the footwall of the Flathead normal fault using apatite 

FT. These authors concluded that rapid motion on the Lewis thrust occurred around 75 

Ma. Feinstein et al. (2007) presented zircon FT and vitrinite reflectance data along the 

same transect as Osadetz et al. (2004), and estimated that 12 km of overburden was 

removed since ~75 Ma. 

Southern Omineca Belt 

Within the southern Omineca Belt, numerous thermal evolution studies exist for 

the intrusions and core complexes of the region. Gordon et al. (2008) studied the 

exhumation of the Valhalla complex using uranium-thorium-lead (U-Th-Pb) zircon and 

monazite geochronology with hornblende, biotite, and muscovite 40Ar/39Ar 
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thermochronology. The authors concluded that the Valhalla complex has undergone a 

two stage cooling history. The first was a Cretaceous to Paleocene cooling event, related 

to contractional tectonics, and the second was an Eocene to Oligocene cooling event, 

related to extensional tectonics. The two stage cooling seen in the Valhalla complex is 

also observed in the Frenchman Cap and Thor-Odin domes by authors using: hornblende 

K-Ar, mucovite 40Ar/39Ar  (Carr et al., 1987); titanite uranium-lead (U-Pb), muscovite 

rubidium-strontium (Rb-Sr), and apatite and zircon FT (Parrish, 1995); 40Ar/39Ar 

hornblende, muscovite, and biotite (Vanderhaeghe et al.,2003); and apatite  and zircon FT 

ages (Lorencak et al., 2001). Lorenak et al. (2001) studying two transects through the 

Shuswap MCC, one along highway 16 and the other crossing the Thor-Odin dome, 

concluded that the area underwent relatively uniform cooling until ~45 Ma. Sweetkind 

and Duncan (1988) used apatite and zircon FT ages along vertical transects from the 

Nelson Batholith. These authors found that a rapid cooling event occurred from 59 to 45 

Ma and that some 6 km of apparent uplift has occurred since Paleocene time. The rapid 

cooling event is interpreted as being related to Eocene extension and the rise of the 

adjacent Valhalla complex. Ghent and Villeneuve (2006) published biotite and muscovite 

40Ar/39Ar  cooling ages from the Selkirk-Monashee-Cariboo MCC. The cooling ages are 

between 57-54 Ma for both muscovite and biotite. Due to the limited spread in the biotite 

and muscovite cooling ages, the authors interpreted rapid cooling from 250-350 °C 

during that time. Earlier work in the Northern Monashee Mountains by Sevigny et al 

(1990) produced cooling ages for hornblende, muscovite, and biotite K-Ar and apatite FT 

cooling ages of 76 Ma, 51 Ma, 55 Ma, and 45 Ma respectively. The authors suggest that 
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accelerated cooling occurred in response to ramping along a crustal scale thrust fault, and 

was followed by exhumation on the, middle Eocene, North Thompson normal fault.  

Southern Intermontane Belt  

Only minimal data exist for the southern Intermontane Belt. Riddell (2010) 

published apatite FT ages for the Nechako Basin. These cooling ages are from surface 

and wellbore samples. The majority of the cooling ages fall between 25-60 Ma with some 

ages from 75-125 Ma. The author suggests that the older cooling ages represent 

compression in the Nechako Basin, while the younger cooling ages represent heating in 

the basin from volcanism caused by transtension. 

Ghosh (2003) presented biotite 40Ar/39Ar ages for the Nicola Horst, within the 

Quesnellia terrane. The cooling ages are 50 Ma from the northern and western part of 

Nicola Horst, 56 Ma in the eastern part of Nicola Horst, and 64 Ma from the southern 

part of the Nicola Horst. From the ages the author suggests that the uplift of the Nicola 

Horst was not uniform and that the northern part reached the surface sooner than the 

south, and the western part sooner than the eastern part. 
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CHAPTER 2: LOCAL GEOLOGY 

Four sample locations were selected for this study: Whistlers Mountain, near Jasper, AB; 

Ptarmigan Mountain, near Blue River, BC; Raft Mountain, near Clearwater, BC; and in 

the Nicola Horst, near Kamloops, BC. The sample locations follow a transect through the 

Foreland Belt (Whistlers), Omineca Belt (Ptarmigan and Raft), and the Intermontane 

(Nicola Horst) (General locations are shown in Figure 1and the map insets of Figure 2 

through to Figure 5). The GPS locations for the sample sites are reported in Appendix A 

and show in Figure 2 to Figure 5. 

2.1 Whistlers Mountain 

Whistlers Mountain is located approximately 4 km SW of Jasper, Alberta in the Foreland 

Belt. It is composed of Miette Group strata (Figure 2). The Miette Group rocks are 

interpreted as Neoproterozoic rift sediments that were deposited in either a back arc-

spreading environment or in a continental margin rift (Bond et al., 1985). In the Jasper 

area the Miette Group is composed of mature sandstones with quartz and rare lithic and 

feldspar clasts, some cement, and no matrix (Mountjoy and Price, 1985). The Miette 

Group is overlain by the Lower Cambrian Gog group, which is in turn overlain by Middle 

Cambrian carbonates.  

The rocks exposed at Whistlers Mountain are in the hanging wall of the Early 

Cretaceous Monarch Thrust (Simony and Carr, 2011), which juxtaposes lower Middle 

Miette Group and Lower Miette Group hanging wall strata with upper Middle Miette 

footwall strata. The Monarch thrust is a major fault that extends from a fault splay north 

of the Yellowhead Highway to the point in the south where it connects with the Snaring 
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Thrust Fault. In the subsurface, the Monarch Thrust fault connects to the Snaring Thrust 

fault and then to the Ptarmigan basal décollement (Simony and Carr, 2011).  

Samples locations are shown by black triangles in Figure 2 and GPS locations are 

reported in Appendix A. 

2.2 Ptarmigan Mountain 

Ptarmigan Mountain is located approximately 1 km SW of Blue River, British 

Columbia. Ptarmigan Mountain is partly made up of the Shuswap-Highland complex and 

the Blue River Pluton in the Omineca Belt (Figure 3). The Shuswap-highland complex is 

composed of Proterozoic and Paleozoic well-foliated granitic gneiss, quartz-feldspar 

biotite gneiss, quartz-feldspar hornblende gneiss, amphibolite, minor quartz-mica schist, 

quartzite, local pegmatite, muscovite granite, and biotite granodiorite (Campbell, 1963; 

Murphy, 2007). The Blue River Pluton is a Late Cretaceous (88±6 Ma, Murphy, 1990) 

weakly foliated muscovite-biotite-granite.  The Blue River Pluton is cut by the Eocene 

Okanogan Valley normal fault, which extends along Highway 5 from the north (Wheeler 

and McFeely, 1991). At about the level of the Blue River Pluton, the Okanogan Valley 

fault steps to the southeast across the Shuswap Lake transfer zone (Wheeler and 

McFeely, 1991). 

Samples locations are shown by black triangles in Figure 3 and GPS locations are 

reported in Appendix A. 
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Figure 2: Local geologic map of the Whistlers Mountain area. Whistlers Mountain 
in near Jasper Alberta in the Foreland Belt of the Canadian Cordillera. Samples are 
shown by the Triangles. Named faults in the map: Snaring, Monarch, and Simpson 
Pass are all thrust faults. 
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2.3 Raft Mountain 

Raft Mountain is part of the larger Raft Batholith located approximately 9 kilometers NE 

of Clearwater, British Columbia. (Figure 4). The batholith is an elongate granitic pluton 

of Jurassic age (168 +14/-12 Ma, Calderwood et al., 1990) that extends for about 70 

kilometres in a west-northwest direction, and cuts across the boundaries between 

Kootenay, Slide Mountain (Omineca) and Quesnel (Intermontane) terranes (Wheeler et 

al, 1991). The batholith is in the hanging wall of the Okanogan Valley extensional fault, 

an Eocene aged extensional fault that roughly follows Highway 5.  The fault juxtaposes 

Kootenay pericratonic terrane against the rocks of the Shuswap metamorphic complex. 

The batholith is composed of biotite granodiorites, granites, and local pegmatites 

(Campbell, 1964).  

Samples locations are shown by black triangles in Figure 4 and GPS locations are 

reported in Appendix A. 

2.4 Nicola Horst 

The Nicola Horst is located approximately 40 kilometers SW of Kamloops, 

British Columbia in the Quesnellia Terrane, in the southern part of Intermontane Belt 

Figure 5. The Quesnellia Terrane consists of L. Devonian to Permain clastics, and 

Triassic to Jurassic mafic to felsic arc related volcanic rocks (Price and Monger, 2003). 

The volcanic rocks are interpreted to be related to a volcanic arc that formed off the 

North American margin. The arc existed until the Early to Middle Jurassic when it was 

accreted to the North American margin. In the Paleocene and Eocene extension led to the 

development of the Nicola Horst, a footwall complex of Triassic volcaniclastic and 

intrusive Paleocence tonalites (Moore, 2000). The Nicola Horst is bound along its eastern  
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Figure 3: Local geologic map of the Ptarmigan Mountain area (shown on next page). 
Ptarmigan Mountain is Near Blue River, BC in the Omineca Belt. Samples are 
shown by the triangles. The named fault in the map: Adams-North Thompson Fault 
is a small segment of the larger Eocene Okanogan Valley extensional fault system. 
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and western margins by the steep post-Paleocene Clapperton (west) and Cherry Creek 

(east) faults. These faults juxtapose undeformed, low grade metamorphic rocks in the 

hanging walls and deformed medium grade metamorphic rocks within the Horst.  

Samples locations are shown by black triangles in Figure 5 and GPS locations are 

reported in Appendix A. 
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Figure 4: Local geologic map of the Raft Mountain area (shown on next page). Raft 
Mountain is Near Clearwater, BC in the Omineca Belt. Samples are shown by the 
triangles. The faults in the map are part of the larger Eocene Okanogan Valley 
extensional fault system. 
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Figure 5: Local geologic map of the Nicola Horst area. Nicola Horst is Near 
Kamloops, BC in the Intermontane Belt. Samples are shown by the triangles. The 
named fault in the map: Clapperton and Cherry Creek are Eocene aged extensional 
faults.  
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CHAPTER 3: METHODS 

Samples were collected from Whistlers Mountain, near Jasper, AB; Ptarmigan 

Mountain, near Blue River, BC; Raft Mountain, near Clearwater, BC; and in the Nicola 

Horst, near Kamloops, BC, during multiple field seasons. The samples from Whistlers 

Mountain were collected and processed during 2011 by Naomi Miles. The samples from 

Ptarmigan Mountain were collected and processed by Andrew Halverson in 2010. David 

Bacque collected and processed samples from Raft Mountain and the Nicola Horst in 

2010 and 2011. 

 Mineral separations followed standard methods (i.e. Vinson, 2004; Pullen et al., 

2011; Simpson et al., 2012; and Garver, 2004) including, jaw crushing, disc-milling, 

water tabling, magnetic separation, and heavy liquids at the University of Calgary. 

Mineral selection was done at the University of Calgary and the University of Texas – 

Austin. All (U-Th)/He analysis was completed at the University of Texas –Austin. 

3.1 Sampling methods 

Samples were collected along vertical and horizontal transects. Samples from 

Whistlers Mountain, Ptarmigan Mountain, Raft Mountain, and the Nicola Horst were 

collected along well exposed, easily accessible vertical transects at 200 to 300 meter 

vertical intervals. An additional horizontal transect was collected through the middle of 

the Nicola Horst approximately every 3 km. Each sample size was selected based on the 

estimated recovery of zircon and apatite (i.e. silicate rich rocks tend to have more zircon 

and apatite and therefore require smaller samples). Vertical, or near vertical, transects are 

used for determining how a section of crust cooled through time. Large time gaps 

between cooling ages suggests slow cooling and little activity in the upper crust, while 
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small time gaps suggest rapid cooling, which can be tectonic related. An example of this 

is, two samples are collected at 200 m and 400 m and have cooling ages of 45 Ma and 50 

Ma. This suggests that it took 5 Ma from the time the 400 m sample reached its closure 

temperature, to the time the 200 m sample reached its closure temperature. Alternatively, 

if the 200 m and 400 m samples have cooling ages of 45 Ma and 46 Ma, respectively, this 

suggests it only took 1 Ma. In the second scenario, the shorter time between samples 

suggests higher uplift rates, compared to the first scenario, and possibly tectonically 

related.    

3.2 Mineral separation methods 

Mineral separation processes follows standard procedures (mentioned above). The 

samples were crushed using the jaw crusher, then disk milled at 330 µm. The samples 

were separated into heavy and light components using the Wilfey (water) table. Once the 

heavier components were separated from the sample, the Franz magnetic separator 

removed magnetic grains from the non-magnetic grains of the sample. The remaining 

non-magnetic fraction was divided using heavy liquids. First, lithium sodium tungstate 

(LST) removed lighter minerals (i.e. quartz) from the minerals of interest (apatite and 

zircon). Second, the heavy fraction from LST was mixed with methylene iodide (MI) to 

separate apatite (float) from zircon (sink).  

Appendix B includes more detail for the mineral separation process, briefly 

described in the previous paragraph. The study in Appendix B is part of a study 

conducted to test whether the disc-mill, a step in mineral separations, is causing large 

number of grains to break during processing. Since broken grains are not favourable for 

U-Th/He studies (Farley et al, 1996), a test was designed and carried out. 
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3.4 Grain selection 

The grains are selected for size, continuity, and lack of inclusions. Picking is done 

based on diameter to minimize the effects it has on closure temperature (discussed later).  

In order to account for the effect of alpha ejection, a correction must be applied 

for the whole mineral. When the mineral is broken due to natural or separation processes 

(Appendix B), the original grain size must be estimated from aspect ratios. Since 

estimating based on aspect ratios adds to the uncertainty, it is better to choose grains that 

are unbroken.  

When picking, the grains must be inclusion free. Inclusions are any materials that 

become trapped in the mineral during its formation. These inclusions have the potential to 

add additional radioactive elements (i.e. U and Th). The result of an inclusion with 

radioactive elements leads to anomalously high ages. 

Apatite and zircons are selected under a picking microscope at the University of 

Calgary and University of Texas-Austin. When possible the grains are first analyzed for 

euhedral, unbroken, morphology, a diameter between 70-100 µm, and clear appearance. 

The clear appearance often represents minerals that are not metamict. The selected grains 

are then analyzed under a petrographic microscope to inspect for inclusions. Looking at 

the grains in cross-polarized light inspects for inclusions and ensures the grain have 

uniform extinction and no bright spots. The final grains are selected, and packed into 

platinum capsules that are pinched at each end. The platinum capsules are necessary for 

handling and laser coupling during helium extraction (discussed later).  
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3.5 The uranium-thorium-helium method 

During the middle of the 20th century many geochronologists used a variety of 

techniques to achieve new absolute or relative ages from rock samples. Many of the ages 

that the workers achieved were often too young to be considered the age of the rock 

formation. During this time the workers recognized that they might be dating a process 

instead of the absolute age of the formation.  The workers suspected that the effects of 

thermal resetting, diffusion, and radiation damage may be affecting the ages but didn’t 

pursue them further. Early work by Hurley (1954) on the retention of helium in various 

minerals paved the way for the uranium-thorium-helium (U-Th)/He technique, however it 

was abandoned until the late 1980’s. 

In the late 1980’s a paper by Zeitler (1987) acknowledged the potential benefits of 

using the apatite (U-Th)/He method for a variety of tectonic processes. In the middle of 

the 1990’s the application of various minerals to tectonic processes became more routine 

with the reoccurring success of work done by Farley et al. 1996, Wolf et al. 1996, 1998, 

House et al. 2000.  

The (U-Th)/He method relies on the alpha decay of parent nuclides uranium and 

thorium.  An alpha decay is a form of radioactive decay where the parent nucleus emits 

two protons and two neutrons and transforms by an atomic mass of 4. In the case of 238U 

it transforms to 234Th, plus 4He. Because He is a noble gas it has little tendency to 

chemically react with the host mineral. When helium is ejected into the host mineral it 

either becomes trapped in the interstitial spaces or vacancies of the grain, or the helium 

atom diffuses out of the host mineral.  
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When a helium atom is in the interstitial space of the host mineral, it will remain 

there unless the atom overcomes the energy required to ‘jump’ to the next space. The 

energy required to move is called the activation energy. The surrounding temperature 

provides the energy supplied for the system. When the temperature is high enough to 

overcome the activation energy, the helium atom will ‘jump’ between spaces and diffuse 

out of the grain at a rapid rate. When the temperature is too low, the helium atom does 

not have enough energy to ‘jump’ and effectively begins to accumulate in the host 

mineral (since daughter production will be greater than diffusion). However, the 

temperature required for activation energy is not to be confused with closure temperature.  

Closure temperature is the temperature at which the system has cooled so that 

there is no longer any measurable diffusion of the daughter product into the surrounding 

environment. While activation energy is the energy required to initiate diffusion, closure 

temperature takes into account such factors as cooling rate and grain size. The closure 

temperature is calculated using the Dodson equation (Dodson 1973): 

𝑇! =   
𝑅

𝐸 ln 𝐴  𝜏  𝐷!
𝑎!

 

Where R is the gas constant, E is the activation energy, τ is the time constant with which 

the diffusion coefficient D diminishes, 𝑎 is a characteristic diffusion size, and A is a 

numerical constant depending on geometry and decay constant of parent (55, 27, or 8.7 

for a sphere, cylinder, or plane respectively. Dodson, 1973). The time constant τ is 

related to cooling rates by: 

𝜏 =   
−  𝑅𝑇!

𝐸  𝑑𝑇/𝑑𝑡 
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In practice, grain sizes are chosen within a specific range (70 µm – 100 µm in this study) 

and cooling rates are fixed (10 °C/Ma) and assumed constant through time. A grain size 

change from 50 µm -150 µm, in the minimum dimension, increases closure temperature 

by 10 °C and as a result older cooling ages (Farley, 2002).  Similarly, a cooling rate 

increase of 5 °C/Ma to 15 °C/Ma increases the closure temperature from 65 °C to 75 °C 

respectively, again producing older cooling ages (Farley, 2002). 

Most applications of the (U-Th)/He method (i.e. timing on faults, onset of 

exhumation, and erosion rates) require that a grain was buried sufficiently to diffuse all of 

the helium and "reset" the age. The term reset simply means that the host mineral reached 

sufficient temperature to create diffusion rates that are far greater than helium production 

and effectively diffuse out all of the helium. This is beneficial because once the host 

mineral falls below the closure temperature via faulting, erosion, etc. it begins 

accumulating helium in the host mineral. From this we are able to date specific processes 

opposed to the absolute age of the grain, which would result from a un-reset host mineral.   

Our study is interested in the closure temperatures of apatite and zircon U-Th/He. 

Farley (2000) reported the range of closure temperatures for apatite U-Th/He as 55-80 

°C, which depends on cooling rates and crystal size (discussed above). Similarly, Reniers 

(2004) reported the closure temperature for zircon as 160-200 °C, again depending on 

cooling rates and crystal size. Farley (2000) also states that there is no obvious effect on 

closure temperature with apatite chemistry.  

An example of the application of the U-Th/He process is as follows. If the surface 

temperature is 25 °C and the geothermal gradient increase linearly at a rate of 25 °C/km, 

a 60 Ma apatite single grain age suggests that at 60 Ma the apatite grain fell below its 
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closure temperature (~70 °C) and began accumulating helium. Similarly, a zircon single 

grain age of 100 Ma suggests that at 100 Ma the zircon grain fell below its closure 

temperature (~180 °C) and began accumulating helium. 

3.6 Lab analysis 

Helium extraction and analysis was conducted at the University of Texas-Austin 

with an ultra-high vacuum noble gas extraction and purification line. Individually 

platinum packed single minerals are placed into a copper planchet. The planchet contains 

44 individual pits, of which 42 apatite or zircon minerals are placed with 2 standards to 

ensure accuracy. The planchet is sealed and the vacuum pumps the lines down. After this 

process a laser is fixed to each platinum capsule to heat and liberate helium trapped 

inside the grain. The helium liberated from the grain is mixed with He of a known 

4He/3He ratio for increased detection of helium from the heated grains. The liberated 

helium is then sent to a Janis cryogenic trap that is capable of separating helium from 

other gases with variable temperature settings down to 16-37 K. The helium is then sent 

to a Blazers Prisma QMS-200 quadrupole mass spectrometer for measuring 3He/4He 

isotopic amount ratios. The process is done for a second time to ensure that all of the 

helium is extracted and no inclusions are present. An inclusion is suspected when the 

second analysis produces more than 0.003 nmol/g. 

Once degassing is complete, the individual mineral grains are removed from the 

platinum packets and dissolved in HF-HNO3 ( for zircon) and HNO3 ( for apatite). Once 

dissolved, the samples are run through a Thermo Element2 HR-ICP-MS (High 

Resolution Inductively Coupled Plasma Mass Spectrometer) where the 238U, 235U and 

232Th concentrations are measured and used to calculate a raw mineral age using:  
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𝐻𝑒! = 8 ∙ 𝑈  !"# ∙ 𝑒!!"#! − 1 + 7   ∙
𝑈!"#

137.88 ∙ 𝑒!!"#! − 1 + 6 ∙ 𝑇ℎ!"# ∙ 𝑒!!"#! − 1  

 Where 4He, 238U and 232Th are present day amounts, t is the He age, λ is a 

radioactive decay constant (λ238 = 1.5711 x 10-10 yr-1, λ235 = 9.849 x 10-10 yr-1, and λ232 = 

4.948 x 10-10 yr-1), and (1/137.88) is the present day 235U/238U ratio (Shuster and Farley, 

2005). 

3.7 Alpha ejection correction (FT) 

The ages calculated from the helium line and mass spectrometer are the raw ages 

and do not consider the helium lost along the rim of the grain and therefore are 

underestimated. When an alpha particle is emitted, depending on the location within the 

grain, the alpha has the potential to be instantly ejected from the grain. Farley et al. 

(1996) reported the ejected alpha stopping distances for 238U, 235U, and 232Th are between 

10-30 µm, depending on the material composition and density. In the case of apatite (3.2 

g/cm3) and zircon (4.4 g/cm3), the average stopping distances are 19.7 µm and 16.6 µm 

respectively. To resolve the problem, a correction (FT) must be applied that accounts for 

the instant ejection of alpha particles. To do this, the grain is resolved into a simple 

prism, even distribution of parent atoms is assumed, and the outer ~20 µm (varies based 

on mineral), is corrected computationally to account for potential He loss (Figure 6).  
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Figure 6: The effect of stopping distances. Depending on the position of the parent 
element, the daughter product has the possibility to be instantly ejected from the 
host mineral. Image modified from Farley, 2002. 
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CHAPTER 4: RESULTS 

In total 100 apatite cooling ages (aHe) and 101 zircon cooling ages (zHe) were 

analyzed and the results are presented in Appendix A. The results in the following 

paragraphs are organized from lowest elevation to highest elevation based on their 

sample location.   

In order to achieve the best interpretation of our data we may choose to omit some 

data for the following reasons (in no particular order and when possible): 1) The data 

does not satisfy the general trend of samples from the same location. Meaning, if the 

majority of the samples at any one location (i.e. Whistlers Mountain) indicate cooling 

during the Eocene, then Eocene cooling ages will be preferentially selected at that 

location. 2) With regards to trends (as in number one), a similar rule is applied for the 

cooling ages of any individual rock sample. Meaning, if the majority of cooling ages 

from any one particular sample suggest cooling during a particular time (i.e. Oligocene) 

then only those ages will be considered. 3) A sample with a lower structural position 

should have a younger cooling age. Meaning, if a sample at a higher structural position 

(i.e. 2500 m) has an average cooling age of 45 Ma, then younger cooling ages will be 

preferentially selected. 4) Cooling ages should not be older than the formation age. 

Meaning, since 3 of the 4 samples locations are igneous and metamorphosed igneous 

rocks, the oldest age that are possible are those of the formation age. The exception is 

Whistlers Mountain, which is a metamorphosed sedimentary rock. That being said, the 

cooling ages should still be younger than the formation since the samples are thermally 

reset. Finally, 5) geologically speaking, negative ages are inconceivable and therefore 

ignored. 
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For each sample location a plot of cooling ages verses elevation is shown in 

Figures 7-10. As discussed in the previous section, age versus elevation plots illustrate 

periods of rapid cooling. The rates are calculated by taking the difference in elevation and 

age from sample to sample. Periods of rapid cooling will exhibit a steeper trend line 

(higher slope in m/Ma), while periods of slow cooling will display a gentle or near 

horizontal trend (lower slope in m/Ma). Data that span a transition in cooling rates will 

exhibit a knee or kink in the regression line.  

 

4.1 Whistlers Mountain 

NM1-37-01 

NM1-37-01 was collected at 2454 m elevation, and produced five apatite and six 

zircon aliquots. Cooling ages for the apatite aliquots are 67.7±4.06 Ma, 49.7±2.98 Ma, 

74.2±4.45 Ma, 40.5±2.43 Ma, and 839.6±50.38 Ma (Figure 7A). Following the 

established rules above, the majority of the apatite cooling ages from the Whistlers 

Mountain location are Eocene and Oligocene in age (Appendix A). The Eocene cooling 

ages are 49.7±2.98 Ma and 40.5±2.43 Ma, giving an average apatite cooling age for this 

sample of 45.10±3.48 Ma (Figure 7A, error is calculated by the root mean square). The 

zircon cooling ages are 60.7±4.85 Ma, 70.4±5.63 Ma, 68.0±5.44 Ma, 77.4±6.19 Ma, 

61.3±4.90 Ma, and 92.0±7.36	 Ma (Figure 7C). Following the established rules above, the 

majority of the zircon cooling ages from the Whistlers Mountain location is around the L. 

Cretaceous and early Paleocene boundary (Appendix A). Omitting the cooling age 

92.0±7.36	 Ma, since it lies closer to the E. Cretaceous/L. Cretaceous boundary, the 
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average zircon cooling age for this sample is 67.6±4.65 Ma (Figure 7D, error is 

calculated by the root mean square). 

NM1-37-02 

NM1-37-02 was collected at 2363 m elevation and dated using 6 apatite aliquots 

and 6 zircon aliquots. The apatite cooling ages are 35.1±2.11 Ma, 29.1±1.74 Ma, 

47.9±2.88 Ma, 44.5±2.67 Ma, 40.1±2.41and 44.6±2.68 Ma (Figure 7A). Following the 

established rules above, the majority of the apatite cooling ages from the Whistlers 

Mountain location are Eocene and Oligocene in age (Appendix A). Since 5 of the 6 

apatite cooling ages are Eocene in age, the one Oligocene age (29.1±1.74 Ma) is omitted.  

Omitting the one Oligocene age the average apatite cooling age for this sample is 

42.4±2.41 Ma (Figure 7B, error is calculated by the root mean square). The zircon 

cooling ages are 479.6±38.36 Ma, 61.8±4.95 Ma, 58.3±4.66 Ma, 57.1±4.57 Ma, 

56.2±4.50 Ma, and 56.4±4.52	 Ma (Figure 7C). Following the established rules above, the 

majority of the zircon cooling ages from the Whistlers Mountain location is around the L. 

Cretaceous and early Paleocene boundary (Appendix A). Omitting the cooling age 

479.6±38.36 Ma (Ordovician), the average zircon cooling age for this sample is 

58.0±4.64 Ma (Figure 7D, error is calculated by the root mean square). 

NM1-37-03 

NM1-38-03 was collected at 2128 m elevation and produced six apatite and six 

zircon aliquots. The apatite cooling ages are 38.1±2.29 Ma, 38.2±2.29 Ma, 35.3±2.12 

Ma, 62.5±3.75 Ma, 48.3±2.90 Ma, and 26.2±1.57 Ma (Figure 7A). Following the 

established rules above, the majority of the apatite cooling ages from the Whistlers 

Mountain location are Eocene and Oligocene in age (Appendix A). All apatite cooling 
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ages for this sample are Eocene in age with the exception of 62.5±3.75 Ma (Paleocene) 

and 26.2±1.57 Ma (Oligocene). If we omit the Paleocene and Oligocene ages the average 

apatite cooling age for this sample is 40.0±2.23 Ma (Figure 7B, error is calculated by the 

root mean square). The zircon cooling ages are 66.6±5.33 Ma, 61.0±4.88 Ma, 90.2±7.22 

Ma, 57.1±4.56 Ma, 41.4±3.31 Ma, and 100.7±8.08	 Ma (Figure 7C). Following the 

established rules above, the majority of the zircon cooling ages from the Whistlers 

Mountain location is around the L. Cretaceous and early Paleocene boundary (Appendix 

A). Omitting the cooling ages 90.2±7.22 Ma, 41.4±3.31 Ma, and 100.7±8.08	 Ma, the 

average zircon cooling age for this sample is 61.6±4.93 Ma (Figure 7D, error is 

calculated by the root mean square). 

NM1-37-04 

NM1-38-04 was collected at 1996 m elevation and produced six apatite and six 

zircon aliquots. The apatite cooling ages are 36.3±2.18 Ma, 116.3±6.98 Ma, 56.2±3.37 

Ma, 33.6±2.01 Ma, 26.3±1.58 Ma and 42.9±2.57 Ma (Figure 7A). Following the 

established rules above, the majority of the apatite cooling ages from the Whistlers 

Mountain location are Eocene and Oligocene in age (Appendix A). All apatite cooling 

ages for this sample are Eocene in age with the exception of 116.3±6.98 Ma (E. 

Cretaceous) and 26.3±1.58 Ma (Oligocene). Since 4 of the 6 samples suggest Eocene 

cooling we will omit the E. Cretaceous and Oligocene ages. Then the average apatite 

cooling age for this sample is 42.2±2.53 Ma (Figure 7B, error is calculated by the root 

mean square). The zircon cooling ages are 60.6±4.85 Ma, 55.4±4.43 Ma, 53.9±4.32 Ma, 

48.1±3.84 Ma, 60.3±4.82	 Ma, and 56.4±4.51	 Ma (Figure 7C). Following the established 

rules above, the majority of the zircon cooling ages from the Whistlers Mountain location 



 43 

is around the L. Cretaceous and early Paleocene boundary (Appendix A). Omitting the 

cooling age 48.1±3.84 Ma (Eocene), the average zircon cooling age for this sample is 

57.3±4.59 Ma (Figure 7D, error is calculated by the root mean square). 

NM1-38-05 

NM1-38-05 was collected at 1772 m elevation and dated using four apatite and 

six zircon aliquots. The apatite cooling ages are 34.7±2.08 Ma, 52.2±3.13 Ma, 32.6±1.96 

Ma, and 31.4±1.88 Ma (Figure 7A). Following the established rules above, the majority 

of the apatite cooling ages from the Whistlers Mountain location are Eocene and 

Oligocene in age (Appendix A). Also, 3 of the 4 apatite cooling ages from this sample 

suggest cooling during the Oligocene. The exception to Oligocene cooling is the Eocene 

cooling age (52.2±3.13 Ma). If we omit the Eocene age the average apatite cooling age 

for this sample is 32.9±1.97 Ma (Figure 7B) error is calculated by the root mean square). 

The zircon cooling ages are 62.2±4.98 Ma, 47.3±3.78 Ma, 55.6±4.45 Ma, 62.6±5.00 Ma, 

56.2±4.49	 Ma, and 63.9±5.11	 Ma (Figure 7C). Following the established rules above, 

the majority of the zircon cooling ages from the Whistlers Mountain location is around 

the L. Cretaceous and early Paleocene boundary (Appendix A). Omitting the cooling age 

47.3±3.78 Ma (Eocene), the average zircon cooling age for this sample is 60.1±4.80 Ma 

(Figure 7D, error is calculated by the root mean square). 

NM1-39-06 

NM1-39-06 was collected at 1706 m elevation and dated using six apatite and six 

zircon aliquots. The apatite cooling ages are 28.1±1.68 Ma, 28.5±1.71 Ma, 87.0±5.22 

Ma, 45.2±2.71 Ma, 35.2±2.10 Ma, and -43.2±2.62 Ma (Figure 7A). Following the 

established rules above, the majority of the apatite cooling ages from the Whistlers 
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Mountain location are Eocene and Oligocene in age (Appendix A). Also when we omit 

the negative cooling age (-43.2±2.62 Ma), 3 of the 5 apatite cooling ages from this 

sample suggest cooling during the Oligocene. The exception to Oligocene cooling is the 

Eocene cooling age (45.2±2.71 Ma) and L. Cretaceous cooling age (87.0±5.22 Ma). If we 

omit the Eocene and L. Cretaceous cooling ages, the average apatite cooling age for this 

sample is 30.5±1.80 Ma (Figure 7B, error is calculated by the root mean square). The 

zircon cooling ages are 50.1±4.01 Ma, 58.8±4.70 Ma, 68.8±5.51 Ma, 45.9±3.67 Ma, 

64.4±5.15	 Ma, and 66.8±5.35	 Ma (Figure 7C). Following the established rules above, 

the majority of the zircon cooling ages from the Whistlers Mountain location is around 

the L. Cretaceous and early Paleocene boundary (Appendix A). Omitting the Eocene 

cooling ages of 50.1±4.01 Ma and 45.9±3.67 Ma, the average zircon cooling age for this 

sample is 64.7±5.20 Ma (Figure 7D, error is calculated by the root mean square). 

NM1-39-07 

NM1-39-07 was collected at an elevation of 1491 m. This sample was dated using 

five apatite and six zircon aliquots. The apatite cooling ages are 27.1±1.63 Ma, 28.2±1.69 

Ma, 31.9±1.91 Ma, 36.7±2.20 Ma, and 30.9±1.86 Ma (Figure 7A). Since all cooling ages 

are Oligocene aged the average is calculated as 30.9±1.80 Ma (Figure 7B, error is 

calculated by the root mean square). The zircon cooling ages are 55.5±4.44 Ma, 

51.0±4.08 Ma, 39.5±3.16 Ma, 64.3±5.14 Ma, 126.8±10.15	 Ma, and 56.3±4.50	 Ma 

(Figure 7C). Following the established rules above, the majority of the zircon cooling 

ages from the Whistlers Mountain location is around the L. Cretaceous and early 

Paleocene boundary (Appendix A). Omitting the Eocene cooling ages of 50.1±4.01 Ma 

and 39.5±3.16 Ma, and E. Cretaceous cooling age of 126.8±10.15	 Ma the average zircon 
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cooling age for this sample is 58.7±4.70 Ma (Figure 7D, error is calculated by the root 

mean square). 

 

NM1-39-08 

NM1-39-08 was collected at 1297 m elevation and produced three apatite and six 

zircon aliquots. The apatite cooling ages are 20.7±1.24 Ma, 13.3±0.08 Ma, and 

187.3±11.24 Ma (Figure 7A). None of the cooling ages are within the Eocene or 

Oligocene. Relying on the structural positions and general trend of Whistlers Mountain 

the only ages in consideration are 20.7±1.24 Ma and 13.3±0.08 Ma. However, since the 

cooling age 20.7±1.24 Ma follows more closely to the average cooling ages structurally 

above it, this is the only age that we will use from this sample (Figure 7B). The zircon 

cooling ages are 67.2±5.38 Ma, 64.9±5.19Ma, 56.9±4.55 Ma, 54.4±4.35 Ma, 58.5±4.68	 

Ma, and 64.9±5.19	 Ma (Figure 7C). Following the established rules above, the majority 

of the zircon cooling ages from the Whistlers Mountain location is around the L. 

Cretaceous and early Paleocene boundary (Appendix A). Since most of the cooling ages 

from this sample are within an acceptable range we calculate the average zircon cooling 

age for this sample is 61.1±4.89 Ma (Figure 7D, error is calculated by the root mean 

square). 

Interpretation of Whistlers Mountain 

Figure 7 shows the averaged ages for both the Whistlers Mountain apatite and 

zircon cooling ages plotted against the samples’ elevations. The samples are averaged 

using cooling ages not deemed to be erroneous (discussed above). The apatite cooling 
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ages suggest that a rapid cooling event took place between 45-30 Ma. The zircon cooling 

ages suggest that a rapid cooling event took place between 65-55 Ma. 
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Figure 7: Results of the aHe (black) and zHe (red) cooling ages from Whistlers Mountain. On the left are the raw plots for the 
cooling ages (Error 1σ, analytical only). On the right are the averaged cooling age for each sample disregarding the ages that 
are considered anomalous for reasons discussed in the corresponding section (error calculated by root mean square).    
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4.2 Ptarmigan Mountain 

AH47-1 

AH47-1was collected at 716 m elevation, and produced three apatite and two 

zircon aliquots. Cooling ages for the apatite aliquots are 37.2±2.23 Ma, 26.6±1.56 Ma, 

and 32.3±1.94 Ma (Figure 8A). Following the established rules above, the majority of the 

apatite cooling ages from the Ptarmigan Mountain location is near the Eocene/Oligocene 

boundary in age (Appendix A). Since all of the apatite cooling ages is around the 

Eocene/Oligocene boundary, we use all three ages to calculate an average of 31.8±2.09 

Ma (Figure 8B, error is calculated by the root mean square). The zircon cooling ages are 

53.1±4.25 Ma and 25.4±2.03	 Ma (Figure 8C). Following the established rules above, the 

majority of the zircon cooling ages from the Ptarmigan Mountain location is near the 

Eocene/Oligocene boundary in age (Appendix A). Since the cooling age 53.1±4.25 Ma is 

closer to the Paleocene/Eocene boundary, we will omit this age and use only the 

25.4±2.03	 Ma for our averaged plot (Figure 8D). 

AH48-1 

AH48-1was collected at 1234 m elevation, and produced three apatite and three 

zircon aliquots. Cooling ages for the apatite aliquots are 97.3±5.84 Ma, 27.7±1.66 Ma, 

and 28.4±1.70 Ma (Figure 8A). Following the established rules above, the majority of the 

apatite cooling ages from the Ptarmigan Mountain location is near the Eocene/Oligocene 

boundary in age (Appendix A). 2 of the 3 cooling ages are near the described boundary 

with the exception of 97.3±5.84 Ma (L. Cretaceous). Omitting the L. Cretaceous age we 

calculate an average of 28.0±1.68 Ma (Figure 8B) error is calculated by the root mean 
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square). The zircon cooling ages are 48.8±3.90 Ma, 45.6±3.65	 Ma, and 176.3±14.10	 Ma 

(Figure 8C). Following the established rules above, the majority of the zircon cooling 

ages from the Ptarmigan Mountain location is near the Eocene/Oligocene boundary in 

age (Appendix A). 2 of 3 cooling ages from this sample are Eocene in age, with the 

exception of 176.3±14.10	 Ma (Jurassic). Omitting the Jurassic age, we calculate the 

average cooling age as 45.6±3.65 Ma (Figure 8D) error is calculated by the root mean 

square). 

AH48-2 

AH48-2was collected at 1478 m elevation, and produced two apatite and no 

zircon aliquots. Cooling ages for the apatite aliquots are 64.3±3.86 Ma and 35.2±2.11 Ma 

(Figure 8A). Following the established rules above, the majority of the apatite cooling 

ages from the Ptarmigan Mountain location is near the Eocene/Oligocene boundary in 

age (Appendix A). Since the only cooling age from this sample that is near the 

Eocene/Oligocene boundary is 35.2±2.11 Ma, we will use it for our averaged plot Figure 

8B). The 64.3±3.86 Ma cooling age is L. Cretaceous or early Paleocene in age and does 

not fit with the rest of the data from Ptarmigan Mountain. 

AH49-3 

AH49-3was collected at 1737 m elevation, and produced four apatite and no 

zircon aliquots. Cooling ages for the apatite aliquots are 82.6±4.95 Ma, 34.8±2.09 Ma, 

89.6±5.38 Ma, and 59.4±3.56 Ma (Figure 8A). Following the established rules above, the 

majority of the apatite cooling ages from the Ptarmigan Mountain location is near the 

Eocene/Oligocene boundary in age (Appendix A). Since the only cooling age from this 

sample that is near the Eocene/Oligocene boundary is 34.8±2.09 Ma, we will use it for 
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our averaged plot (Figure 8B). The remainder of the cooling ages 82.6±4.95 Ma (L. 

Cretaceous), 89.6±5.38 Ma (L. Cretaceous), and 59.4±3.56 Ma (Paleocene) do not fit 

with the rest of the data from Ptarmigan Mountain. 

AH49-1 

AH49-1was collected at 2042 m elevation, and produced four apatite and three 

zircon aliquots. Cooling ages for the apatite aliquots are 56.6±3.40 Ma, 34.5±2.07 Ma, 

34.5±2.07 Ma, and 40.9±2.46 Ma (Figure 8A). Following the established rules above, the 

majority of the apatite cooling ages from the Ptarmigan Mountain location is near the 

Eocene/Oligocene boundary in age (Appendix A). 3 of the 4 cooling ages are near the 

described boundary with the exception of 56.6±3.40 Ma (Paleocene). Omitting the 

Paleocene age we calculate an average of 36.6±2.50 Ma (Figure 8B, error is calculated by 

the root mean square). The zircon cooling ages are 28.7±2.30 Ma, 41.3±3.30	 Ma, and 

81.8±6.54	 Ma (Figure 8C). Following the established rules above, the majority of the 

zircon cooling ages from the Ptarmigan Mountain location is near the Eocene/Oligocene 

boundary in age (Appendix A). The 2 of 3 cooling ages closest to the boundary are 

28.7±2.30 Ma and 41.3±3.30	 Ma and have and average cooling age of 35.0±2.50 Ma 

(Figure 8D, error is calculated by the root mean square). The cooling age 81.8±6.54	 Ma 

is omitted since it is a L. Cretaceous age. 

AH49-2 

AH49-2was collected at 2347 m elevation, and produced no apatite and three 

zircon aliquots. Cooling ages for the zircon aliquots are 32.4±2.59Ma, 57.6±4.61 Ma, and 

40.5±3.24 Ma (Figure 8C). Following the established rules above, the majority of the 

apatite cooling ages from the Ptarmigan Mountain location is near the Eocene/Oligocene 
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boundary in age (Appendix A). 2 of the 3 cooling ages are near the described boundary 

with the exception of 57.6±4.61 Ma (Paleocene). Omitting the Paleocene age we 

calculate an average of 36.5±2.92 Ma (Figure 8D, error is calculated by the root mean 

square). 

Interpretation of Ptarmigan Mountain 

Figure 8 shows the averaged ages for both the Ptarmigan Mountain apatite and 

zircon cooling ages plotted against the samples elevations. The samples ages are 

averaged using cooling ages not deemed to be erroneous (discussed above). The apatite 

cooling ages suggest that a rapid cooling event took place between 45-30 Ma. The zircon 

cooling ages suggest that a rapid cooling event took place between 45-35 Ma. 
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Figure 8: Results of the aHe (black) and zHe (red) cooling ages from Ptarmigan Mountain. On the left are the raw plots for the 
cooling ages (Error 1σ, analytical only). On the right are the averaged cooling age for each sample disregarding the ages that 
are considered anomalous for reasons discussed in the corresponding section (error calculated by root mean square).    
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4.3 Raft Mountain 

DB-1-1-1 

DB-1-1-1 was collected at 750 m elevation, and produced three apatite and three 

zircon aliquots. Cooling ages for the apatite aliquots are 43.2±2.59 Ma, 43.2±2.59 Ma, 

and 44.2±2.65 Ma (Figure 9A). Following the established rules above, the majority of the 

apatite cooling ages from the Ptarmigan Mountain location is Eocene and Oligocene in 

age (Appendix A). All 3 of the cooling ages fall in this age bracket and have an average 

cooling age of 43.5±2.61 Ma (Figure 9B, error is calculated by the root mean square). 

The zircon cooling ages are 32.3±2.58 Ma, 38.1±3.05	 Ma, and 31.6±2.53	 Ma (Figure 

9C). Following the established rules above, the majority of the zircon cooling ages from 

the Ptarmigan Mountain location is Eocene and Oligocene in age (Appendix A). All 3 of 

the cooling ages fall in this age bracket and have an average cooling age of 34.0±2.72 Ma 

(Figure 9D, error is calculated by the root mean square). 

DB-1-1-2 

DB-1-1-2 was collected at 978 m elevation, and produced three apatite and three 

zircon aliquots. Cooling ages for the apatite aliquots are 36.1±2.17 Ma, 40.3±2.42 Ma, 

and 36.6±2.20 Ma (Figure 9A). All 3 of the cooling ages are acceptable, giving an 

average cooling age of 37.75±2.26 Ma (Figure 9B, error is calculated by the root mean 

square). The zircon cooling ages are 55.1±4.41 sMa, 54.6±4.36	 Ma, and 49.0±3.92	 Ma 

(Figure 9C). An average of this data is 52.9±4.23 Ma (Figure 9D, error is calculated by 

the root mean square). However, given that it is structurally above DB-1-1-1 (34.0±2.72 

Ma) and structurally below DB-1-4-1 (40.2±3.21 Ma), all ages are higher than what is 
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expected. For that reason we will use the youngest age of the three (49.0±3.92	 Ma) for 

our average. 

DB-1-4-1 

DB-1-4-1 was collected at 1493 m elevation, and produced three apatite and three 

zircon aliquots. Cooling ages for the apatite aliquots are 41.9±2.52 Ma, 36.4±2.18 Ma, 

and 34.9±2.09 Ma (Figure 9A). Following the established rules above, the majority of the 

apatite cooling ages from the Ptarmigan Mountain location is Eocene and Oligocene in 

age (Appendix A). All 3 of the cooling ages fall in this age bracket and have an average 

cooling age of 37.7±2.26 Ma (Figure 9B, error is calculated by the root mean square). 

The zircon cooling ages are 38.7±3.10 Ma, 37.8±3.02	 Ma, and 43.9±3.51	 Ma (Figure 

9C). Following the established rules above, the majority of the zircon cooling ages from 

the Ptarmigan Mountain location is Eocene and Oligocene in age (Appendix A). All 3 of 

the cooling ages fall in this age bracket and have an average cooling age of 40.2±3.21 Ma 

(Figure 9D, error is calculated by the root mean square). 

DB-1-3-1 

DB-1-3-1 was collected at 2453 m elevation, and produced three apatite and four 

zircon aliquots. Cooling ages for the apatite aliquots are 51.1±3.07 Ma, 54.9±3.29 Ma, 

and 52.2±3.15 Ma (Figure 9A). Given that these ages are our structurally highest sample 

from Raft Mountain, we can only expect that the ages are older than the sample below 

(DB-1-4-1, 37.7±2.26 Ma), which they are. As such, we can accept all 3 cooling ages, 

which have an average of 37.7±2.26 Ma (Figure 9B, error is calculated by the root mean 

square), despite being closer to the Paleocene/Eocene boundary. The zircon cooling ages 

are 32.2±2.58 Ma, 34.0±2.72 Ma, 25.7±2.05	 Ma and 33.0±2.64	 Ma (Figure 9C). 
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Following the established rules above, the majority of the zircon cooling ages from the 

Ptarmigan Mountain location is Eocene and Oligocene in age (Appendix A). All 4 of the 

cooling ages fall in this age bracket and have an average cooling age of 31.2±2.50 Ma 

(Figure 9D, error is calculated by the root mean square). 

Interpretation of Raft Mountain 

Figure 9 shows the averaged ages for both the Raft Mountain apatite and zircon 

cooling ages plotted against the samples elevations. The samples are averaged using 

cooling ages not deemed to be erroneous (discussed above). The apatite cooling ages 

suggest that a rapid cooling event took place between 45-35 Ma. The zircon cooling ages 

suggest that a rapid cooling event took place between 45-35 Ma.  

4.4 Nicola Horst 

DB-1-5-1 

DB-1-5-1 was collected at 700 m elevation, and produced three apatite and four 

zircon cooling ages. Cooling ages for the apatite aliquots are -2.4±0.14 Ma, 2.5±0.15 Ma, 

and 296.6±17.82 Ma (Figure 10A). Following the established rules above, the Nicola 

Horst location has a general Eocene and Oligocene cooling age (Appendix A). -2.4±0.14 

Ma is negative and unrealistic. The cooling age 2.5±0.15 Ma (Pliocene) does not follow 

the trend Nicola Horst (Appendix A) or structurally fit with samples that are structurally 

higher (see below). The cooling age 296.6±17.82 Ma (Permian) is older than the 

formation itself (early Paleocene). Therefore, this sample produced no useable cooling 

ages. The zircon cooling ages are 42.2±3.38 Ma, 44.1±3.53	 Ma, 40.2±3.22, and 

40.0±3.20	 Ma (Figure 10C). Following the established rules above, the majority of the 

zircon cooling ages from the Ptarmigan Mountain location is Eocene and Oligocene in 
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age (Appendix A). All 4 of the cooling ages fall in this age bracket and have an average 

cooling age of 41.6±3.33 Ma (Figure 10D, error is calculated by the root mean square). 

DB-1-5-2 

DB-1-5-2 was collected at 1223 m elevation, and produced four apatite and three 

zircon aliquots. Cooling ages for the apatite aliquots are 38.7±2.32 Ma, 44.9±2.69 Ma, 

46.0±2.76 Ma and 42.4±2.55 Ma (Figure 10A). Since all of the apatite cooling ages is 

Eocene aged, which agrees with the majority of Nicola cooling ages, the average cooling 

age for this sample is 43.0±2.58 Ma (Figure 10B, error is calculated by the root mean 

square). The zircon cooling ages are 34.6±2.77 Ma, 36.9±2.95	 Ma, and 32.3±2.59 Ma 

(Figure 10C). Since all of the zircon cooling ages is Eocene aged, which agrees with the 

majority of Nicola cooling ages, the average cooling age for this sample is 34.6±2.77 Ma 

(Figure 10D, error is calculated by the root mean square). 

DB-1-6-1 

DB-1-6-1 was collected at 1523 m elevation, and produced two apatite and two 

zircon aliquots. Cooling ages for the apatite aliquots are 52.1±3.13 Ma and 61.7±3.70 Ma 

(Figure 10A). Both of the apatite cooling ages from this sample does not fit the overall 

cooling trend for Nicola Horst. However, the age 52.1±3.13 Ma is Eocene in age, 

although closer to the Paleocene/Eocene boundary than Eocene/Oligocene boundary. In 

any regard, since it still represents Eocene cooling, it is the only age we will use for our 

average plot (Figure 10B). Cooling ages for the zircon aliquots are 41.6±3.33 Ma and 

167.9±13.43 Ma (Figure 10C). Since the 167.9±13.43 Ma (Jurassic) cooling age does not 

fit the Eocene/Oligocene trend, we will use 41.6±3.33 Ma for our averaged plot (Figure 

10D).
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Figure 9: Results of the aHe (black) and zHe (red) cooling ages from Raft Mountain. On the left are the raw plots for the 
cooling ages (Error 1σ, analytical only). On the right are the averaged cooling age for each sample disregarding the ages that 
are considered anomalous for reasons discussed in the corresponding section  (error calculated by root mean square).     
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DB-1-15-1 

DB-1-15-1 was collected at 765 m elevation, and produced three apatite aliquots 

and one zircon aliquot. Cooling ages for the apatite aliquots are 34.1±2.05 Ma, 41.2±2.47 

Ma, and 47.1±2.83 Ma (Figure 10A). Since all the cooling ages follow the general trend 

for Nicola Horst (Appendix A), the average age is calculated as 40.8±2.45 Ma (Figure 

10B, error is calculated by the root mean square). Cooling age for the zircon aliquot is 

76.1±6.09Ma (Figure 10C). Given that this age is not in agreement with the trend with 

regards to it’s structural position or general trend for Nicola Horst, the age is disregarded. 

DB-1-13-1 

DB-1-13-1 was collected at 654 m elevation, and produced three apatite and two 

zircon aliquots. Cooling ages for the apatite aliquots are 21.3±1.28 Ma, 34.0±2.45 Ma, 

and 34.5±2.45 Ma (Figure 10A).  2 of the 3 apatite cooling ages follow the general trend 

for Nicola Horst (Appendix A). The exception is the 21.3±1.28 Ma (Miocene) and for 

that reason it is omitted. Omitting the Miocene age the average cooling age is calculated 

as 34.3±2.06 Ma (Figure 10B, error is calculated by the root mean square). Cooling ages 

for the zircon aliquots are 34.5±2.45 Ma and 21.8±2.45 Ma (Figure 10C). For the same 

reasons as the apatite cooling ages, the Miocene cooling age (21.8±2.45 Ma) is omitted, 

and the 34.5±2.45 Ma cooling age is used for the averaged plot (Figure 10D). 

DB-1-7-2 

DB-1-7-2 was collected at 913 m elevation, and produced one apatite and four 

zircon aliquots. Cooling age for the apatite aliquot is 12.6±0.75 Ma (Figure 10A). The 

one cooling age produced does not fit the general trend with regards to its structural 

position or general cooling ages for Nicola Horst (Appendix A). This age is therefore 
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omitted. Cooling ages for the zircon aliquots are 26.4±1.28 Ma, 93.2±7.45 Ma, 7.5±0.60 

Ma, and 941.4±75.31 Ma (Figure 10C). Following the established rules above, the 

majority of the apatite cooling ages from the Nicola Horst is Eocene and Oligocene in 

age (Appendix A). The only cooling age that is close to the general trend of the Nicola 

Horst is 26.4±1.28 Ma. However, given its structural position above DB-1-5-1 

(41.6±3.25 Ma) we would expect an older age, still within the Eocene. The cooling age is 

therefore omitted.  

DB-1-8-1 

DB-1-8-1 was collected at 952 m elevation, and produced no apatite and five 

zircon aliquots. Cooling ages for the zircon aliquots are 23.8±1.90 Ma, 27.3±2.18 Ma, 

36.7±2.94 Ma, 40.2±3.22 Ma, and 47.6±3.80 Ma (Figure 10C). All ages are accepted and 

have an average age of 35.1±3.32 Ma (Figure 10D, error is calculated by the root mean 

square). 

DB-1-9-1 

DB-1-9-1 was collected at 1348 m elevation, and produced four apatite and two 

zircon aliquots. Cooling ages for the apatite aliquots are 36.7±2.20 Ma, 46.3±2.78 Ma, 

47.4±2.84 and 47.7±2.86 Ma (Figure 10A). All of the ages are accepted and have an 

average age of 44.5±2.67 Ma (Figure 10B, error is calculated by the root mean square). 

Cooling ages for the zircon aliquots are 38.7±3.10 Ma and 44.6±3.57 Ma (Figure 10C). 

Both ages are accepted and have an average age of 41.7±3.33 Ma (Figure 10D, error is 

calculated by the root mean square). 
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DB-1-10-1 

DB-1-10-1 was collected at 1540 m elevation, and produced three apatite and 

three zircon aliquots. Cooling ages for the apatite aliquots are 40.8±2.45 Ma, 41.5±2.49 

Ma, and 41.5±2.49 Ma (Figure 10A). All ages are accepted and have an average age of 

41.3±2.48 Ma (Figure 10B, error is calculated by the root mean square). Cooling ages for 

the zircon aliquots are 36.3±2.90 Ma, 41.6±3.33 Ma, and 47.2±3.78 Ma (Figure 10C). All 

ages are accepted and have an average age of 41.7±3.34 Ma (Figure 10D, error is 

calculated by the root mean square). 

DB-1-11-1 

DB-1-11-1 was collected at 1567 m elevation, and produced three apatite and two 

zircon aliquots. Cooling ages for the apatite aliquots are 46.0±2.76 Ma, 66.8±4.01 Ma, 

and 76.4±4.59 Ma (Figure 10A). Following the established rules above, the majority of 

the apatite cooling ages from the Nicola Horst is Eocene and Oligocene in age (Appendix 

A). The only cooling age within this trend is 46.0±2.76 Ma. The other two ages 

66.8±4.01 Ma (L. Cretaceous) and 76.4±4.59 Ma (L. Cretaceous) and are both omitted. 

We will use the 46.0±2.76 Ma for our averaged plot (Figure 10B). Cooling ages for the 

zircon aliquots are 30.3±2.42Ma, and 30.4±2.43 Ma (Figure 10C). Both ages are accepted 

and have an average age of 30.3±3.78 Ma (Figure 10D, error is calculated by the root 

mean square). 

DB-1-10-2 

DB-1-10-2 was collected at 1426 m elevation, and produced four apatite and three 

zircon aliquots. Cooling ages for the apatite aliquots are 42.0±2.52 Ma, 45.3±2.72 Ma, 

46.2±2.77 Ma, and 49.7±2.98 Ma (Figure 10A). All of the ages are accepted and have an 
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average age of 45.8±2.75 Ma (Figure 10B, error is calculated by the root mean square). 

Cooling ages for the zircon aliquots are 31.1±2.49 Ma, 32.8±2.63 Ma, and 34.1±2.73 Ma 

(Figure 10C). All of the cooling ages are accepted and have an average age of 32.7±2.62 

Ma (Figure 10D, error is calculated by the root mean square). 

DB-1-12-1 

DB-1-12-1 was collected at 1542 m elevation, and produced two apatite and no 

zircon aliquots. Cooling age for the apatite aliquot is 34.5±2.07 Ma and 19.9±1.20 Ma 

(Figure 10A). Following the established rules above, the majority of the apatite cooling 

ages from the Nicola Horst is Eocene and Oligocene in age (Appendix A). The only ages 

that follows the trend of the Nicola Horst data is 34.5±2.07 Ma and will be used for our 

averaged plot (Figure 10B). 

DB-1-12-2 

DB-1-12-2 was collected at 1489 m elevation, and produced one apatite and one 

zircon aliquot. Cooling age for the apatite aliquot is 43.3±2.60 Ma (Figure 10A). Cooling 

age for the zircon aliquot is 32.6±2.61 Ma (Figure 10C). Since both of these samples fit 

the general trend of Eocene and Oligocene cooling at the Nicola Horst location they will 

both be used for the averaged plots (Figure 10B and Figure 10D). 

Interpretation of Nicola Horst 

Figure 10 shows the averaged ages for both the Nicola Horst apatite and zircon 

cooling ages plotted against the samples elevations. The samples are averaged using 

cooling ages not deemed to be erroneous (discussed above). The apatite cooling ages 

suggest that a rapid cooling event took place between 48-40 Ma. The zircon cooling ages 

suggest that a rapid cooling event took place between 45-30 Ma.
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Figure 10: Results of the aHe (black) and zHe (red) cooling ages from Nicola Horst. On the left are the raw plots for the 
cooling ages (Error 1σ, analytical only). On the right are the averaged cooling age for each sample disregarding the ages that 
are considered anomalous for reasons discussed in the corresponding section (error calculated by root mean square).   
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CHAPTER 5: DISCUSSION 

Figure 11 is a plot of the averaged aHe cooling ages in elevation/age space, with 

the 35-45 Ma period shaded in red for reference. All of the locations show evidence of 

rapid cooling through this reference period; however, Whistlers Mountain and Nicola 

Horst exhibit slower cooling rates before and after the 35-45 Ma periods.   

Figure 12 is a plot of all of the averaged zHe cooling ages, with 35-45 Ma shaded 

in red for reference. The zHe ages generally display the same patterns as the aHe data, 

however, they do contain more spread in the ages which can be attributed to the effects of 

diffusion patterns (discussed later). Samples collected from the Ptarmigan, Raft, and 

Nicola sites show a period of rapid cooling in the Eocene. The zHe data from Whistlers 

suggests an earlier cooling event near the Late Cretaceous-Palaeocene boundary. Since 

the samples are from the fold and thrust part of the Cordillera, it is possible that the zHe 

data represents cooling during the later stages of compression or the equivalent 

stratigraphy in the Omineca and Intermontane belt have been stripped away, losing the 

record of a early Palaeocene cooling event.  

All of our sample locations record a cooling event in the Late Eocene (using the 

aHe and zHe cooling ages, with the exception of the Whistlers zHe). What makes this 

interesting is that Whistlers Mountain records the same cooling event in the Eocene; 

however, unlike Nicola Horst and the Metamorphic domes in the Omineca belt it lacks 

any evidence of extension related exhumation. This suggests the possibility that cooling 

in the Eocene was not tied to extension but rather regional erosional unroofing of the 

Canadian Cordillera. 
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Figure 11: A comparison for all of the aHe cooling ages from all four locations. The red column is added to illustrate the 
period between 35-45 Ma, which is hypothesised as a period of rapid cooling in the Cordillera (error calculated by root mean 
square). 
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Figure 12: A comparison for all of the zHe cooling ages from all four locations. The red column is added to illustrate the 
period between 35-45 Ma, which is hypothesised as a period of rapid cooling in the Cordillera. The ages have more spread in 
some of the locations (discussed above). The Whistlers Mountain samples show an older cooling trend, possibly from an earlier 
cooling event (error calculated by root mean square). 
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It is clear that some of the results exhibit significant scatter, however, information 

can still be gleaned from them. For example, a sample collected at a higher elevation 

should display an older age. Similarly, a zHe cooling age should be older than an aHe age 

from the same sample since it represents a higher closure temperature. Using these basic 

principles we can exclude data points that do not logically fit in with the rest of the 

cooling data (described above).  After excluding outliers we find that 60% of the cooling 

ages fall between 30 Ma and 50 Ma, suggesting this was a time of rapid cooling across 

the Cordillera and not just the Omineca belt. We attribute discrepancies in the individual 

ages to the various diffusion problems described below.  

5.1 Diffusion Effects 

Radiation damage, zonation, grain size, anisotropic diffusion, and composition 

can affect normal diffusion patterns in apatite and zircon, producing younger or older 

apparent cooling ages (Farley et al., 2006; Reich et al., 2007; Dobson et al., 2009; 

Nasdala et al., 2004; and Shuster et al., 2006). With increasing radiation damage apatite 

retains more helium (Farley, 2006), while the effect in zircon is a decrease in helium 

retentivity (Reniers, 2005). This means that with increasing radiation damage, apatite will 

produce an older apparent cooling age, while zircon will produce a younger apparent 

cooling age.  

Reiners (2005) sampled zircon grains from Sri Lanka and found that ages are 

reproducible for samples with <1000 ppm of uranium and radiation dosages (amount of 

alpha particles received per given weight) below 2 × 1018 α/g. Above these ‘critical’ 

levels He is diffused out of the crystal at a higher rate. A plot of the zircon ages with 

effective uranium levels (eU = U+Th*0.235) (Figure 13) does not show that we have 
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critical levels of eU, or a relationship between higher eU values and lower age proposed 

by Renier (2005). The ages slightly increase to ~10 ppm and then the ages level out or 

even seem to decrease slightly.  

Figure 13: a plot of zHe cooling age and the effective uranium content for our 
samples. This is done to test whether excess uranium explains the spread in the ages 
seen in our zHe cooling ages. From the graph, as effective uranium increases, the 
ages of the grain seems to increase.  

  

 

 

 

 

 

 

Grain size variations from 50-150 µm, in the minimum dimension, and increases 

closure temperature by 10 °C for apatite Farley (2000). With this in mind an effort was 

made to ensure that all the grains were uniform, however some variations is unavoidable. 

The extent to which grain size influences our zircon ages, can be seen in a plot of the 

grain size relative to cooling age. This plot demonstrates that, as expected, larger grains 

produce older cooling ages (Figure 14). 

Another possible complication was studied via computer modeling by Reich et al 

(2007). Reich et al (2007) showed that He diffusion is anisotropic in zircon, requiring 

30% less activation energy along c-axis relative to other directions. As a result, closure 
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temperature along the c-axis is reduced to 52-104 0C, contrasting with the accepted ~180 

0C, (Reich et al, 2007). He cited that further laboratory and computational  

experiments are needed to measure the diffusivity of He along different crystallographic 

axes in radiation-damaged zircon. This implies that in radiation-damaged zircons, the 

result is a lower closure temperature and younger cooling ages.  

Figure 14: a plot of zHe cooling age and grain radius for our samples. This is done 
to test whether grain size variations explains the spread in the ages seen in our zHe 
cooling ages. From the plot, as grain size increases, the cooling age appears to 
increase. 

 

Hurley (1954) showed that zonation of U and Th in zircon crystals may cause 

those areas to be severely damaged and is likely to perturb He diffusion. Zonation in 

zircon can also be very complicated, making corrections difficult. For example, a 

strongly zoned zircon, where much of the uranium is concentrated in the outer 20 µm, 

will yield an anomalously young age after the application of a homogeneous ejection 

correction because much of the He was ejected from the grain during the decay process. 

To accurately correct for ejection in this example requires a refined model for the 
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particular grain in question that accounts for the U and Th concentration gradients and 

their locations in the grain.    

Any of the above cases may explain why some zircons cooling ages (i.e. DB-1-1-

1) are apparently younger than their apatite cooling age from the same sample, or why 

some apatite/zircon cooling ages deviate from an ‘expected’ age. 

Analyzing multiple grains per sample helps to establish trends in the data and 

identify erroneous ages. Considering the entire age dataset in the context of local 

geological constraints can help us to overcome these limitations. 

5.2 Cenozoic Overburden 

An understanding of the paleo-geothermal gradient is required before we can 

interpret our data and compare them to the denudation estimates (~8-10 km since ~60 

Ma) presented by Osborn et al. (2006). The geothermal gradient is the rate of change in 

temperature with depth at a specific time. In order to calculate the overburden that was 

removed to expose our samples at the surface, we have to estimate the paleo-geothermal 

gradient. An apatite U-Th/He age of 43 Ma is interpreted as indicating that by 43 Ma the 

sample cooled below 55-80 °C (Farley, 2000). A geothermal gradient of 25 °C/km, at 43 

Ma places the sample at ~1-3 km depth (assuming a 20 °C ambient surface temperature).  

Independent constraints on the Late Cretaceous to Paleogene paleo-geothermal 

gradient exist. Feinstein et al. (2007) studied the Lewis thrust using thermochronology 

and vitrinite reflectance data in southern British Columbia. An important conclusion of 

this study is that the paleo-geothermal gradient during the Campanian (~75 Ma) was ~18-

22.5 °C/km. Allen et al. (2006) reported the temperature logs from 11 present day 

boreholes along the Southern Rocky Mountain Trench, east of Banff. The authors 
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reported present day geothermal gradients ranging from 23.8-55.7 °C/Km, and calculated 

an average value of 24.8±8 °C/Km. It is clear that geothermal gradients can vary 

significantly from location to location. However, if we use a range of possible geothermal 

gradients, like those proposed by Allen et al. (2006) (24.8±8 °C/Km), we can make a first 

order estimate for our samples. 

The Whistlers Mountain samples lie within the study area of McDonough et al. 

(1995), used by Osborn et al. (2006). Osborn et al. (2006) estimated the amount of 

overburden removed since ~55 Ma as ~6-8 km using apatite fission track ages (closure 

temperature is 90-120°C (Ketcham et al., 1999). Assuming an ambient surface 

temperature of 20°C, 6-8 Km of overburden requires a geothermal gradient of ~9-16 

°C/km.  

Using the geothermal gradient 24.8±8 °C/km (Allen et al., 2006), ambient surface 

temperature of 20 °C, and our zircon U-Th/He ages (closure temperature: 180 °C) we 

estimate the amount of overburden removed at Whistlers Mountain, since the L. 

Cretaceous/E. Paleocene, as ~5-9 km, a conservative estimate that agrees with the values 

proposed by Osborn et al (2006).   

5.3 Spatial Distribution of Overburden  

Using the same approach for estimating overburden at Whistlers Mountain at our 

other study sites, we can evaluate the spatial distribution of overburden in the E. 

Cenozoic. Assuming a 24.8±8 °C/km paleo-geothermal gradient (Allen et al., 2006), 

Ptarmigan Mountain area has undergone ~5-9 km of erosional denudation since the L. 

Paleocene. Similarly, the Raft Mountain area experienced 5-9 km of erosional denudation 

since E. Eocene. Finally, the Nicola Horst experienced 5-9 km of erosional denudation 
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since the middle Eocene. These ages show a younging trend towards the west, perhaps 

indicating slightly higher denudation rates towards the seaward continental margin.  

From our overburden estimates, we can say conservatively that a 4-5 km cover 

existed over the transect from Whistlers Mountain to Nicola Horst by middle Eocene 

time. This suggests that the plateau like overburden, proposed by Osborn et al. (2006), 

covering the Foreland Belt and the end of the Cretaceous might have extended farther 

west into the Cordillera.  

5.4 Core Complex Formation 

Gordon et al. (2008) completed a cooling history for the Valhalla complex and 

included in their work a time-temperature evolution for the southern Omineca 

metamorphic domes (Figure 15). The authors included high temperature 

thermochronometers (U-Pb) zircon, as well as low temperature thermochronometers 

apatite fission track (AFT). The authors recognized a kink in their cooling path occurring 

at ~55 Ma, marking the transition from a compressional regime to an extensional regime. 

By adding our new cooling ages to Figure 15 we see that our data fall along the same 

trend and lie within the extensional portion of the cooling curve. In the case of our 

Whistlers Mountain transect this result is surprising because we cannot attribute the 

cooling in that area to extensional unroofing due to a lack of major extensional structure 

in the region. This raises the possibility that exhumation was entirely controlled by 

surface erosion by middle Eocene time across the entire Cordillera.  

5.5 Mechanisms of Removal  

In order for all of our samples to display a rapid cooling event in the Eocene, there must 

be a mechanism that cooled the samples rapidly and removed the overburden. Samples 
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from Ptarmigan Mountain, and Raft Mountain, located in a region that was dominated by 

large scale extensional tectonics in the early Paleogene. Extensional exhumation of these 

areas is therefore a potentially satisfying mechanism for the cooling histories observed 

from these sites. These study areas are, however, on opposite sides of the Okanogan 

Valley normal fault, with Ptarmigan Mountain in the footwall and Raft Mountain in the 

hanging wall. The near identical cooling curves obtained from these two sites suggests 

that the Okanagan Valley Normal fault was dead by ~45 Ma. Similarly, The Nicola Horst 

is also located in the early Paleogene extended belt, but in this case the similar cooling 

ages obtained from the footwall and hanging walls (Figure 16) of the horst require that all 

of the post Eocene exhumation of this structure was accomplished by erosion as well. 

Lastly, Whistlers Mountain does not have any surface evidence of extension and 

therefore requires an erosional unroofing mechanism.  

These observations suggest that cooling along the Canadian Cordilleran transect 

presented here was occurring due to orogen scale erosional processes by ~45 Ma and that 

tectonic denudation had ceased to be a major factor prior to this time. The implications of 

this hypothesis are that the major extensional episode that affected the Cordillera was 

very short lived. Also the record of the transition from active orogeny to a passive fossil 

orogen is potentially well preserved across the Canadian Cordillera making this region an 

excellent natural laboratory for studying the lateral variability of thermal cooling during 

this time. 
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Figure 15: Temperature time evolution of the Omineca domes from Gordon et al, 2008, demonstrating the similarity in timing 
of tectonic events along the Belt. Samples from this study are added to show that the cooling ages lie within the larger trends 
observed in the Omineca Belt. Image modified without permission. 
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Figure 16: Zircon cooling ages shown on a topographic cross section of the Nicola Horst. Image illustrates that there is little 
difference between the cooling ages in the hanging walls and footwall of the horst. This possibly represents that the faults are 
not responsible for the observed cooling ages. 
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CHAPTER 6: CONCLUSIONS 

  New low temperature cooling ages along a transect through the Canadian 

Cordillera, from Jasper to Kamloops, are presented. Using our Whistlers Mountain 

(Jasper area) data we estimate the amount of overburden removed since the L. Paleocene 

to be 5-9 km, consistent with the 8-10 km proposed by Osborn et al. (2006). Our estimate 

assumes a paleo-geothermal gradient range of 24.8±8 °C/km based on results published 

by Allen et al. (2006) on present day gradients.  

 We applied the same approach to three other sites across the Cordillera to test if 

the thick cover that existed at Whistlers Mountain, in the Foreland Belt, extended farther 

west into the Cordillera. Our zircon U-Th/He ages from Ptarmigan, Raft, and Nicola are 

slightly younger (30-60 Ma) than those found at Whistlers mountain (50-70 Ma). This 

indicates that the western samples did not cool below the 180°C isotherm for ~10-20 Ma 

after Whistlers, presumably because they were residing at a deeper level in the crust. This 

westward younging trend suggests that the cover thickened westwards during the L. 

Paleocene, consistent with the existence of a large orogenic plateau.  

 We compared our cooling ages to those presented by Gordon et al. (2006) to 

assess how our cooling ages relate to those obtained from the major core complexes of 

the Omineca Belt. Gordon et al. (2006) presented a kinked cooling curve compiled from a 

large number of cooling ages and related the change in cooling rates to a shift from active 

compression in the late Cretaceous and Early Paleocene, to large scale extension and 

gravitational collapse by the middle to late Paleocene. Our data plot in the extensional 

portion of the Gordon et al. (2006) cooling curve, but the age relationships we obtained 

across major extensional structure (similar ages in the footwalls and hanging walls) as 
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well as the Eocene cooling ages obtained from the unextended Whistlers Mountain 

transect preclude extensional exhumation as a viable unroofing mechanism by ~45 Ma. 

We suggest, therefore, that orogen wide cooling by ~45 Ma was associated with erosion 

rather than tectonism. Furthermore, we propose that the slight westward younging trend 

we observe in our cooling data is consistent with a westward increase in erosion rates 

across the orogen.  
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CHAPTER 7: FUTURE WORK 

An interesting result from this study is the correlation of cooling patterns across 

all of our sample locations, spanning the Foreland, Omineca, and Intermontane Belts. 

Additional work should be completed to expand the data set in the Foreland Belt so that it 

can be compared with the rest of the Cordillera. To do this I suggest: 1) Additional 

vertical transect along-deformational strike of the Whistlers Mountain transect to test for 

strike parallel variations in Cenozoic cooling. 2) Paleo-geothermal gradient work added 

to current locations to get a more accurate estimate of Cenozoic overburden. 3) 

Mineralogical work done on metamorphic samples to add additional burial data. 4) 

Another strike perpendicular transect to the south and north of our current transect to test 

the results and claims made by this paper.  
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Sample Lat Long mineral Length, 
(µm)

Width, 
(µm)

Age, 
Ma

err., 
Ma

U 
(ppm)

Th 
(ppm)

147Sm 
(ppm) [U]e Th/U He 

(nmol/g)
mass 
(ug) Ft

Whistlers
NMI39-08-1 52.8514 -118.118 apatite 121 69 20.7 1.24 11.2 1.2 13.3 11.5 0.11 0.8 1.15 0.61
NMI39-08-2 52.8514 -118.118 apatite 134 119 13.3 0.80 2.5 0.4 6.1 2.6 0.15 0.1 3.83 0.74
NMI39-08-3 52.8514 -118.118 apatite 105 70 187.3 11.24 40.6 15.7 66.4 44.6 0.39 27.5 1.05 0.60
NMI39-07-1 52.8426 -118.1098 apatite 123 68 27.1 1.63 26.9 14.5 95.1 30.7 0.54 2.7 1.18 0.60
NMI39-07-2 52.8426 -118.1098 apatite 124 67 28.2 1.69 31.9 24.4 53.3 37.8 0.77 3.4 1.12 0.59
NMI39-07-3 52.8426 -118.1098 apatite 127 72 31.9 1.91 20.0 1.9 28.3 20.6 0.10 2.4 1.77 0.66
NMI39-07-4 52.8426 -118.1098 apatite 132 81 36.7 2.20 86.8 76.7 99.1 104.9 0.88 12.7 1.33 0.61
NMI39-07-5 52.8426 -118.1098 apatite 117 60 30.9 1.85 108.3 107.7 183.7 134.0 0.99 12.5 0.87 0.56
NMI39-06-1 52.8448 -118.1248 apatite 137 95 28.1 1.68 19.7 77.1 42.0 37.6 3.92 3.9 2.51 0.67
NMI39-06-2 52.8448 -118.1248 apatite 128 81 28.5 1.71 18.8 2.7 49.1 19.7 0.15 2.0 1.69 0.66
NMI39-06-3 52.8448 -118.1248 apatite 189 83 87.0 5.22 1.1 1.8 22.0 1.6 1.66 0.5 2.65 0.67
NMI39-06-4 52.8448 -118.1248 apatite 158 82 45.2 2.71 92.1 37.1 110.4 101.3 0.40 16.6 2.18 0.67
NMI39-06-5 52.8448 -118.1248 apatite 111 68 35.0 2.10 24.0 19.5 38.5 28.7 0.81 3.2 1.04 0.59
NMI39-06-6 52.8448 -118.1248 apatite 132 90 -43.7 -2.62 27.3 4.9 12.2 28.5 0.18 -4.6 2.17 0.68
NMI38-05-1 52.8372 -118.135 apatite 107 83 34.7 2.08 15.4 7.8 23.3 17.3 0.51 2.1 1.51 0.64
NMI38-05-2 52.8372 -118.135 apatite 145 62 52.2 3.13 22.4 76.5 120.5 40.6 3.41 6.6 1.14 0.56
NMI38-05-3 52.8372 -118.135 apatite 131 81 32.6 1.96 14.4 26.8 66.9 20.9 1.86 2.4 1.77 0.64
NMI38-05-4 52.8372 -118.135 apatite 120 92 31.4 1.88 20.1 23.8 15.6 25.7 1.19 2.9 2.08 0.67
NMI37-04-1 52.8372 -118.1326 apatite 180 73 36.3 2.18 56.9 13.7 84.1 60.4 0.24 7.7 1.96 0.65
NMI37-04-2 52.8372 -118.1326 apatite 196 140 116.3 6.98 3.9 8.7 32.3 6.1 2.26 3.0 7.85 0.77
NMI37-04-3 52.8372 -118.1326 apatite 153 95 56.2 3.37 2.3 3.4 48.2 3.3 1.49 0.7 2.78 0.69
NMI37-04-4 52.8372 -118.1326 apatite 169 63 33.6 2.01 15.3 5.0 18.6 16.5 0.33 1.8 1.38 0.60
NMI37-04-5 52.8372 -118.1326 apatite 128 75 26.3 1.58 90.6 26.8 162.4 97.6 0.30 8.9 1.47 0.64
NMI37-04-6 52.8372 -118.1326 apatite 188 74 42.9 2.57 276.3 217.4 162.2 327.1 0.79 48.9 2.09 0.64
NMI37-03-1 52.8325 -118.133 apatite 102 92 38.1 2.29 18.3 10.0 17.2 20.7 0.55 2.8 1.76 0.66
NMI37-03-2 52.8325 -118.133 apatite 159 98 38.2 2.29 29.2 7.3 49.0 31.1 0.25 4.6 3.12 0.71
NMI37-03-3 52.8325 -118.133 apatite 111 85 35.3 2.12 19.9 64.9 164.9 35.6 3.27 4.4 1.66 0.63
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NMI37-03-4 52.8325 -118.133 apatite 124 87 62.5 3.75 4.6 2.5 91.8 5.6 0.53 1.3 1.93 0.66
NMI37-03-5 52.8325 -118.133 apatite 103 96 48.3 2.90 29.8 19.2 44.9 34.5 0.64 6.1 1.95 0.67
NMI37-03-6 52.8325 -118.133 apatite 126 80 26.2 1.57 33.1 6.4 50.3 34.8 0.19 3.2 1.64 0.65
NMI37-02-1 52.8287 -118.1266 apatite 145 66 35.1 2.11 8.6 10.8 37.9 11.2 1.26 1.3 1.31 0.59
NMI37-02-2 52.8287 -118.1266 apatite 171 88 29.1 1.74 5.8 9.4 98.6 8.5 1.62 0.9 2.68 0.67
NMI37-02-3 52.8287 -118.1266 apatite 146 80 47.9 2.88 65.1 79.4 116.5 84.0 1.22 14.2 1.90 0.64
NMI37-02-4 52.8287 -118.1266 apatite 145 79 44.5 2.67 18.8 100.4 112.2 42.5 5.33 6.6 1.86 0.63
NMI37-02-5 52.8287 -118.1266 apatite 153 93 40.1 2.41 13.4 3.7 89.5 14.7 0.28 2.3 2.68 0.70
NMI37-02-6 52.8287 -118.1266 apatite 131 110 44.6 2.68 6.4 5.3 37.9 7.8 0.83 1.4 3.24 0.71
NMI37-01-1 52.8263 -118.1309 apatite 190 96 67.7 4.06 98.7 51.4 94.7 111.0 0.52 29.1 3.56 0.71
NMI37-01-2 52.8263 -118.1309 apatite 161 72 49.7 2.98 30.1 24.2 78.4 36.1 0.81 6.1 1.69 0.63
NMI37-01-3 52.8263 -118.1309 apatite 212 100 74.2 4.45 63.3 23.6 50.3 68.9 0.37 20.2 4.32 0.73
NMI37-01-4 52.8263 -118.1309 apatite 208 124 40.5 2.43 3.9 1.6 15.7 4.4 0.40 0.7 6.52 0.77
NMI37-01-5 52.8263 -118.1309 apatite 144 103 839.6 50.38 20.7 11.4 74.0 23.7 0.55 81.5 3.09 0.71
zNMI38-05-1 52.8372 -118.135 zircon 191 73 62.2 4.98 350.6 126.8 24.0 379.9 0.36 95.8 4.74 0.75
zNMI38-05-2 52.8372 -118.135 zircon 137 82 47.3 3.78 277.9 91.1 2.3 298.9 0.33 57.9 4.34 0.76
zNMI38-05-3 52.8372 -118.135 zircon 243 75 55.6 4.45 441.2 682.2 11.7 598.3 1.55 136.2 6.29 0.75
zNMI38-05-4 52.8372 -118.135 zircon 220 86 62.6 5.00 38.7 55.5 0.7 51.5 1.43 14.2 11.14 0.81
zNMI38-05-5 52.8372 -118.135 zircon 260 151 56.2 4.49 104.3 172.2 2.5 143.9 1.65 37.8 27.94 0.86
zNMI38-05-6 52.8372 -118.135 zircon 151 90 63.9 5.11 313.6 562.2 10.4 443.1 1.79 118.4 5.77 0.77
zNMI37-01-1 52.8263 -118.1309 zircon 314 121 60.7 4.85 330.5 191.2 10.3 374.5 0.58 103.8 21.41 0.84
zNMI37-01-2 52.8263 -118.1309 zircon 290 121 70.4 5.63 236.1 168.2 4.3 274.8 0.71 88.3 20.12 0.84
zNMI37-01-3 52.8263 -118.1309 zircon 287 103 68.0 5.44 413.3 148.5 8.7 447.6 0.36 135.3 14.22 0.82
zNMI37-01-4 52.8263 -118.1309 zircon 328 140 77.4 6.19 206.1 154.2 3.1 241.6 0.75 87.3 29.96 0.86
zNMI37-01-5 52.8263 -118.1309 zircon 376 120 61.3 4.90 354.2 206.6 11.5 401.9 0.58 112.9 25.37 0.84
zNMI37-01-6 52.8263 -118.1309 zircon 354 149 92.0 7.36 137.5 93.5 5.7 159.0 0.68 69.1 36.28 0.87
zNMI37-03-1 52.8325 -118.133 zircon 301 108 66.6 5.33 71.0 108.9 1.9 96.0 1.53 28.7 16.58 0.82
zNMI37-03-2 52.8325 -118.133 zircon 204 88 61.0 4.88 118.9 131.6 2.3 149.2 1.11 38.6 7.48 0.78
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zNMI37-03-3 52.8325 -118.133 zircon 206 119 90.2 7.22 86.5 130.6 0.7 116.6 1.51 47.2 13.69 0.82
zNMI37-03-4 52.8325 -118.133 zircon 172 74 57.1 4.56 327.0 382.3 13.4 415.0 1.17 95.3 4.44 0.74
zNMI37-03-5 52.8325 -118.133 zircon 160 93 41.4 3.31 422.6 524.0 11.6 543.3 1.24 95.0 6.45 0.78
zNMI37-03-6 52.8325 -118.133 zircon 198 116 100.7 8.06 137.9 180.9 3.7 179.5 1.31 80.8 12.61 0.82
zNMI37-02-1 52.8287 -118.1266 zircon 162 90 479.6 38.36 42.0 32.7 1.2 49.6 0.78 103.0 6.13 0.77
zNMI37-02-2 52.8287 -118.1266 zircon 220 77 61.8 4.95 416.7 410.6 10.9 511.2 0.99 130.4 6.16 0.76
zNMI37-02-3 52.8287 -118.1266 zircon 217 90 58.3 4.66 409.0 356.7 16.3 491.2 0.87 122.3 8.33 0.79
zNMI37-02-4 52.8287 -118.1266 zircon 227 93 57.1 4.57 285.5 262.4 9.2 346.0 0.92 85.0 9.19 0.79
zNMI37-02-5 52.8287 -118.1266 zircon 187 75 56.2 4.50 511.3 725.4 20.6 678.4 1.42 154.3 4.84 0.74
zNMI37-02-6 52.8287 -118.1266 zircon 195 81 56.4 4.52 504.6 566.0 16.1 634.9 1.12 148.7 6.08 0.76
zNMI39-07-1 52.8426 -118.1098 zircon 197 103 55.5 4.44 203.8 220.7 9.5 254.7 1.08 61.7 9.88 0.80
zNMI39-07-2 52.8426 -118.1098 zircon 155 74 51.0 4.08 796.1 1623.4 38.8 1170.0 2.04 238.1 3.98 0.73
zNMI39-07-3 52.8426 -118.1098 zircon 209 80 39.5 3.16 424.8 913.7 10.4 635.2 2.15 103.7 6.26 0.76
zNMI39-07-4 52.8426 -118.1098 zircon 204 101 64.3 5.14 367.9 555.4 21.1 495.8 1.51 138.8 9.78 0.80
zNMI39-07-5 52.8426 -118.1098 zircon 159 82 126.8 10.15 98.3 116.2 5.0 125.1 1.18 65.6 5.07 0.76
zNMI39-07-6 52.8426 -118.1098 zircon 146 90 56.3 4.50 369.7 499.8 7.7 484.8 1.35 114.0 5.63 0.77
zNMI39-06-1 52.8448 -118.1248 zircon 202 90 50.1 4.01 143.5 240.0 1.7 198.8 1.67 42.3 7.64 0.78
zNMI39-06-2 52.8448 -118.1248 zircon 259 85 58.8 4.70 312.1 395.1 5.7 403.1 1.27 100.4 8.68 0.78
zNMI39-06-3 52.8448 -118.1248 zircon 219 83 68.8 5.51 72.4 133.2 1.0 103.1 1.84 29.7 6.96 0.77
zNMI39-06-4 52.8448 -118.1248 zircon 229 105 45.9 3.67 96.6 274.8 2.7 159.8 2.84 32.3 11.90 0.81
zNMI39-06-5 52.8448 -118.1248 zircon 204 115 64.4 5.15 116.9 211.8 2.5 165.7 1.81 47.5 12.57 0.82
zNMI39-06-6 52.8448 -118.1248 zircon 169 79 66.8 5.35 146.9 213.1 3.7 195.9 1.45 53.5 4.95 0.75
zNMI37-04-1 52.8372 -118.1326 zircon 141 88 60.6 4.85 245.6 315.9 9.5 318.3 1.29 80.2 5.37 0.76
zNMI37-04-2 52.8372 -118.1326 zircon 151 73 55.4 4.43 72.4 193.2 1.1 116.9 2.67 25.7 3.79 0.73
zNMI37-04-3 52.8372 -118.1326 zircon 193 83 53.9 4.32 125.5 655.5 5.6 276.4 5.22 62.1 6.24 0.76
zNMI37-04-4 52.8372 -118.1326 zircon 188 85 48.1 3.84 435.4 627.6 11.0 580.0 1.44 116.4 6.35 0.77
zNMI37-04-5 52.8372 -118.1326 zircon 191 96 60.3 4.82 222.5 328.9 6.6 298.2 1.48 77.2 8.20 0.79
zNMI37-04-6 52.8372 -118.1326 zircon 174 77 56.4 4.51 764.9 992.5 33.8 993.5 1.30 228.2 4.92 0.75
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zNMI39-08-1 52.8514 -118.118 zircon 160 82 67.2 5.38 221.4 217.8 4.9 271.6 0.98 75.1 5.04 0.76
zNMI39-08-2 52.8514 -118.118 zircon 197 101 64.9 5.19 170.5 189.2 3.0 214.1 1.11 60.4 9.46 0.80
zNMI39-08-3 52.8514 -118.118 zircon 154 91 56.9 4.55 619.7 445.1 34.1 722.3 0.72 173.0 6.01 0.78
zNMI39-08-4 52.8514 -118.118 zircon 180 98 54.4 4.35 318.3 354.6 15.0 400.0 1.11 93.7 8.19 0.79
zNMI39-08-5 52.8514 -118.118 zircon 205 88 58.5 4.68 265.5 256.8 7.4 324.6 0.97 80.5 7.42 0.78
zNMI39-08-6 52.8514 -118.118 zircon 185 92 64.9 5.19 231.0 190.3 4.4 274.8 0.82 75.9 7.31 0.78
Ptarmigan
AH48-2-1 52.0477 -119.2804 apatite 168 128 64.3 3.86 17.4 1.4 68.5 18.1 0.08 4.9 5.53 0.77
AH48-2-2 52.0477 -119.2804 apatite 176 128 35.2 2.11 12.9 1.4 64.1 13.5 0.11 2.0 5.76 0.77
AH49-3-1 52.0456 -119.2647 apatite 332 254 82.6 4.95 2.3 0.3 10.2 2.4 0.13 0.9 43.15 0.88
AH49-3-2 52.0456 -119.2647 apatite 140 96 34.8 2.09 40.7 2.6 147.1 42.0 0.06 5.6 2.62 0.70
AH49-3-3 52.0456 -119.2647 apatite 179 161 89.6 5.38 0.1 0.0 0.0 0.1 0.11 0.0 9.45 0.80
AH49-3-4 52.0456 -119.2647 apatite 196 109 59.4 3.56 27.6 2.5 138.6 28.8 0.09 7.0 4.76 0.75
AH48-1-1 52.0357 -119.3072 apatite 148 141 97.3 5.84 29.0 2.3 21.9 29.7 0.08 12.2 5.96 0.78
AH48-1-2 52.0357 -119.3072 apatite 234 118 27.7 1.66 9.0 0.7 36.4 9.4 0.08 1.1 6.66 0.77
AH48-1-3 52.0357 -119.3072 apatite 216 119 28.4 1.70 18.1 1.2 45.4 18.6 0.07 2.2 6.23 0.77
AH47-1-1 52.0281 -119.3328 apatite 143 136 37.2 2.23 37.9 19.1 38.5 42.4 0.50 6.5 5.31 0.76
AH47-1-2 52.0281 -119.3328 apatite 171 120 26.0 1.56 42.8 26.2 39.7 49.0 0.61 5.2 5.00 0.75
AH47-1-3 52.0281 -119.3328 apatite 160 127 32.3 1.94 16.0 4.3 32.1 17.2 0.27 2.3 5.24 0.76
AH49-1-1 52.0444 -119.2424 apatite 187 125 56.6 3.40 12.9 1.3 27.1 13.3 0.10 3.1 5.90 0.77
AH49-1-2 52.0444 -119.2424 apatite 139 128 34.5 2.07 8.5 0.5 18.4 8.7 0.05 1.2 4.61 0.76
AH49-1-3 52.0444 -119.2424 apatite 164 126 34.5 2.07 17.1 6.2 22.1 18.7 0.36 2.6 5.30 0.76
AH49-1-4 52.0444 -119.2424 apatite 128 121 40.9 2.46 9.6 0.7 19.6 9.9 0.07 1.6 3.79 0.74
zAH47-1-1 52.0281 -119.3328 zircon 198 60 53.1 4.25 4018.0 39.9 3.9 4027.2 0.01 829.5 3.36 0.72
zAH47-1-2 52.0281 -119.3328 zircon 243 163 25.4 2.03 966.5 #### 1608.8 4110.7 14.10 495.7 30.17 0.86
zAH48-1-1 52.0357 -119.3072 zircon 250 90 48.8 3.90 1926.4 41.6 0.9 1936.0 0.02 408.9 9.59 0.80
zAH48-1-2 52.0357 -119.3072 zircon 256 167 45.6 3.65 743.5 12.8 0.2 746.4 0.02 161.2 33.53 0.88
zAH48-1-3 52.0357 -119.3072 zircon 321 129 176.3 14.10 326.4 6.1 0.1 327.8 0.02 270.0 24.98 0.86
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zAH49-1-1 52.0444 -119.2424 zircon 188 131 28.7 2.30 100.2 81.4 0.6 119.0 0.81 15.4 15.08 0.83
zAH49-1-2 52.0444 -119.2424 zircon 259 113 41.3 3.30 150.3 144.4 1.1 183.5 0.96 34.0 15.68 0.83
zAH49-1-3 52.0444 -119.2424 zircon 291 135 81.8 6.54 162.2 62.0 2.4 176.5 0.38 67.0 24.92 0.85
zAH49-2-1 52.0446 -119.2504 zircon 201 144 32.4 2.59 65.0 26.9 0.3 71.2 0.41 10.6 19.50 0.85
zAH49-2-2 52.0446 -119.2504 zircon 178 115 57.6 4.61 85.1 20.3 0.7 89.8 0.24 23.0 11.16 0.82
zAH49-2-3 52.0446 -119.2504 zircon 199 98 40.5 3.24 141.6 39.4 0.6 150.7 0.28 26.5 8.97 0.80
Raft
aDB-1-3-1-1 51.7277 -119.8613 apatite 140 137 51.1 3.07 46.4 1.0 34.2 46.8 0.02 10.0 5.29 0.77
aDB-1-3-1-2 51.7277 -119.8613 apatite 102 71 54.9 3.29 78.6 7.7 57.2 80.7 0.10 14.6 1.04 0.61
aDB-1-3-1-3 51.7277 -119.8613 apatite 143 102 52.5 3.15 50.3 1.3 31.1 50.7 0.03 10.6 4.25 0.74
aDB-1-1-2-1 51.6752 -119.9508 apatite 195 79 36.1 2.17 40.2 43.2 47.5 50.4 1.08 6.5 2.45 0.66
aDB-1-1-2-2 51.6752 -119.9508 apatite 204 98 40.3 2.42 32.1 38.1 53.1 41.1 1.19 6.4 3.94 0.71
aDB-1-1-2-3 51.6752 -119.9508 apatite 255 82 36.6 2.20 27.3 25.0 27.2 33.2 0.92 4.5 3.45 0.68
aDB-1-1-1-1 51.6755 -119.9086 apatite 291 93 43.2 2.59 66.3 27.2 57.0 72.8 0.41 12.3 5.07 0.72
aDB-1-1-1-2 51.6755 -119.9086 apatite 236 86 43.2 2.59 71.7 27.6 58.6 78.4 0.38 12.8 3.51 0.70
aDB-1-1-1-3 51.6755 -119.9086 apatite 245 94 44.2 2.65 71.9 25.7 53.7 78.1 0.36 13.5 4.36 0.72
aDB-1-4-1-1 51.6871 -119.9006 apatite 220 102 41.9 2.52 34.4 60.7 33.2 48.6 1.77 8.0 4.61 0.72
aDB-1-4-1-2 51.6871 -119.9006 apatite 308 101 36.4 2.18 26.2 46.8 25.0 37.1 1.79 5.4 6.33 0.73
aDB-1-4-1-3 51.6871 -119.9006 apatite 218 76 34.9 2.09 24.9 44.4 26.3 35.3 1.78 4.3 2.54 0.65
zDB-1-1-1-1 51.6755 -119.9086 zircon 186 88 32.3 2.58 670.8 210.0 0.5 719.1 0.31 98.1 6.70 0.78
zDB-1-1-1-2 51.6755 -119.9086 zircon 225 99 38.1 3.05 917.6 412.7 0.7 1012.6 0.45 168.3 10.25 0.80
zDB-1-1-1-3 51.6755 -119.9086 zircon 203 103 31.6 2.53 644.9 170.7 0.5 684.2 0.26 94.7 10.01 0.81
zDB-1-1-2-1 51.6752 -119.9508 zircon 165 70 55.1 4.41 442.7 236.5 0.8 497.1 0.53 108.7 3.76 0.73
zDB-1-1-2-2 51.6752 -119.9508 zircon 171 68 54.6 4.36 825.1 389.2 0.8 914.7 0.47 196.9 3.68 0.73
zDB-1-1-2-4 51.6752 -119.9508 zircon 190 83 49.0 3.92 365.5 158.4 0.5 402.0 0.43 82.2 6.09 0.77
zDB-1-3-1-1 51.7277 -119.8613 zircon 170 82 32.2 2.58 873.7 50.7 0.8 885.4 0.06 118.7 5.32 0.77
zDB-1-3-1-2 51.7277 -119.8613 zircon 151 73 34.0 2.72 758.6 41.3 1.1 768.2 0.05 105.1 3.74 0.74
zDB-1-3-1-3 51.7277 -119.8613 zircon 120 68 25.7 2.05 776.1 95.7 1.3 798.1 0.12 79.3 2.58 0.72
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zDB-1-3-1-4 51.7277 -119.8613 zircon 114 68 33.0 2.64 151.9 30.0 0.9 158.8 0.20 20.1 2.45 0.71
zDB-1-4-1-1 51.6871 -119.9006 zircon 225 94 38.7 3.10 440.3 206.5 1.0 487.8 0.47 81.5 9.24 0.80
zDB-1-4-1-2 51.6871 -119.9006 zircon 231 96 37.8 3.02 430.1 219.2 1.0 480.6 0.51 78.8 9.90 0.80
zDB-1-4-1-3 51.6871 -119.9006 zircon 218 73 43.9 3.51 417.6 241.0 0.9 473.1 0.58 84.5 5.40 0.75
Nicola
aDB-1-15-1-1 50.2761 -120.3991 apatite 81 52 41.2 2.47 5.4 11.4 28.0 8.2 2.12 0.9 0.44 0.46
aDB-1-15-1-2 50.2761 -120.3991 apatite 116 68 34.1 2.05 2.7 8.8 15.6 4.8 3.31 0.5 1.08 0.57
aDB-1-15-1-3 50.2761 -120.3991 apatite 120 55 47.1 2.83 2.6 6.0 17.7 4.0 2.35 0.5 0.73 0.51
aDB-1-7-2-3 50.2811 -120.4666 apatite 135 42 12.6 0.75 4.2 3.0 5.6 4.9 0.71 0.1 0.48 0.44
aDB-1-11-1-1 50.3191 -120.5649 apatite 163 81 76.4 4.59 14.5 26.9 19.2 20.7 1.86 5.6 2.15 0.65
aDB-1-11-1-2 50.3191 -120.5649 apatite 175 79 66.8 4.01 23.3 20.0 31.9 28.0 0.86 6.7 2.20 0.65
aDB-1-11-1-3 50.3191 -120.5649 apatite 126 52 46.0 2.76 8.9 19.7 20.3 13.6 2.21 1.7 0.69 0.50
aDB-1-10-1-1 50.2999 -120.5513 apatite 176 82 40.8 2.45 13.3 17.4 31.5 17.4 1.31 2.6 2.38 0.66
aDB-1-10-1-2 50.2999 -120.5513 apatite 166 73 41.5 2.49 12.6 16.7 9.7 16.5 1.32 2.3 1.78 0.63
aDB-1-10-1-3 50.2999 -120.5513 apatite 245 94 41.5 2.49 8.9 13.9 25.2 12.3 1.56 2.0 4.36 0.71
aDB-1-13-1-1 50.2677 -120.4412 apatite 56 52 34.0 2.04 2.9 7.5 17.4 4.7 2.60 0.4 0.30 0.42
aDB-1-13-1-3 50.2677 -120.4412 apatite 95 52 34.5 2.07 3.3 8.2 23.4 5.3 2.50 0.5 0.52 0.48
aDB-1-13-1-4 50.2677 -120.4412 apatite 81 46 21.3 1.28 2.9 5.4 11.7 4.2 1.85 0.2 0.35 0.42
aDB-1-5-2-1 50.1823 -120.5927 apatite 120 87 38.7 2.32 54.3 57.8 20.8 67.8 1.06 9.3 1.83 0.65
aDB-1-5-2-2 50.1823 -120.5927 apatite 120 52 44.9 2.69 78.9 74.3 17.2 96.1 0.94 11.9 0.65 0.51
aDB-1-5-2-3 50.1823 -120.5927 apatite 131 82 46.0 2.76 23.1 27.6 23.4 29.6 1.20 4.8 1.77 0.64
aDB-1-5-2-4 50.1823 -120.5927 apatite 152 67 42.4 2.55 84.1 102.4 29.8 107.8 1.22 14.9 1.37 0.60
aDB-1-12-1-1 50.3678 -120.6043 apatite 194 120 34.5 2.07 0.3 0.1 0.2 0.4 0.19 0.1 5.62 0.76
aDB-1-12-1-2 50.3678 -120.6043 apatite 107 84 19.9 1.20 1.0 0.3 0.4 1.0 0.26 0.1 1.52 0.65
aDB-1-12-2-2 50.3664 -120.6329 apatite 62 53 43.3 2.60 27.4 19.3 13.6 32.0 0.70 3.4 0.35 0.46
aDB-1-10-2-1 50.3161 -120.6213 apatite 122 67 42.0 2.52 32.8 37.6 32.6 41.6 1.15 5.6 1.10 0.59
aDB-1-10-2-2 50.3161 -120.6213 apatite 109 63 46.2 2.77 15.7 24.3 19.0 21.4 1.55 3.0 0.87 0.56
aDB-1-10-2-3 50.3161 -120.6213 apatite 202 80 49.7 2.98 40.4 47.2 40.0 51.5 1.17 9.2 2.60 0.66
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Sample Lat Long mineral Length, 
(µm)

Width, 
(µm)

Age, 
Ma

err., 
Ma

U 
(ppm)

Th 
(ppm)

147Sm 
(ppm) [U]e Th/U He 

(nmol/g)
mass 
(ug) Ft

aDB-1-10-2-4 50.3161 -120.6213 apatite 126 75 45.3 2.72 16.5 22.9 25.4 21.9 1.39 3.3 1.43 0.62
aDB-1-6-1-2 50.1989 -120.5784 apatite 185 102 61.7 3.70 5.1 13.2 17.4 8.2 2.58 2.0 3.88 0.71
aDB-1-6-1-3 50.1989 -120.5784 apatite 251 100 52.1 3.13 4.9 12.2 13.3 7.8 2.46 1.6 5.05 0.72
aDB-1-9-1-1 50.2918 -120.5091 apatite 116 64 36.7 2.20 7.1 2.7 5.3 7.7 0.38 0.9 0.96 0.58
aDB-1-9-1-2 50.2918 -120.5091 apatite 128 75 47.7 2.86 16.3 3.8 16.7 17.3 0.23 2.8 1.45 0.64
aDB-1-9-1-3 50.2918 -120.5091 apatite 107 63 47.4 2.84 13.9 4.8 11.7 15.0 0.35 2.2 0.86 0.57
aDB-1-9-1-4 50.2918 -120.5091 apatite 110 78 46.3 2.78 28.5 11.4 19.3 31.2 0.40 4.9 1.35 0.63
zDB-1-10-1-1 50.2999 -120.5513 zircon 191 88 36.3 2.90 484.6 177.2 0.8 525.4 0.37 80.7 6.88 0.78
zDB-1-10-1-2 50.2999 -120.5513 zircon 263 82 41.6 3.33 845.8 490.1 1.1 958.6 0.58 168.0 8.22 0.78
zDB-1-10-1-3 50.2999 -120.5513 zircon 181 83 47.2 3.78 698.8 561.1 1.1 828.0 0.80 162.4 5.80 0.77
zDB-1-10-2-1 50.3161 -120.6213 zircon 207 85 32.8 2.63 319.0 110.1 0.7 344.4 0.35 47.6 6.95 0.78
zDB-1-10-2-2 50.3161 -120.6213 zircon 177 82 34.1 2.73 280.8 102.2 0.5 304.3 0.36 43.0 5.53 0.77
zDB-1-10-2-3 50.3161 -120.6213 zircon 146 93 31.1 2.49 157.5 59.2 0.7 171.2 0.38 22.4 5.87 0.78
zDB-1-11-1-2 50.3191 -120.5649 zircon 181 82 30.3 2.42 524.8 192.2 0.8 569.0 0.37 71.5 5.66 0.77
zDB-1-11-1-3 50.3191 -120.5649 zircon 158 76 30.4 2.43 192.2 67.6 0.6 207.8 0.35 25.6 4.24 0.75
zDB-1-12-2-1 50.3664 -120.6329 zircon 143 47 32.6 2.61 331.0 133.4 1.0 361.7 0.40 40.4 1.47 0.63
zDB-1-15-1-4 50.2761 -120.3991 zircon 112 68 76.1 6.09 295.4 165.5 0.5 333.5 0.56 97.2 2.41 0.71
zDB-1-5-2-2 50.1823 -120.5927 zircon 204 90 34.6 2.77 176.3 48.3 0.6 187.4 0.27 27.6 7.68 0.79
zDB-1-5-2-4 50.1823 -120.5927 zircon 303 119 36.9 2.95 51.8 12.3 0.2 54.6 0.24 9.2 19.95 0.84
zDB-1-5-2-5 50.1823 -120.5927 zircon 250 99 32.3 2.59 94.2 26.7 0.4 100.4 0.28 14.2 11.39 0.81
zDB-1-6-1-2 50.1989 -120.5784 zircon 155 68 41.6 3.33 2200.8 551.5 0.8 2327.7 0.25 381.1 3.33 0.73
zDB-1-6-1-3 50.1989 -120.5784 zircon 147 68 167.9 13.43 346.8 100.7 0.4 370.0 0.29 245.5 3.16 0.72
zDB-1-7-2-1 50.2811 -120.4666 zircon 108 58 93.2 7.45 234.8 164.3 2.7 272.6 0.70 92.1 1.69 0.67
zDB-1-7-2-5 50.2811 -120.4666 zircon 149 89 26.4 2.11 155.2 31.4 0.4 162.4 0.20 18.0 5.49 0.78
zDB-1-7-2-6 50.2811 -120.4666 zircon 192 79 7.5 0.60 118.8 75.9 2.2 136.3 0.64 4.2 5.57 0.76
zDB-1-7-2-7* 50.2811 -120.4666 zircon 110 61 941.4 75.31 2.4 2.7 0.3 3.0 1.14 11.0 1.90 0.68
zDB-1-8-1-1 50.2962 -120.4604 zircon 118 82 40.2 3.22 99.7 54.9 0.8 112.4 0.55 18.2 3.69 0.74
zDB-1-8-1-3 50.2962 -120.4604 zircon 96 47 36.7 2.94 206.0 166.8 1.4 244.4 0.81 29.5 0.99 0.61
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Sample Lat Long mineral Length, 
(µm)

Width, 
(µm)

Age, 
Ma

err., 
Ma

U 
(ppm)

Th 
(ppm)

147Sm 
(ppm) [U]e Th/U He 

(nmol/g)
mass 
(ug) Ft

zDB-1-8-1-4 50.2962 -120.4604 zircon 105 50 47.6 3.80 110.9 25.4 0.6 116.8 0.23 19.2 1.22 0.64
zDB-1-8-1-5 50.2962 -120.4604 zircon 167 96 23.8 1.90 94.6 26.5 0.4 100.7 0.28 10.2 7.16 0.79
zDB-1-8-1-6 50.2962 -120.4604 zircon 163 95 27.3 2.18 70.0 32.1 0.9 77.4 0.46 9.0 6.84 0.79
zDB-1-9-1-2 50.2918 -120.5091 zircon 111 62 44.6 3.57 228.3 109.7 0.6 253.6 0.48 42.1 1.98 0.69
zDB-1-9-1-3 50.2918 -120.5091 zircon 130 75 38.7 3.10 145.6 62.3 0.6 160.0 0.43 24.6 3.40 0.74
zDB-1-5-1-4 50.1739 -120.5426 zircon 233 130 42.2 3.38 77.6 34.4 0.2 85.5 0.44 16.5 18.31 0.84
zDB-1-5-1-5 50.1739 -120.5426 zircon 176 85 44.1 3.53 247.0 137.6 0.4 278.7 0.56 51.3 5.91 0.77
zDB-1-5-1-6 50.1739 -120.5426 zircon 234 113 40.2 3.22 269.7 150.0 0.7 304.3 0.56 54.6 13.89 0.82
zDB-1-5-1-7 50.1739 -120.5426 zircon 270 126 40.0 3.20 363.4 232.0 0.3 416.8 0.64 76.0 19.93 0.84
zDB-1-13-1-5 50.2677 -120.4412 zircon 110 52 34.5 2.76 282.7 195.5 1.2 327.7 0.69 39.3 1.38 0.64
zDB-1-13-1-6 50.2677 -120.4412 zircon 87 154 21.8 1.75 50.6 20.2 1.2 55.3 0.40 5.0 5.53 0.77
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APPENDIX B  

The effect on grain damage from using a disc-mill during a mineral separation. 

Abstract 

Recently it has been suggested that the disc-mill, a step involved in mineral separations, 

is responsible for breaking grains. To test whether or not the disc-mill causes grain 

breakage, an igneous and sandstone sample were cut in half and each half processed with 

and without the disc-mill. Our study found that using the disc-mill increased the 

likelihood of a randomly selected zircon grain to be broken.  56% of the randomly 

selected zircons from the disc-milled igneous half were broken, opposed to only 28% in 

the non-disc-milled half.  Similarly, the broken grain count increased from 59% to 80% 

in the disc-milled fraction for the sandstone sample. Despite increasing the likelihood of 

broken grains, we don’t suggest avoiding the disc-mill altogether as it greatly increased 

the amount of zircons in the final fraction (broken or not). Instead, we suggest adding an 

additional step after jaw crushing and before disc milling. The additional step is sieving 

out the useable fraction from the jaw crusher and then disc milling the unusable fraction 

if increased recovery is desired. 
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Introduction 

The separation of minerals from a rock sample is a key step in geochronological, 

thermochronological, and provenance studies. In geochronological studies accessory 

minerals such as zircon, rutile, apatite are extracted from a host rock and dated using 

uranium-lead decay to determine the timing of their cooling through a closure 

temperature (e.g. Archibald et al., 1984). In thermochronological studies minerals such as 

apatite, zircon, and monazite are extracted to investigate the low temperature cooling of a 

rock during denudation (e.g. Wolfe and Stockli, 2010; Stockli et al., 2006). Most 

provenance studies rely on zircons, extracted from sandstones and dated using the 

uranium-lead decay scheme to get a profile of all the possible sources that contributed 

sediments during deposition of the sandstone (e.g. Anfinson et al., 2011; Leier and 

Gehrels, 2011). In all studies, the separation of accessory minerals from the host rock is a 

key step in the investigation. The extracting process of the accessory minerals is called 

mineral separation. 

Mineral separation involves first, breaking down a rock into its individual mineral 

components, and then using intrinsic properties of the mineral, like shape, density, and 

magnetic susceptibility to concentrate key minerals. The rock is first mechanically broken 

down to granule and pebble sized aggregates using a jaw crusher and further broken 

down to its individual minerals using a disc-mill. Most rocks contain large proportions of 

quartz and feldspar, which are relatively light. As such, a water table is used to separate 

these minerals from heavier minerals, including zircon and apatite.  Minerals are further 

subdivided by magnetic susceptibility using a Frantz isodynamic magnetic separator. 
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Minerals with varying densities can be divided using heavy liquids with specific densities 

into a heavier and lighter fraction. At the final stage, what remains is a fraction dominant 

in a specific accessory mineral that can be analyzed under a microscope.  

In thermochronology, it is important that the minerals selected for analysis are unbroken. 

Farley et al (1996) conducted a study that looked at the stopping distances of alpha 

particles ejected in apatite with broken and unbroken morphology. Since an alpha particle 

ejected from the nucleus of a uranium or thorium atom has a stopping distance of 19.7 

microns in apatite, 17.8 microns in titanite, and 16.6 microns in zircon, depending on the 

position of uranium or thorium atom, the particle has a chance of being ejected from the 

mineral. To correct for the ejection of alpha particles the authors propose an alpha 

particle retention correction (FT). The FT correction is calculated based on the apex-to-

apex measurement of the apatite mineral. When one or both of the ends of the mineral are 

broken, naturally or from separation processes, the original length must be estimated 

using aspect ratios from the entire population. By estimating the original length of the 

grains the correction become larger and uncertainty in the calculated ages increase. To 

reduce the uncertainty inherent in the application of a correction it is best to choose 

unbroken grains.  

Broken grains are not necessarily the work of geologic processes, but suggested by Farley 

et al (1996) as the result of sample preparation. Some workers have even specified the 

exact stage of mineral preparation that is causing grains break as the disc-milling stage 

(B. Guest personal communication, 2011). This paper aims to test the hypothesis that the 

process of disc milling causes grain damage.  
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Methods 

Zircons from two rocks, one a medium grained sandstone (samples SA and SB) and the 

other a felsic igneous rock (samples IA and IB) (Figure 1), were separated to analyze the 

effect of the disc milling on grain breakage. Each rock was separated into two equal sized 

portions and the two halves were processed identically through standard methods; with 

the exception that half of each rock sample (IB and SB) was excluded from the disc-mill. 

The resulting concentrated zircon separates were analyzed under a picking microscope to 

test the hypothesis that the disc-mill is responsible for grain damage.  Standard methods 

(Figure 2) (Vinson, 2004; Pullen et al., 2011; Simpson et al., 2012; Garver, 2004) 

included, jaw crushing, disc-milling, water tabling, Frantzing, and heavy liquids. These 

steps were used to produce a concentrated zircon fraction.  

Step one: rock saw 

The rock saw at the University of Calgary is an unknown make and model. The rock saw 

consists of a spinning diamond tipped blade (Figure 3). Water is used to cool the blade 

while in use. The rock is slowly fed through the machine and cut into smaller pieces as 

desired. Once the rocks were halved they were labeled (as mentioned above) and 

progressed to the next step. 

Step two: jaw crusher 

The jaw crusher at the University of Calgary is a BICO (Braun International) WD 

Chipmunk. The motion of the jaw crusher is similar to that of an opening and closing 

jaw, and hence the name. Rock fragments, about fist size, are fed through two rectangular 

plates that narrow towards the bottom (Figure 4). If the sample pieces are too large to fit 

through the opening of the machine, a hammer is used to break the sample down. A mix 
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of millimeter sized aggregates and some individual minerals are caught in a pan at the 

bottom of the crusher. The material in the pan is set aside for when it will be further 

broken down by the disc-mill (later step discussed below). Since it is our desire to test the 

disc-mill, samples IB and SB are processed differently at this stage (described below). 

Step two (a): sieving  

 Sieving is a method of separating wanted smaller materials from larger unwanted 

materials through the use of a screen or mesh.  For samples IB and SB, using a 450 

micron sieve, individual grains that were freed during jaw crushing were separated from 

the larger. This finer material set aside for later processing on the water table (discussed 

in step four). The mix of aggregates and individual grains from samples IA and SA were 

processed using the disc-mill, so later the two fractions could be compared with samples 

IB and SB for grain damage. 

Step three: disc-mill 

The disc-mill (also known as a pulverizer) at the University of Calgary is a BICO (Braun 

International) UA belt driven pulverizer (disc-mill). The disc-mill consists of two 

standard iron alloy discs, one that is stationary and one that rotates (Figure 5). Materials 

that are roughly granule and pebble sized are fed into the machine through a small funnel. 

The material is carried into the center of the two metal discs and forced outwards through 

a slit between the two discs that is set prior to use. The space between the discs was set to 

330 microns using a standard spark plug spacer. The rock is reduced to fine grained 

material consisting of mostly individual grains and collected in the bottom pan of the 

disc-mill. As mentioned above only samples IA and SA are disc-milled so that they can 

be compared to the non-disc-milled IB and SB. 
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Step four: Water table 

The water table (also known as a shaker table) at the University of Calgary is a U-Tech 

RP-4 shaker table. The water table consists of a shaking platform in which ridges are 

aligned along the bottom (Figure 6).  The fine-grained sand-sized materials collected 

from the jaw crusher and disc-mill was spread along the right hand side of the table. 

Water carries the material down a gentle slope, ~20° forward and ~15° side, where it 

encounters the small ridges. Minerals with sufficient density became trapped behind the 

ridges and were captured in collection tubes. Minerals that have a lower density, or are 

very fine, were carried over the ridges with the water and into the residual tube (bottom 

of table along a trough and carried to the lower left hand corner of the table). Zircon, the 

mineral of interest in our study, was collected in the three plastic containers at the left 

hand side of the water table. At this point the samples were set aside to dry prior to the 

next step. 

Step five: Hand magnet 

Before a sample can be sent through the magnetic separator, it must have the strongly 

magnetic minerals such as, magnetite, pyrrhotite, and iron oxide, removed. If the strongly 

magnetic minerals are not removed they will obstruct the path in the magnetic separator 

and cause the sample to spill over the side and onto the table. To remove the strongly 

magnetic minerals, a hand magnet is used. The process is simple, a sample is spread out 

over a clean piece of paper, while a magnet wrapped in its own piece of paper is moved a 

few millimeters over the top of the sample. Strongly magnetic minerals, such as 

magnetite, iron, and steel splinters are attracted to the magnet and removed from the 
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sample. The strongly magnetic minerals can be labeled and set aside, while the minerals 

that were not attracted to the hand magnet can be used in the magnetic separator. 

Step six: Frantz™ magnetic separator 

The magnetic separator at the University of Calgary is a Frantz™ magnetic barrier 

laboratory separator (model LB-1) (Figure 7). The magnetic separator consists of an 

electromagnet through which minerals can be passed along a metal trough that starts as 

one rail and becomes divided near the middle. The magnetic separator takes advantage of 

differences in the magnetic properties of minerals. Minerals fall into one of three 

magnetic properties: ferromagnetic, paramagnetic and diamagnetic. Ferromagnetic 

minerals are strongly magnetic and are extracted in the hand magnet step. Paramagnetic 

minerals are weakly attracted to a magnetic field, while diamagnetic minerals are weakly 

repelled by a magnetic field. Because the minerals have differing levels of 

paramagnetism (Table 3.1) the magnetic field levels can be increased or decreased on the 

magnetic separator allowing minerals with known properties to be separated from one 

another. To concentrate as many zircons as possible using the magnetic separator, the 

machine is set to a forward tilt of 10 degrees and side tilt of 5 degrees. Mineral separates 

were passed through sequentially increasing magnetic fields and the magnetic and non-

magnetic fractions retained (Table 3.2). The non-magnetic fraction at 1.7 amperes 

contains the most diamagnetic fraction of zircon. 

Step six: Heavy liquid separation 

Heavy liquids (Figure 8) separate minerals based on densities. Some common liquids 

used are: Bromoform (2.85 g/ml), lithium sodium tungstate (2.80 g/ml), and methylene 

iodide (3.31 g/ml). Heavy liquid and the final non-magnetic fraction from the magnetic 
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separator (table 3.3) are mixed together in a centrifuge tube and centrifuged for a few 

minutes. Minerals that have a density greater than the liquid will sink to the bottom 

while, minerals with lesser density will float on the top. The minerals on the bottom of 

the tube are extracted using a syringe with a long needle and expelled into a funnel, lined 

with filter paper, on top of a flask. The liquid flows through the filter paper, to be 

recycled, in to the flask and the minerals remain trapped in the filter paper. Once the 

heavy fraction is extracted the lights are poured off into their own funnel lined with filter 

paper. For our separation we used methylene iodide (MI) to concentrate zircon (density 

4.52 g/cc). As described above, some of the fraction is placed into four separate 

centrifuge tubes and MI is added. The tubes are placed in the centrifuge and run for a few 

minutes. Since zircon has a greater density than MI, it sinks to the bottom of the tube 

where it is extracted with a syringe.  

Step seven: microscope analysis 

The picking microscopes at the University of Calgary are Nikon SMZ1500 (Figure 9). 

For our study, we want to quantify the ratio broken verses unbroken grains. To do this we 

spread the sample onto a glass slide that is divided into 2mm X 2mm numbered squares. 

A random grid square was selected and the length, width, and broken or unbroken of all 

the zircons in the square was recorded. A computerized grid was overlain on the image of 

the random square and zircons were counted top to bottom from the left hand side of the 

screen. This means that the final random square chosen, for any sample, may not have 

had all the zircons counted.  A broken grain is defined as any visible fracturing or 

breaking under the microscope. Alternatively an unbroken grain has no visible fracturing 
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or breaking under the microscope. The process was repeated for random squares until 100 

grains are counted for each sample.  

Results 

100 grains for each sample was recorded as broken or unbroken, measured, and reported 

in in Table 1.  Four samples totaling 400 grains were counted, and resulted in 177 

unbroken grains and 223 broken grains. Since nearly all the grains broke perpendicular to 

the long axis (c-axis), the widths of the grains are unaffected by breakage. This allows us 

to use the aspect ratio of the unbroken grains to estimate the original long axis dimension 

of the broken grains. 

Sample IA 

In total 56 grains out of 100 were broken, while 44 out of 100 grains were unbroken, 

randomly selected from a final fraction weighing 0.61g. The median width of all grains 

broken or unbroken is 75 microns, broken grains is 76 microns, and unbroken grains is 73 

microns (Figure 10).  

Sample IB 

In total 28 grains out of 100 were broken, while 72 out of 100 grains were unbroken, 

randomly selected from a final fraction weighing 0.47g. The median width of all grains 

broken or unbroken is 73 microns, broken grains is 68 microns, and unbroken grains is 75 

microns (Figure 10).  

Sample SA 

In total 80 grains out of 100 were broken, while 20 out of 100 grains were unbroken, 

randomly selected from a final fraction weighing 0.31g. The median width of all grains 
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broken or unbroken is 43 microns, broken grains is 43 microns, and unbroken grains is 43 

microns (Figure 11).  

Sample SB 

In total 59 grains out of 100 were broken, while 41 out of 100 grains were unbroken, 

randomly selected from a final fraction weighing 0.23g. The median width of all grains 

broken or unbroken is 50 microns, broken grains is 43 microns, and unbroken grains is 46 

microns (Figure 11).  

Discussion 

It is clear from the results that the process of disc milling results in an increase in grain 

breakage. It is unclear, when considering a calculated aspect ratio 2:1 or 3:1, why a disc 

spacing of 330 microns on the disc-mill causes grain breakage. One possible explanation 

may lie with the aggregates that are fed into the machine. Whatever the explanation may 

be for grain breakage, the disc-mill produces better recovery of both broken and 

unbroken grains seen by the higher final fraction weights (IA: 0.61g, IB: 0.47g, SA: 

0.31g, SB: 0.23g).  

Broken grains 

The igneous and sandstone samples both displayed an increase in the ratio of broken to 

unbroken grains in the disc-milled fraction compared to the non-disc-milled fraction. The 

igneous sample had 28 broken grains in the non-disc-milled fraction and 56 broken grains 

in the disc-milled fraction, 2 times the amount of broken grains. The sandstone sample 

had 59 broken grains in the non-disc-milled fraction and 80 broken grains in the disc-

milled fraction, an increase of 1.4 times the amount of broken grains. Despite both 

samples showing a significant increase in grain damage, it would appear that the damage 
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caused by the disc-mill is not consistent. The lack of consistency may be a function of 

having only two samples. This means, that if the experiment was conducted many more 

times, it might start to approach a consistent increase in grain breakage. Grain breakage 

may also be linked to the lithology of the rock (discussed later), the grain size, or a 

combination of many factors.  

Aspect ratios 

The aspect ratio of the zircon grains are considered since we want to figure out if larger 

grains are preferentially broken and if they are, can the larger grains be related to the 

spacing of the disc-mill? An aspect ratio is simply the length of the mineral compared to 

the width of the mineral. By using the all of the unbroken grains from our samples, we 

are able to determine what a typical aspect ratio for a zircon mineral is. When comparing 

a total of 177 zircon grains, the total amount of unbroken grains, the average aspect ratio 

was 2.2:1 with a standard deviation of 0.58 (Figure 12). Now, if we consider the median 

widths of the broken zircon grains from the disc-milled samples, we can test whether the 

grains are larger than the opening. From the information above, the median width for the 

broken grains in sample IA was 76 microns and sample SA was 46 microns. If we apply 

an aspect ratio or 2.2:1 or 2.78:1 (one standard deviation) to both samples it produces 

calculated lengths of: 167 microns (2.2:1) and 211 microns (2.78:1) for sample IA, and 

101 microns (2.2:1) and 128 microns (2.78:1) for sample SA. Although it would seem 

obvious that a grain larger than the opening of the disc-mill will break, the median grain 

sizes four our samples fall well below the 330 microns and this is likely not the cause of 

grain breakage. 
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Aggregates  

Little correlation exists between the size of the zircon grains that are broken and the 

opening of the disc-mill. One possible explanation for the increase in broken grains when 

disc-milled, is the grain size distribution of the material that is fed into the disc-mill. As 

stated above, after using the jaw crusher what is left is granule and pebble sized 

aggregates. An aggregate is a collection of individual crystals cemented together. The 

resulting minerals that exit the disc-mill may have never been large enough to be directly 

broken by the disc-mill (i.e. their length is less than the disc-mill opening), however 

when they are bound in an aggregate the force required to break the aggregate into its 

component minerals may be large enough to damage the zircon grains (Figure 13). This 

could also be the reason that we did not see similar increases in the rate of grain breakage 

from one sample to the other, meaning that an igneous rock could have stronger inter-

grain cohesion than a sandstone, and requires greater force to break aggregates apart. 

Zircon recovery 

Despite the disc-mill showing an increased percentage in broken grains, it should be 

noted that the overall amount of broken or unbroken grains is higher then the non-disc-

milled fraction. In other words, disc-milling translates to more unbroken grains. The final 

fraction, for investigation under microscope, was 0.61g and 0.47g for the disc-milled and 

non-disc-milled igneous fractions respectively, a 30% higher recovery.  The final 

fraction, for investigation under microscope, was 0.31g and 0.23g for the disc-milled and 

non-disc-milled sandstone fractions respectively, a 35% higher recovery.  
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Sieving before disc-milling 

 A possible solution for minimizing broken grains and increasing recovery is to sieve the 

sample after jaw crushing and prior to using the disc-mill. Sample IB and SB, which did 

not get disc-milled, were sieved after the jaw crusher using a 450-micron mesh. This step 

separated minerals that were liberated during jaw crushing from the remaining 

aggregates. The small aggregates were then set aside and not used. It follows that if a 

greater recovery of unbroken grains was required (e.g. in thermochronological studies) 

the sample should be sieved after jaw crushing and before disc milling. Since, in our case, 

the fraction that did not fall through the 450-micron mesh was not used, disc milling is 

and recovering more zircon may be desirable in some applications, even if it causes more 

broken grains.  

 

Application 

Depending on sample size, rock type, and the type of study (i.e. thermochronology, 

geochronology, or provenance) the use of the disc-mill may or not suitable. For studies in 

geochronology, where large volumes of a target mineral may be desired and damaged 

grains are not an issue, disc-milling the sample yields a greater recovery and is therefore 

beneficial. For thermochronological studies, where broken grains require large age 

corrections, removing the useable grains by sieving the sample after jaw crushing and 

then disc milling the remaining aggregate fraction will provide the greatest recovery of 

target minerals. For rocks that are suspected of being rich in the target mineral, the disc 

milling may not be necessary. For example, sample IA and IB both had higher recovery 

than samples SA and SB. The higher recovery was noticed by the final fraction weights, 
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IA: 0.61g, IB: 0.47g, SA: 0.31g, SB: 0.23g, and visually under the microscope. As such, 

our igneous sample would be a excellent candidate for the elimination of the disc milling 

step. The sandstone sample, especially sample IB, had lower recovery weights and was 

confirmed under the microscope. Since our sandstone sample had a low yield, it would be 

recommended to sieve after jaw crushing and pulverize the remainder. 

Conclusion 

Recently it has been suggested by some workers that the disc-mill, one of the steps 

involved in heavy mineral separations, causes significant of target minerals to break. Our 

study aimed to test the hypothesis that the disc-mill causes breakage. The disc-mill 

increased the likelihood of a randomly selected zircon grain to be broken.  56% and 80% 

of the randomly selected zircons from the disc-milled samples were broken, opposed to 

only 28% and 59% in the non-disc-milled samples. Despite increasing the likelihood of 

broken grains when using the disc-mill, we did notice that the volume of zircons greatly 

increases in the final fraction (broken or not) and therefore should not be skipped. 

Instead, we suggest sieving out the useable fraction from the jaw crusher (noted above as 

the alternative to the disc-mill) and then disc-milling the unusable aggregates if increased 

recovery is desired. 
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Table 1: Grain counts and sizes of the randomly selected grains under the 
microscope. 

Igneous	  sample	  disc-‐milled	  (IA)	  
Grain	   Broken	   Length	  (um)	   Width	  (um)	   Aspect	  Ratio	   Notes	  
1	   N	   178	   76	   2	   	  	  
6	   N	   109	   54	   2	   	  	  
8	   N	   186	   54	   3	   	  	  
9	   N	   104	   65	   2	   	  	  
12	   N	   137	   84	   2	   	  	  
13	   N	   142	   58	   2	   	  	  
17	   N	   183	   118	   2	   	  	  
18	   N	   197	   101	   2	   	  	  
21	   N	   165	   85	   2	   	  	  
22	   N	   116	   55	   2	   	  	  
23	   N	   188	   93	   2	   	  	  
24	   N	   76	   56	   1	   	  	  
25	   N	   131	   50	   3	   	  	  
27	   N	   252	   91	   3	   	  	  
29	   N	   167	   59	   3	   	  	  
32	   N	   300	   55	   5	   	  	  
37	   N	   99	   55	   2	   	  	  
40	   N	   227	   95	   2	   	  	  
41	   N	   257	   72	   4	   	  	  
42	   N	   124	   87	   1	   	  	  
43	   N	   137	   55	   2	   	  	  
45	   N	   139	   57	   2	   	  	  
46	   N	   104	   48	   2	   	  	  
52	   N	   230	   84	   3	   	  	  
53	   N	   151	   70	   2	   	  	  
55	   N	   327	   83	   4	   	  	  
56	   N	   141	   73	   2	   	  	  
59	   N	   107	   64	   2	   	  	  
61	   N	   109	   62	   2	   	  	  
63	   N	   86	   48	   2	   	  	  
64	   N	   203	   110	   2	   	  	  
66	   N	   145	   75	   2	   	  	  
68	   N	   147	   91	   2	   	  	  
72	   N	   126	   58	   2	   	  	  
75	   N	   165	   48	   3	   	  	  
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76	   N	   103	   47	   2	   	  	  
79	   N	   183	   92	   2	   	  	  
80	   N	   217	   124	   2	   	  	  
81	   N	   173	   102	   2	   	  	  
82	   N	   133	   76	   2	   	  	  
84	   N	   203	   113	   2	   	  	  
91	   N	   150	   89	   2	   	  	  
92	   N	   143	   51	   3	   	  	  
97	   N	   155	   74	   2	   	  	  
2	   Y	   170	   122	   	  	   	  	  
3	   Y	   103	   54	   	  	   	  	  
4	   Y	   172	   64	   	  	   	  	  
5	   Y	   122	   75	   	  	   	  	  
7	   Y	   300	   134	   	  	   	  	  
10	   Y	   73	   47	   	  	   	  	  
11	   Y	   121	   53	   	  	   	  	  
14	   Y	   126	   80	   	  	   	  	  
15	   Y	   243	   92	   	  	   	  	  
16	   Y	   104	   70	   	  	   	  	  
19	   Y	   190	   85	   	  	   	  	  
20	   Y	   101	   69	   	  	   	  	  
26	   Y	   189	   83	   	  	   	  	  
28	   Y	   171	   52	   	  	   	  	  
30	   Y	   117	   90	   	  	   	  	  
31	   Y	   147	   101	   	  	   	  	  
33	   Y	   163	   82	   	  	   	  	  
34	   Y	   139	   69	   	  	   	  	  
35	   Y	   197	   82	   	  	   	  	  
36	   Y	   209	   67	   	  	   	  	  
38	   Y	   113	   58	   	  	   	  	  
39	   Y	   155	   76	   	  	   	  	  
44	   Y	   117	   74	   	  	   	  	  
47	   Y	   144	   81	   	  	   	  	  
48	   Y	   94	   78	   	  	   	  	  
49	   Y	   165	   60	   	  	   	  	  
50	   Y	   119	   75	   	  	   	  	  
51	   Y	   110	   113	   	  	   	  	  
54	   Y	   270	   65	   	  	   	  	  
57	   Y	   98	   73	   	  	   	  	  
58	   Y	   218	   58	   	  	   	  	  
60	   Y	   118	   79	   	  	   	  	  
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62	   Y	   109	   70	   	  	   	  	  
65	   Y	   76	   51	   	  	   	  	  
67	   Y	   207	   94	   	  	   	  	  
69	   Y	   212	   107	   	  	   	  	  
70	   Y	   307	   125	   	  	   	  	  
71	   Y	   144	   59	   	  	   	  	  
73	   Y	   132	   53	   	  	   	  	  
74	   Y	   108	   67	   	  	   	  	  
77	   Y	   175	   71	   	  	   	  	  
78	   Y	   204	   152	   	  	   	  	  
83	   Y	   143	   107	   	  	   	  	  
85	   Y	   131	   114	   	  	   	  	  
86	   Y	   254	   127	   	  	   	  	  
87	   Y	   164	   85	   	  	   	  	  
88	   Y	   149	   72	   	  	   	  	  
89	   Y	   96	   56	   	  	   	  	  
90	   Y	   128	   55	   	  	   	  	  
93	   Y	   108	   81	   	  	   	  	  
94	   Y	   132	   127	   	  	   	  	  
95	   Y	   208	   62	   	  	   	  	  
96	   Y	   261	   99	   	  	   	  	  
98	   Y	   127	   66	   	  	   	  	  
99	   Y	   210	   103	   	  	   	  	  
100	   Y	   153	   91	   	  	   	  	  
N	  COUNT	   44	  

	   	   	   	  Y	  COUNT	   56	  
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Igneous	  sample	  non-‐disc-‐milled	  (IB)	  
Grain	   Broken	   Length	  (um)	   Width	  (um)	   Aspect	  Ratio	   Notes	  
1	   N	   205	   67	   3	   	  	  
3	   N	   157	   52	   3	   	  	  
6	   N	   202	   70	   3	   	  	  
7	   N	   255	   87	   3	   	  	  
9	   N	   156	   58	   3	   	  	  
10	   N	   148	   70	   2	   	  	  
11	   N	   169	   73	   2	   	  	  
12	   N	   143	   77	   2	   	  	  
14	   N	   131	   81	   2	   	  	  
15	   N	   189	   81	   2	   	  	  
16	   N	   220	   100	   2	   	  	  
17	   N	   271	   109	   2	   	  	  
18	   N	   146	   64	   2	   	  	  
19	   N	   209	   85	   2	   	  	  
21	   N	   154	   57	   3	   	  	  
22	   N	   201	   72	   3	   	  	  
25	   N	   117	   72	   2	   	  	  
26	   N	   186	   82	   2	   	  	  
27	   N	   148	   73	   2	   	  	  
28	   N	   141	   82	   2	   	  	  
29	   N	   98	   46	   2	   	  	  
30	   N	   129	   55	   2	   	  	  
31	   N	   90	   37	   2	   	  	  
34	   N	   288	   154	   2	   Twinned	  Zircon	  
35	   N	   147	   77	   2	   	  	  
36	   N	   163	   78	   2	   	  	  
37	   N	   155	   70	   2	   	  	  
38	   N	   163	   60	   3	   	  	  
39	   N	   179	   61	   3	   	  	  
40	   N	   228	   88	   3	   	  	  
41	   N	   216	   87	   2	   	  	  
43	   N	   111	   59	   2	   	  	  
44	   N	   282	   105	   3	   	  	  
46	   N	   204	   123	   2	   	  	  
47	   N	   115	   74	   2	   	  	  
48	   N	   229	   89	   3	   	  	  
49	   N	   158	   103	   2	   	  	  
50	   N	   91	   44	   2	   	  	  
51	   N	   143	   84	   2	   	  	  
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52	   N	   151	   75	   2	   	  	  
53	   N	   118	   64	   2	   	  	  
54	   N	   292	   101	   3	   	  	  
55	   N	   110	   43	   3	   	  	  
58	   N	   171	   94	   2	   	  	  
59	   N	   102	   54	   2	   	  	  
60	   N	   247	   141	   2	   	  	  
62	   N	   190	   100	   2	   	  	  
63	   N	   134	   63	   2	   	  	  
64	   N	   150	   51	   3	   	  	  
65	   N	   87	   38	   2	   	  	  
66	   N	   143	   79	   2	   	  	  
68	   N	   118	   39	   3	   	  	  
69	   N	   104	   57	   2	   	  	  
70	   N	   234	   117	   2	   	  	  
71	   N	   140	   67	   2	   	  	  
72	   N	   430	   101	   4	   	  	  
73	   N	   169	   91	   2	   	  	  
76	   N	   245	   143	   2	   	  	  
81	   N	   140	   51	   3	   	  	  
82	   N	   210	   77	   3	   	  	  
83	   N	   282	   106	   3	   	  	  
84	   N	   113	   65	   2	   	  	  
85	   N	   183	   84	   2	   	  	  
86	   N	   139	   46	   3	   	  	  
87	   N	   184	   64	   3	   	  	  
88	   N	   223	   95	   2	   	  	  
90	   N	   226	   118	   2	   	  	  
91	   N	   143	   74	   2	   	  	  
97	   N	   174	   78	   2	   	  	  
98	   N	   223	   87	   3	   	  	  
99	   N	   123	   47	   3	   	  	  
100	   N	   139	   68	   2	   	  	  
2	   Y	   114	   67	   	  	   	  	  
4	   Y	   110	   78	   	  	   	  	  
5	   Y	   120	   62	   	  	   	  	  
8	   Y	   160	   44	   	  	   	  	  
13	   Y	   105	   64	   	  	   	  	  
20	   Y	   206	   91	   	  	   True	  length	  is	  show	  
23	   Y	   131	   47	   	  	   	  	  
24	   Y	   133	   74	   	  	   	  	  
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32	   Y	   139	   48	   	  	   	  	  
33	   Y	   150	   81	   	  	   	  	  
42	   Y	   215	   92	   	  	   	  	  
45	   Y	   117	   71	   	  	   	  	  
56	   Y	   161	   63	   	  	   	  	  
57	   Y	   150	   81	   	  	   	  	  
61	   Y	   94	   64	   	  	   	  	  
67	   Y	   102	   41	   	  	   	  	  
74	   Y	   126	   75	   	  	   	  	  
75	   Y	   85	   63	   	  	   	  	  
77	   Y	   96	   64	   	  	   	  	  
78	   Y	   87	   50	   	  	   	  	  
79	   Y	   121	   93	   	  	   	  	  
80	   Y	   106	   70	   	  	   	  	  
89	   Y	   149	   107	   	  	   	  	  
92	   Y	   136	   68	   	  	   	  	  
93	   Y	   226	   119	   	  	   	  	  
94	   Y	   202	   82	   	  	   	  	  
95	   Y	   173	   68	   	  	   	  	  
96	   Y	   229	   49	   	  	   	  	  
N	  counts	   72	  

	   	   	   	  Y	  Counts	   28	  
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Sandstone	  sample	  disc-‐milled	  (SA)	  
Grain	   Broken	   Length	  (um)	   Width	  (um)	   Aspect	  Ratio	   Notes	  
9	   N	   70	   35	   2	   	  	  
14	   N	   83	   45	   2	   	  	  
15	   N	   72	   46	   2	   	  	  
22	   N	   71	   43	   2	   	  	  
29	   N	   68	   47	   1	   	  	  
30	   N	   78	   39	   2	   	  	  
32	   N	   102	   34	   3	   	  	  
45	   N	   88	   45	   2	   	  	  
48	   N	   74	   41	   2	   	  	  
50	   N	   82	   43	   2	   	  	  
54	   N	   77	   41	   2	   	  	  
59	   N	   62	   47	   1	   	  	  
64	   N	   93	   50	   2	   	  	  
72	   N	   124	   38	   3	   	  	  
76	   N	   81	   37	   2	   	  	  
80	   N	   86	   36	   2	   	  	  
82	   N	   49	   32	   2	   	  	  
86	   N	   77	   42	   2	   	  	  
89	   N	   74	   43	   2	   	  	  
97	   N	   133	   43	   3	   	  	  
1	   Y	   73	   50	   	  	   Detrital,	  rounded,	  dirty	  
2	   Y	   52	   51	   	  	   Detrital,	  rounded,	  dirty	  
3	   Y	   96	   32	   	  	   	  	  
4	   Y	   82	   27	   	  	   	  	  
5	   Y	   70	   41	   	  	   	  	  
6	   Y	   57	   35	   	  	   	  	  
7	   Y	   84	   24	   	  	   	  	  
8	   Y	   78	   55	   	  	   	  	  
10	   Y	   45	   37	   	  	   	  	  
11	   Y	   65	   40	   	  	   	  	  
12	   Y	   71	   46	   	  	   	  	  
13	   Y	   63	   43	   	  	   	  	  
16	   Y	   81	   55	   	  	   	  	  
17	   Y	   74	   52	   	  	   	  	  
18	   Y	   76	   64	   	  	   	  	  
19	   Y	   76	   54	   	  	   	  	  
20	   Y	   71	   45	   	  	   	  	  
21	   Y	   84	   47	   	  	   	  	  
23	   Y	   53	   30	   	  	   	  	  
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24	   Y	   54	   40	   	  	   	  	  
25	   Y	   59	   51	   	  	   	  	  
26	   Y	   73	   43	   	  	   	  	  
27	   Y	   82	   40	   	  	   	  	  
28	   Y	   67	   46	   	  	   	  	  
31	   Y	   52	   42	   	  	   	  	  
33	   Y	   59	   42	   	  	   	  	  
34	   Y	   65	   45	   	  	   	  	  
35	   Y	   72	   52	   	  	   	  	  
36	   Y	   53	   35	   	  	   	  	  
37	   Y	   124	   49	   	  	   	  	  
38	   Y	   70	   42	   	  	   	  	  
39	   Y	   46	   37	   	  	   	  	  
40	   Y	   54	   34	   	  	   	  	  
41	   Y	   67	   40	   	  	   	  	  
42	   Y	   63	   39	   	  	   	  	  
43	   Y	   59	   35	   	  	   	  	  
44	   Y	   74	   43	   	  	   	  	  
46	   Y	   71	   40	   	  	   	  	  
47	   Y	   84	   67	   	  	   	  	  
49	   Y	   60	   59	   	  	   	  	  
51	   Y	   86	   53	   	  	   	  	  
52	   Y	   60	   38	   	  	   	  	  
53	   Y	   78	   34	   	  	   	  	  
55	   Y	   62	   60	   	  	   	  	  
56	   Y	   68	   43	   	  	   	  	  
57	   Y	   63	   52	   	  	   	  	  
58	   Y	   51	   41	   	  	   	  	  
60	   Y	   87	   67	   	  	   	  	  
61	   Y	   70	   38	   	  	   	  	  
62	   Y	   46	   54	   	  	   	  	  
63	   Y	   58	   59	   	  	   	  	  
65	   Y	   60	   63	   	  	   	  	  
66	   Y	   65	   55	   	  	   	  	  
67	   Y	   60	   41	   	  	   	  	  
68	   Y	   67	   46	   	  	   	  	  
69	   Y	   62	   50	   	  	   	  	  
70	   Y	   47	   43	   	  	   	  	  
71	   Y	   85	   60	   	  	   	  	  
73	   Y	   57	   40	   	  	   	  	  
74	   Y	   68	   50	   	  	   	  	  
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75	   Y	   57	   43	   	  	   	  	  
77	   Y	   61	   50	   	  	   	  	  
78	   Y	   81	   61	   	  	   	  	  
79	   Y	   50	   41	   	  	   	  	  
81	   Y	   60	   40	   	  	   	  	  
83	   Y	   70	   46	   	  	   	  	  
84	   Y	   74	   40	   	  	   	  	  
85	   Y	   46	   49	   	  	   	  	  
87	   Y	   67	   36	   	  	   	  	  
88	   Y	   53	   46	   	  	   	  	  
90	   Y	   64	   51	   	  	   	  	  
91	   Y	   63	   41	   	  	   	  	  
92	   Y	   65	   37	   	  	   	  	  
93	   Y	   48	   44	   	  	   	  	  
94	   Y	   63	   40	   	  	   	  	  
95	   Y	   54	   39	   	  	   	  	  
96	   Y	   80	   61	   	  	   	  	  
98	   Y	   79	   41	   	  	   	  	  
99	   Y	   80	   41	   	  	   	  	  
100	   Y	   84	   43	   	  	   	  	  
N	  COUNTS	   20	   	  	   	  	   	  	   	  	  
Y	  COUNTS	   80	   	  	   	  	   	  	   	  	  
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Sandstone	  sample	  non-‐disc-‐milled	  (SB)	  
Grain	   Broken	   Length	  (um)	   Width	  (um)	   Aspect	  Ratio	   Notes	  
1	   N	   105	   57	   2	   	  	  
2	   N	   145	   55	   3	   	  	  
11	   N	   160	   63	   3	   	  	  
12	   N	   119	   76	   2	   	  	  
16	   N	   160	   53	   3	   	  	  
17	   N	   168	   74	   2	   	  	  
19	   N	   120	   65	   2	   	  	  
20	   N	   138	   86	   2	   	  	  
25	   N	   88	   48	   2	   	  	  
26	   N	   154	   48	   3	   	  	  
30	   N	   70	   49	   1	   	  	  
34	   N	   62	   40	   2	   	  	  
35	   N	   50	   35	   1	   	  	  
36	   N	   60	   41	   1	   	  	  
39	   N	   117	   53	   2	   	  	  
43	   N	   70	   38	   2	   	  	  
44	   N	   126	   52	   2	   	  	  
45	   N	   69	   36	   2	   	  	  
46	   N	   79	   41	   2	   	  	  
49	   N	   111	   49	   2	   	  	  
51	   N	   99	   54	   2	   	  	  
52	   N	   99	   51	   2	   	  	  
54	   N	   181	   64	   3	   	  	  
57	   N	   95	   55	   2	   	  	  
58	   N	   99	   48	   2	   	  	  
67	   N	   75	   30	   3	   	  	  
69	   N	   123	   83	   1	   	  	  
74	   N	   167	   62	   3	   	  	  
75	   N	   93	   54	   2	   	  	  
77	   N	   104	   73	   1	   	  	  
78	   N	   71	   44	   2	   	  	  
79	   N	   159	   60	   3	   	  	  
80	   N	   68	   51	   1	   	  	  
81	   N	   72	   37	   2	   	  	  
85	   N	   129	   65	   2	   	  	  
87	   N	   142	   63	   2	   	  	  
89	   N	   105	   50	   2	   	  	  
90	   N	   84	   58	   1	   	  	  
91	   N	   51	   28	   2	   	  	  
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95	   N	   84	   46	   2	   	  	  
100	   N	   105	   49	   2	   	  	  
3	   Y	   131	   87	   	  	   	  	  
4	   Y	   155	   94	   	  	   	  	  
5	   Y	   121	   76	   	  	   	  	  
6	   Y	   163	   50	   	  	   	  	  
7	   Y	   122	   84	   	  	   	  	  
8	   Y	   133	   74	   	  	   	  	  
9	   Y	   217	   115	   	  	   	  	  
10	   Y	   200	   122	   	  	   	  	  
13	   Y	   82	   72	   	  	   	  	  
14	   Y	   99	   74	   	  	   	  	  
15	   Y	   84	   64	   	  	   	  	  
18	   Y	   122	   97	   	  	   	  	  
21	   Y	   136	   63	   	  	   	  	  
22	   Y	   45	   27	   	  	   	  	  
23	   Y	   75	   41	   	  	   	  	  
24	   Y	   96	   68	   	  	   	  	  
27	   Y	   66	   39	   	  	   	  	  
28	   Y	   68	   43	   	  	   	  	  
29	   Y	   66	   50	   	  	   	  	  
31	   Y	   55	   40	   	  	   	  	  
32	   Y	   61	   41	   	  	   	  	  
33	   Y	   44	   43	   	  	   	  	  
37	   Y	   79	   44	   	  	   	  	  
38	   Y	   63	   44	   	  	   	  	  
40	   Y	   50	   27	   	  	   	  	  
41	   Y	   71	   31	   	  	   	  	  
42	   Y	   99	   37	   	  	   	  	  
47	   Y	   95	   42	   	  	   	  	  
48	   Y	   87	   82	   	  	   	  	  
50	   Y	   111	   35	   	  	   	  	  
53	   Y	   78	   59	   	  	   	  	  
55	   Y	   75	   68	   	  	   	  	  
56	   Y	   60	   41	   	  	   	  	  
59	   Y	   75	   44	   	  	   	  	  
60	   Y	   63	   41	   	  	   	  	  
61	   Y	   38	   21	   	  	   	  	  
62	   Y	   54	   33	   	  	   	  	  
63	   Y	   52	   46	   	  	   	  	  
64	   Y	   106	   70	   	  	   	  	  
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65	   Y	   60	   40	   	  	   	  	  
66	   Y	   54	   40	   	  	   	  	  
68	   Y	   153	   56	   	  	   	  	  
70	   Y	   77	   31	   	  	   	  	  
71	   Y	   61	   34	   	  	   	  	  
72	   Y	   78	   33	   	  	   	  	  
73	   Y	   128	   61	   	  	   	  	  
76	   Y	   100	   46	   	  	   	  	  
82	   Y	   126	   100	   	  	   	  	  
83	   Y	   110	   73	   	  	   	  	  
84	   Y	   70	   44	   	  	   	  	  
86	   Y	   61	   37	   	  	   	  	  
88	   Y	   81	   49	   	  	   	  	  
92	   Y	   59	   41	   	  	   	  	  
93	   Y	   75	   31	   	  	   	  	  
94	   Y	   59	   34	   	  	   	  	  
96	   Y	   148	   68	   	  	   	  	  
97	   Y	   114	   70	   	  	   	  	  
98	   Y	   77	   50	   	  	   	  	  
99	   Y	   77	   49	   	  	   	  	  
N	  COUNTS	   41	   	  	   	  	   	  	   	  	  
Y	  COUNTS	   59	  
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Figure 1: Rock samples that are used for the study. The top picture is an igneous 
granite rock. The labels IA and IB designate whether the rock will be pulverized 
(IA) or not (IB). The picture on the bottom is a second sample. It is medium grained 
sandstone. The labeling SA and SB is the same as for the igneous sample. 
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Figure 2: Mineral separation flow chart. The samples are processed following the 
steps outlined.
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Figure 3: Rock saw is used to cut the samples into two equal fractions.
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Figure 4: Jaw crusher is shown in its entirety on the left and a close up look at the crushing mechanism on the right. The 
samples are fed into the jaw and the sample is reduced to 1) some liberated minerals and 2) cereal sized aggregates. 
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Figure 5: Pulverizer (also known as a disc mill) is shown with the lid open. The 
cereal-sized aggregates are fed through the funnel on the left of the machine. The 
two plates on the interior are responsible for breaking the aggregates down to the 
size set using a spark plug spacer. 
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Figure 6: Water table shown in its entirety in the top picture. The bottom picture 
shows a clos up view of the separation funnels. The funnels directly at the end of the 
table catch heavy minerals while lighter minerals are carried over the ribbing and 
into the waste bucket (far left opening on bottom picture and white drainage tube in 
the top picture). 
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 Figure 7: Frantz magnetic separator shown in its entirety in the top picture. 
Minerals are placed into the small funnel and travel down a divided rail. Magnetic 
minerals are pushed up tilt into the magnetic fraction, while non-magnetic minerals 
travel down undisturbed (bottom picture). 
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 Figure 8: Heavy liquids, specifically methylene iodide (MI), is used to separate 
minerals of greater than 3.32 g/cc  (zircon 4.85 g/cc)from those less.  Minerals and 
MI are put in centrifuge tubes and centrifuged for a few minutes. The heavies sink 
to the bottom of the tube while the lights remain on top. The heavies are removed 
first using a syringe and expelled into a filtered funnel and beaker setup. The lights 
are then poured off into another filtered funnel and beaker setup. The final filtered 
funnel and beaker setup, far right in picture, is used to catch remaining minerals 
and MI left in the tube as it is washed out with acetone. Acetone is not used prior to 
this step to make MI recycling easier. 
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Figure 9: Picking microscope and camera are used to analyze the final faction.  
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Figure 10: Igneous grain size histogram are displayed to show the median widths of 
the entire population, broken and unbroken grains.  The median of all fractions is 
73-74 microns. It can be seen that there is little deviation from broken to unbroken 
grain widths suggesting that larger grains are not more susceptible to breaking 
during pulverizing. 
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Figure 11: Sandstone sample grain size histogram are displayed to show the median 
widths of the entire population, broken and unbroken grains. The median of all 
fractions is between 43-52 microns, possibly due to the fact that it is sandstone and 
as such will have variance. Regardless, it can be seen that there is little deviation 
from broken to unbroken grain widths suggesting that larger grains are not more 
susceptible to breaking during pulverizing. 
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Figure 12: Aspect ratios of the unbroken grains in the igneous sample (A) and 
sandstone sample (B). The majority of aspect ratios are around 2 providing further 
evidence, when comparing the grains width histograms that the pulverizer is 
damaging all grains and not only large ones. 
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Figure 13: Schematic diagram of a cross sectional view of the pulverizer illustrating 
how zircons of less than 330µm can become damaged. A possible explanation for the 
grains becoming damaged is that they are trapped in aggregates that are larger than 
the opening. The forced applied by the pulverizer to break up the aggregate is 
causing the zircon grain, trapped in the aggregate, to break. 
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Table 2: Minerals that are magnetic at various amperages using a side slope of 10° 
and a tilt of 5° 
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