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Burtis, Erik W., M. S., December 20003 Geology

Structure and Petrology of Windermere Age Intrusions in the Northern Rocky Mountains

' 'Director; James W. Sears \ eg
\j

Mafic intrusions within the Mesoproterozoic Belt-Purcell basin o f the Northern Rocky 
Mountains of Montana record important Mesoproterozoic and Neoproterozoic rifting 
episodes. Previous studies established three major igneous intrusive events. This project 
focuses on sills and dikes that represent a fourth intrusive event, and establishes their 
regional extent and relationship to late Proterozoic Windermere rift activity.

These sills and dikes intruded Archean basement rock and the middle Proterozoic 
formations of the Belt-Purcell Supergroup. They are truncated at the western margin of 
the basin and are unconformably overlain by Cambrian Flathead Sandstone. When 
restored on a palinspastic map, the thickest and deepest segments of the sills, along with 
dike swarms in western Montana and northern Wyoming, are co-linear with the basin 
axis. The sills and dikes fall on the eastern margin of an en echelon pattern delineated by 
Windermere rock exposures along the margins of the Laurentian craton.

The sills and dikes are tholeiitic diabase and have locally undergone low-grade 
metamorphism and alteration. Granophyre is associated with some sills. Geochemical 
analysis, while not conclusive, is compatible with a single intrusive event. Belt-Purcell 
xenoliths found in the granophyre show some signs of interaction with the magma, and 
trends in major and trace elements indicate possible crustal contamination during 
intrusion.

A preliminary U-Pb zircon age of 763 ±12 Ma date obtained from granophyre sampled 
near Rogers Pass, Montana, strongly correlates with the earlier argon dates of previous 
studies, which indicates the sills have not surpassed the reset temperature of the argon 
system. This date approximates the Gunbarrel magmatic event (780 Ma) and earliest 
Windermere rift activity. Recent dates of Windermere rocks in Idaho suggest a westerly 
shift of the rift axis to establish the eventual western margin of Laurentia.

Windermere-related rocks occur in British Columbia, Washington, and Idaho, but are 
absent in Montana. The dikes and sills may represent earliest Windermere rift activity 
and comprise the only such rocks in Montana. Because of this relationship, this study 
refers to these sills and dikes as the Windermere intrusive group or Windermere sills and 
dikes.
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Introduction

The purpose o f this study is to determine the age, extent, and tectonic significance 

of a set o f mafic sills within the Belt-Purcell basin o f northwestern Montana (Figure 1). 

The Mesoproterozoic Belt-Purcell basin dominates the Northern Rocky Mountains of 

Montana. It has been the focus o f many geologic studies due to its economic ore deposits 

as well as its significance for the tectonic history o f the northwestern United States. The 

stratigraphy, structures, and areal configuration of the basin record important 

Mesoproterozoic (1600-900 Ma) and Neoproterozoic (900-570 Ma) rifting events. 

Mesozoic and Cenozoic orogenic and extensional events have exposed the Belt-Purcell 

Supergroup over 130,000 sq. km (Obradovich and Peterman, 1968; Lyons et al., 2000). 

The evolution o f the basin spanned from approximately 1500 to 1350 Ma (Winston,

1993; Anderson and Parrish, 2000; Lydon 2000; Evans et al., 2000). Approaching 18 km 

in thickness, the Belt-Purcell Supergroup comprises thick units o f quartzite, argillite, and 

argillaceous carbonate (Winston, 1986; Ross et al., 1992; Winston, 1993). The 

nomenclature o f the Belt-Purcell Supergroup is under revision (Winston, 2003).

BELT

Figure 1. The locations o f Belt-Purcell exposures in the western U. S. (after Winston, 1990).



The Belt-Purcell Basin

The tectonic environment of the Belt-Purcell basin is complex and not fully 

understood. Many theories have been proposed for the tectonic setting of the basin 

including, intracratonic basin (Walcott, 1910, 1914, 1916; Winston, 1990), marine 

miogeocline (Price 1964), epicratonic basin (Fenton and Fenton, 1937; Ross, 1963), and 

impact basin (Sears and Alt, 1989). Harrison (1972) supported the marine miogeocline 

theory, but this concept does not fully explain the westerly-derived sediments within the 

Belt-Purcell basin (Winston, 1990). According to Winston (1990, 1993), the Belt-Purcell 

basin most likely was a failed intracontinental rift basin, as indicated by the westerly- 

derived sediments and many sedimentary features that argue for a nonmarine depositional 

environment. Nd isotopic and detrital zircon studies show the source o f most o f the 

sediments did not come from North America (Frost and Winston, 1987; Ross et al., 1992) 

and implies a landmass to the west (present-day coordinates) of the basin (Winston,

1990). Lyons et al. (2000) studied sulfur geochemistry in the Newland Formation of the 

Lower Belt-Purcell Supergroup and found that, at least during early development, the 

Belt-Purcell basin may have been a restricted marine environment that was periodically 

open to seawater. While the debate continues about the tectonic setting o f the Belt- 

Purcell basin, a recent detailed paleo-continental reconstruction (Sears and Price, 2003) 

supports the theory of the basin being a closed intracratonic rift basin between Laurentia 

and Siberia that episodically opened to a nearby seaway.

The controls o f the basin formation were block-faulting and subsidence (Winston,

1993). Three west-trending extensional faults and one or more northwest-trending faults 

appear to have broken the Proterozoic crust into five blocks. Four of these blocks then



subsided to form the Belt-Purcell basin (Figure 2) (Winston, 1986). The western margin 

of the basin was tectonically more active than the eastern side; the sediment that came 

from the west thins from west to east; minor sediment came from the east and south 

(Winston, 1986; Ross and Villeneuve, 2003). On the eastern side o f the basin, deposition 

of sediments covered Archean and Proterozoic continental crust (Winston, 1993). 

Sedimentation within the basin occurred on vast alluvial aprons, sand flats, playas, and 

perennial lakes (Winston, 1993). Researchers have subdivided the Belt-Purcell 

Supergroup stratigraphically into four major units, the lower Belt, Ravalli Group, Middle 

Belt Carbonate, and Missoula Group (Figure 3) (Ross et al., 1992).

CHARLaÿ

DEER 
BLOCK

DILLON
BLOCK

Figure 2. Block diagram showing structural development o f Belt-Purcell basin (Winston, 1986).
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Figure 3. Major units and formations o f the Belt-Purcell Supergroup (Winston, 1989).

Structurally, continental crust on the north, east, and south sides of the basin 

(Winston, 1993) is thought to have been a part of a Mesoproterozoic supercontinent. To 

the west was an unknown “western craton” (Figure 4). The Belt-Purcell Supergroup 

crops out east of the initial strontium 0.706 isopleth, which marks the western edge o f 

thick Precambrian crust (Figure 5) (Ross and Villeneuve, 2003). After Belt-Purcell 

deposition ceased, during the opening o f the Paleo-Pacific Ocean, tectonic processes 

removed the western sediment source for the basin (Ross et al., 1992; Ross and 

Villeneuve, 2003). The identification of this source area has become the subject o f great 

interest and debate as its identification would lay the foundation for determining plate 

positions in the Mesoproterozoic and the reconstruction o f Rodinia. The current theories



variously place Australia (Jefferson, 1978; Karlstrom et al., 2001), Siberia (Sears and 

Price, 1978, 2003), and an Antarctica-Australia combination (Jefferson, 1978; Dalziel, 

1991 ; Hoffman, 1991; Moores, 1991) against the western edge of the basin.

Craton

Figure 4. Block diagram showing Belt-Purcell basin in relation to Laurentia and unknown western Craton
(After Ross and Villeneuve, 2003).

WOPMA

ËY A /A PA I#

Belt
basin

MOJAVE

Figure 5. Belt-Purcell basin in relation to the initial strontium 0.706 isopleth (After Ross and Villeneuve,
2003).

Lingering questions about the formation of the Belt-Purcell basin and the identity 

o f the western landmass require further studies. Examination of the Proterozoic igneous 

intrusions within the basin may provide answers to many of these questions. Dates 

obtained from igneous rock can help constrain timing and rate of sedimentation, 

subsidence curves, and tectonic history. Recognition of relationships between



sedimentary units and igneous bodies can also provide additional information about the 

history of the basin. Piercing points created from igneous bodies split during continent 

separation are an important tool for reconstructions (c.f. Wingate, 1998).

Magmatism and Rift Zones

Magmatism associated with rifting and the subsequent breakup o f continents has 

been an extremely important geological process in the history o f the Earth and the focus 

of numerous studies in the past (Ernst and Buchan, 2000). Two main competing models 

describe magma production and intrusion in zones of crustal extension. The passive 

model (Courtney and White, 1986; White and McKenzie, 1989) attributes continental 

rifting to the stresses and strains within a continental plate. Bott (1992) suggests that 

local stresses within the interior o f a plate may result from activity along the plate 

margins, chiefly at subduction zones. He states that if  a supercontinent has opposing 

subduction zones, an extensional stress regime would result within the supercontinent 

that would eventually stretch and create a rift zone. White (1992) also attributes 

localized stress to forces at the plate boundaries, as well as general plate movement. No 

matter what the cause, initiation o f extension within a continent and the resulting thinning 

o f the crust produces adiabatic melting within the upper mantle creating a small up- 

welling or plume (White and McKenzie, 1989; White, 1992). The plume domes the 

overlying lithosphere, increasing the rate o f extension and enhances the adiabatic melting 

o f the athenosphere (Keen, 1987; Coffin and Eldholm, 1994). With further melting, 

emplacement of magma within the rift heats the lithosphere, making it more ductile. This 

system, at first, is dependent on initial extension in the lithosphere, but becomes

6



codependent on feedback from the resulting plume for continued rifting and plate 

separation. The amount of magma produced simply depends on the rate o f initial rifting, 

its size, and the nature o f the resulting plume.

The “active” model suggests that mantle plumes drive the extension regime 

(Wilson, 1963; Morgan, 1971, 1981). As a mantle plume develops, whether from deep 

within the mantle or from shallower depths, it applies pressure on the lithosphere as it 

rises. Heat and stress transferred from the plume to the base o f the lithosphere, lifts the 

crust, which begins to extend and thin (Coffin and Eldholm, 1994). The thinning o f the 

crust results in adiabatic melting that enhances magma production in the athenosphere. 

Long-lived plumes result in continued extension and continental separation. In some 

circumstances, migratory occurrences of extensive magmatism are related to continental 

break-up (Coffin and Eldholm, 1992). Ernst and Buchan (2000) and Dalziel et al. (2000) 

proposed that mantle plumes played an active role in plate fragmentation and formation 

o f continental rifts and ocean basins during the breakup o f Pangea. Although igneous 

bodies often comprise some portion of rift structures, their volumes and distribution are 

not consistent (Zehnder et al., 1990). The amount of igneous material associated with a 

rift depends on the activity o f the plume and rate of crustal thinning.

It may be true that both models are correct and what mechanism actually occurs 

simply depends on the initial environment. Clarification of these processes requires 

further studies. The structural and geochemical data collected during this project may 

assist others working on Neoproterozoic rifting in northwestern North America.



Large Igneous Provinces

Large igneous provinces (LIPs) result from signifrcant magmatic emplacement 

and are often found in rift zones. Unfortunately, there is no clear definition for the size of 

LIPs (Coffin and Eldholm, 1992). Ideally, the basis o f the definition would depend on 

the amount of magma emplaced over a specific period of time. Due to the fact that a 

large percent of their volume is located up to a few kilometers beneath the surface and is 

inaccessible, extensive dating of LIPs has not taken place (Coffin and Eldholm, 1992,

1994). LIPs are principally massive accumulations of mafic extrusive rock, underlain by 

intrusive rock, and result from processes other than “normal” seafloor-forming activities 

(Coffin and Eldholm, 1994). They are second in global volume only to basalts and other 

intrusive rocks produced at spreading centers and can extend over hundreds or thousands 

o f square kilometers and approach a few thousand cubic kilometers in volume (Coffin 

and Eldholm, 1994). They are found in many geologic environments, including 

spreading centers, triple junctions, oceanic lithosphere, passive margins, and cratons 

(Coffin and Eldholm, 1994). In general, LIPs are thought to result from a mantle plume 

invading the base of the lithosphere followed by adiabatic melting o f atypically hot, 

upwelled athenosphere (White and McKenzie, 1989; Dalziel et al., 2000). Coffin and 

Eldholm (1992) suggest that, in terms of volume, emplacement of LIPs occur at a greater 

rate than present-day mid-ocean ridge systems due to the plume activity.

Studies analyzing the geochemistry of LIP rocks indicate that their source lies in 

the upper to lower mantle with some regional differences due to mantle heterogeneities 

and contamination from the crust (Coffin and Eldholm, 1992). Three factors control the 

volumes o f LIPs, the intensity of the plume within the mantle, ease with which the



athenosphere can intrude the lithosphere, and the rate at which the plate travels over the 

source (Coffin and Eldholm, 1992, 1994). The latter does not appear to be as important 

an influence as structures within the lithosphere; i.e. fracture zones and rifts which may 

act as channels for magma (Coffin and Eldholm, 1994). While not all rifts are associated 

with LIPs, they seem to be prevalent during continent separation (Ernst and Buchan, 

2000). Alt et al. (1988) and Dalziel et al. (2000) noted that LIPs fi*equently preceded 

formation of continental rifts and ocean basins during the breakup of Pangea. Ernst and 

Buchan (2000) and Dalziel et al. (2000) ftirther suggest that the presence of LIPs at 

Archean and Proterozoic craton margins indicate that this phenomenon occurred 

throughout Earth history.

Magmatism in the Belt-Purcell Basin

The Belt-Purcell basin contains abundant mafic intrusions, which are a significant 

feature that can provide valuable data when analyzing the tectonic history o f the basin 

(Harrison, 1972). These intrusions cut Belt-Purcell rock from the lower-Belt Prichard 

Formation to the Garnet Range Formation (Winston, 1993), and occurred during discrete 

episodes, most likely related to extensional tectonics within the basin (Chamberlain et al., 

2003). Sills are the dominant mafic intrusive form in eastern Washington, northern 

Idaho, and northwestern Montana (Winston, 1993). They are comprised of mostly of 

basalt and some contain granophyric regions or caps (Winston, 1993; Poage, 1997; Poage 

et al., 2000). Sills intruded the Belt basin from the earliest stages of basin development, 

and there appear to be four mappable major sill complexes (Sears et al., 1998; Price and 

Sears, 2000). The geometry o f the developing basin seems to have controlled the



emplacement o f the earliest sill structures (Burtis et al., 2003a, 2003b). This project 

focuses on the fourth, or youngest, sill complex and establishes its regional extent and 

origin as well as linking this event to early Neoproterozoic Windermere rifling.

Previous Work - Belt-Purcell Basin Intrusive Episodes

Plains Sill

The initial set of sills intruded the lower Belt-Purcell Supergroup (Prichard and 

Aldridge Formations). Twenty-five to thirty-five percent o f the thickness of the lower 

Belt-Purcell comprises mafic sills, which reach a cumulative thickness exceeding 2 km 

(Cressman, 1989, Winston, 1993). The Plains sill crops out in the Prichard Formation 

near Perma and Plains, Montana. It consists o f 150-300 m thick high-iron tholeiite 

diabase that is geochemically congruent with melting large volumes of mantle material 

associated with intracratonic rifting (Poage et al., 2000). Mafic sills comprise 

approximately ten to twenty-one percent o f the Prichard Formation in this area 

(Cressman, 1985, 1989). Wide areas of granosediment, along with soft-sediment 

deformation and sedimentary ovoid-structures, occur adjacent to the sills (Hoy, 1989; 

Poage et al., 2000). Buckley and Sears (1993) and Hoy (1989) suggest emplacement 

occurred during sedimentation, based on the sill complex association with syn- 

sedimentary faulting, sediment boiling, mud diapirism, and black-smoker SEDEX 

deposition; all indicators that the surrounding rocks were unconsolidated and retained a 

significant amount of water during sill emplacement. Poage et al. (2000) describe 

miarolitic cavities present in a granophyre layer, which caps the sill, suggesting a shallow

10



depth of intrusion. These sills form regular seismic reflectors that indicate an 

approximately constant stratigraphie depth parallel to the Purcell anticlinorium for greater 

than 300 km along strike (Cook and Van der Velden, 1995).

Mineralogically, hornblende, which was the result of hydrothermal 

metamorphism that occurred during crystallization and cooling, dominates the Plains sill 

and is surrounded by a matrix of fine-grained plagioclase and a minor amount o f quartz 

(Poage et al., 2000). Although approximately equal amounts o f clinopyroxene and 

plagioclase typically characterize diabase, the Plains sill lacks evidence of primary 

clinopyroxene (Poage et al., 2000). Approximately 150 m of granophyre, originated from 

the magma, caps the sill in some locations. Biotite comprises twenty-percent o f the 

granophyre along with near equal amounts of anhedral quartz, plagioclase and fine

grained plagioclase-quartz intergrowths (Poage et al., 2000).

U-Pb dating methods on zircon have determined crystallization dates of 1469 ±2.5 

Ma for the Plains Sill and 1455 ±2.0 Ma for the underlying Paradise Sill (Sears et al., 

1998). They are related to the Moyie sills, which comprise thirty percent o f the Aldridge 

Formation in southeastern British Columbia (Hoy, 1989), and the Purcell sills, which 

make up about thirty percent o f the Prichard Formation near Crossport, Idaho (Bishop, 

1973). Sears et al. (1998) and Poage et al. (2000) use this evidence to suggest that this 

intrusive episode occurred throughout the basin.

Purcell-Nichol Creek Lavas

The 1443-Ma Purcell-Nichol Creek lavas of Glacier/Waterton National Park and 

vicinity (U-Pb dated by Evans et al., 2000) and associated dikes represent the second,
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next to oldest, mafic complex. Five meters of Snowslip Formation lie between the lower 

intrusions and the surface flows, which are interbedded with siltite beds o f the Snowslip 

Formation in the vicinity of Glacier National Park (Mcgimsey, 1985). Near the surface, 

contacts between the dikes and country rock show signs of being intruded before 

lithification, and emplacement appears to have occurred from the north (Mcgimsey,

1985). The mineralogy o f the complex is unique and has undergone low-grade 

metamorphism. Geochemically, the lava flows are very similar to the composition of the 

underlying dikes. Mejstrick (1975) characterized these intrusions as originally alkaline, 

which is an indicator o f faulting associated with renewed rifling within the basin.

Salmon River Intrusions

Evans and Green (2003) mapped the rocks o f the third episode, which intruded 

the southern part o f the Belt-Purcell basin in central Idaho. The diabase sills, which cut 

the Yellow Jacket Formation and have partially been metamorphosed into the 

amphibolite facies, are associated with 1370 Ma porphyritic granite (Evans, 1981; Evans 

and Green, 2003). Mineralogically they consist o f forty to seventy percent hornblende, 

twenty to fifty percent plagioclase, five to forty percent biotite, and trace amounts of 

quartz (Evans and Green, 2003). Evans (1981) interprets these rocks as originally sub- 

ophitic diabase based on the percentages o f relic pyroxenes, primary hornblende, and 

plagioclase. Using U-Th-Pb and Rb-Sr dating techniques, Evans (1981) acquired ages of 

1371 ± 6  Ma and 1167 ± 63 Ma, respectively. However, the Rb-Sr data is not reliable 

due to metamorphism and an assumption that the intrusions originated in the mantle. 

Doughty and Chamberlain (1996) used U-Pb mass spectrometry dating techniques on
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zircons from these intrusions to obtain an age of 1379 ±1 Ma for the diabase, which is 

similar to the 1371 ±7 Ma date obtained for the associated granites (Evans and Zartman, 

1990). This set of sills contains a large layered mafic intrusion exposed along the Salmon 

River and is associated with subsidence that was initiated by renewed rifting (Evans and 

Zartman, 1990; Doughty and Chamberlain, 1996). This suggests that the main rift axis of 

the Belt-Purcell basin propagated to the south (Burtis et al., 2003a, 2003b).

Neoproterozoic Sills and Dikes (Windermere Intrusive Group)

The fourth and most recent intrusive episode is the subject o f this study. Projects 

focusing on the sills and dikes o f this system have been sporadic and no work has been 

done to correlate the individual sill and dike exposures throughout the basin. This 

intrusive episode occurred during Neoproterozoic time after sedimentation ceased in the 

Belt-Purcell basin and is probably not related to the development o f the basin. It is more 

probable that these sills and dikes are associated with early phases of Neoproterozoic 

Windermere rifling. Therefore, this study identifies the fourth intrusive episode as the 

Windermere sill and dike system or Windermere intrusive group.

Previous Work -  Windermere Intrusive Group

The few previous investigations focusing on the Windermere intrusive group were 

limited, for the most part, to reconnaissance investigations. Correlation of the sills and 

dikes in this region only used K-Ar and Ar-Ar dating and general descriptions of 

mineralogy. Harlan et al. (1997) studied the ages and geochemistry of associated dike 

swarms in northern Wyoming (Figure 6). This data is compared to the data provided by

13



this study in an attempt to establish the regional extent o f the Montana sills. This 

information will be very useful for analysis o f Precambrian plate positions as well as 

tectonic events that initiated the break-up of the Proterozoic supercontinent, Rodinia; 

namely the Windermere rifting event.

112*W 110*W
• AieERTA I

MONTANA
EXPLANATION

I I  rock»

■ MkMM Protorozoic recta ol 
the BeN Supergroup

Archeen cryMaMne recta

Thrusi Belt
Wolf Creek SNI. 
Montana

100 km

114'W

-46*N
Foreland Province

Chftslmas Lake Dike
Range. Montana

12*W '1 Moran Dike
i Teton Range, Wyoming

Figure 6 . Mount Moran and Christmas Lake dikes and Wolf Creek sill sampled by Harlan et al., (1997)
(after Harlan et al., 1997).

Northwestern Montana

Work on these sills in northwestern Montana was previously limited 

almost exclusively to reconnaissance projects sponsored by the U. S. Geological Survey 

and Montana Bureau o f Mines and Geology. Ross et al. (1955) located some o f the 

larger sills on their geologic map of Montana, but researchers did not attempt detailed 

studies until Eisenbeis (1958) conducted a study o f a sill near Milltown, approximately 

10 km east of Missoula. A cliff face exposes this sill on the southern side of the 

Milltown dam, at the confluence of the Blackfoot and Clark Fork Rivers (Figure 7). 

Eisenbeis analyzed, in detail, the petrology and mineralogy of this sill and established it
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as a normal tholeiite with diabase texture. This study also analyzed the geochemical 

composition of the sill (Appendix II, Table 5). Based on similarities in mineralogy, 

Eisenbeis suggested a relationship between the Milltown dam sill and several other 

diabase outcrops within a 20 km radius of Missoula, including a sill near Bonner (Figure 

8). Nelson and Dobell (1961) described a granophyre found at some sill outcrops that 

appeared to be related to the intrusive bodies in the Milltown area.

Multown 
21

Figure 7. Location o f Milltown dam sill.
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21 /  22Bonner / ±

Figure 8. Location o f Bonner sill “Zyd”(Watson, 1984).
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Nelson and Dobell (1961) described the sills in the Milltown/Bonner area while 

mapping for the U. S. Geological Survey. After analyzing thin sections obtained 

“sporadically” during fieldwork. Nelson and Dobell suggested that the sills were related 

to other sills in northwestern Montana. In the attempt to correlate these sills with other 

diabase intrusions in Montana, Nelson and Dobell compared the mineralogy with 

descriptions provided by other workers (Daly, 1912; Calkins and Emmons, 1915; Fenton 

and Fenton, 1937; Deiss, 1943; Mertie et al., 1951). Researchers have since shown that 

some of these sills, including those associated with the Purcell/Nichol Creek lavas (Daly, 

1912; Fenton and Fenton, 1937), are separate formations. Because of their lack o f age 

data for any of the sills in Montana, Nelson and Dobell proposed several possible ages for 

these rocks, specifically intrusion during Belt-Purcell time, post Belt-Purcell 

sedimentation but pre-deformation of Belt-Purcell rocks, Laramide or post-Laramide 

orogenic events, and possibly intruding during Mesozoic time.

Based on a poor exposure o f a dike apparently connecting with a lava flow, 

Mejstrick (1975) suggested that consanguinity existed between the sill and dike set in 

Glacier National Park and the Purcell/Nichol Creek lavas. McGimsey (1985) found the 

dike is not geochemically compatible with the Purcell lava, but is very similar to the sill 

described by Mejstrick. In addition, McGimsey describes an exposure where this dike 

cuts the Purcell lava and concludes that the dike and sill are younger than the flows.

Hunt (1962) dated the sill at 1075-1110 Ma using K-Ar methods on associated homfels in 

the country rock because direct dating of the sill and dike is difficult due to the high 

degree o f alteration. Harlan et al. (2003) K-Ar dated a similar sill that intruded the Siyeh
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Formation in Canada at 797-796 Ma. It is possible that these sills are part o f the fourth 

intrusive episode.

According to Mejstrick (1975), the thickest section of the Glacier Park sill lies 

near Siyeh Pass. With minor exceptions, the Siyeh limestone confines the sill and both 

the upper and lower contacts are sharp and show no deformation due to sill intrusion 

(Mejstrick, 1975). Associated feeder dikes to the sill however, have deformed the 

surrounding rock in some locations, such as at the Cracker Lake and Otokomi dikes 

(Mejstrick, 1975).

The mineralogy of the Glacier Park sill is unusual. Plagioclase and pyroxene 

compose seventy percent o f the sill with the remaining thirty percent comprised mostly of 

alkali feldspar, quartz, hornblende, and opaque minerals (Mejstrick, 1975). The sill has 

incorporated abundant xenoliths, comprised mostly of an albite-alkali feldspar variety 

and a dolomite ±calcite-epidote variety. Based on the abundance of diffusion bands 

around the xenoliths, Mejstrick (1975) attributes the unusual mineralogical composition 

to the assimilation o f the xenoliths during intrusion, creating percentages o f plagioclase 

and alkali feldspar-quartz that are higher than typical diabase.

This sill also has granophyre present in some exposures. However, unlike the 

granophyre near Milltown, the granophyre associated with this complex may not be a 

product of differentiation of the diabase. Observations made by Mejstrick (1975) 

indicate that the granophyre is an aggregate of xenoliths and diabase and is the result of 

the assimilation o f the xenoliths. Alkali feldspar and quartz, found mostly in graphic 

intergrowths and altered plagioclase, dominate the mineralogy of the granophyre. With
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the exception of a few local anomalies the granophyre associated with the sill becomes 

less abundant where the sill thins (Mejstrick, 1975).

Determination of the age o f the Milltown and associated sills began in the early 

1960’s when Obradovich and Peterman (1968) used K-Ar methods to date a sill, possibly 

related to the Milltown intrusion, at 760 Ma in the Alberton area, Mudge (1972) and 

Harrison (1972) used this and the date published by Hunt (1962) during their studies to 

constrain the timing o f Belt-Purcell deposition. Neither author used the dates in 

conjunction with geochemical analysis to correlate sills across the Belt-Purcell basin. 

When mapping the geology of Montana, federal and state workers continued to use these 

dates and general mineralogy when both describing the sills and distinguishing between 

three recognized intrusive events. But they did not attempt to correlate individual sills on 

the map itself and all Precambrian sills were mapped as “Zd” or “ZYd” (Nelson and 

Dobell, 1961; Wells, 1974; Mudge et al., 1982; Harrison et al., 1986; Whipple et al.,

1987; Harrison et al., 1992; Lewis, 1998). This resulted in local maps that show a 

general group of sills and dikes and make it very difficult to distinguish between separate 

intrusive events.

In Wood Canyon, approximately 35 km west of Augusta, a U. S. Geological 

Survey reconnaissance investigation noted a “diorite/gabbro” sill (Mudge et al., 1968). 

They proposed that this sill was the same age as those found in Alberton and Milltown, 

but their completed geochemical analysis never was used to correlate the sills due to a 

lack of data for the other sills (Mudge et al, 1968). Schmidt (1978) analyzed the gabbro 

sill near W olf Creek (Figure 9) and suggested that, based on mineralogy, this sill closely 

resembled that of the Milltown and Alberton sills and was the same age. This study also
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analyzed the geochemistry of the W olf Creek sill (Appendix II, Table 6 ), unfortunately, 

as in 1968, there was little data available for comparison.

Figure 9. W olf Creek sill ”Zd” sampled by Schmidt (1978) in Wood Canyon, (map by Mudge et al.,
1982).

Northern Wyoming

Research conducted in southern Montana and northern Wyoming coincided with 

the early work in northwestern Montana. The work focused specifically on a tholeiitic 

dike swarm that intruded Archean basement rocks in the Beartooth Mountain range 

(Prinz, 1964; Mueller 1971, et al., 1973; Harlan et al., 1997). When analyzing the 

petrography and field relations o f the mafic intrusions, Prinz (1964) recognized four 

intrusive events of varying ages with unique Ti02  contents for each event. Condie et al. 

(1969) proposed ages o f 2500 Ma, 1900 to 2200 Ma, 1400 to 1800 Ma, and 700 to 1000 

Ma as potential periods o f intrusion. Mueller (1971) examined these dikes in terms o f 

their geochemistry (Appendix II, Table 7) and geochronology (Figure 6). He verified 

that each age group was chemically unique, but also that each group had similarities. All 

o f the groups showed depletion of Sr, a low average AI2O3 content, low K/Rb ratio, high
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Rb/Sr ratio and non-overlapping TiOz amounts (Mueller, 1971). The youngest group of 

dikes produced a K-Ar age of 700 Ma, which falls in the youngest age range inferred by 

Condie et al. (1969). In 1973, there was an additional study, which used x-ray 

fluorescence to analyze the geochemical composition of the Beartooth mafic rocks. This 

study divided the dikes, based on TiOz content, into groups I, II, III, and then sub-divided 

group III into groups III and IIIA based on Si02, MgO, and Sr values (Mueller and 

Rogers, 1973). Groups III and IIIA still had unique TiO: ranges after being subdivided 

(Mueller and Rogers, 1973). Samples taken from the chilled or very fine-grained 

portions of the Christmas Lake dike provided a K-Ar date of 740 ±32 Ma for group IIIA. 

This date is close, within error, to the 700 Ma date obtained by Mueller (1971) for the 

same sill, and corresponds to the K-Ar date o f 780 Ma obtained by Hanson and Oast 

(1967) from another dike in the group (Baadsgaard and Mueller, 1973),

In 1997, Harlan et al. conducted a study to correlate the youngest sills and dikes 

in Montana with a dike swarm in northwestern Wyoming and south-central Montana.

This study examined the ^^Ar-^^Ar age and paleomagnetic data from a dike in the 

Beartooth Range, a dike in the Teton Range, and one sill located near Wolf Creek, 

Montana (Figure 9). Geochronologic results fi*om this study produced a "̂ ®Ar-̂ ^Ar age of 

769 ±5 Ma for the Mount Moran dike (Teton Range), 774 ±4 Ma for the Christmas Lake 

dike (Beartooth Range), and 776 ±5 Ma for the sill near Wolf Creek (Harlan et al., 1997). 

An additional study by Harlan et al. (2003), dated the Christmas Lake dike at 779 ±3.0 

Ma using Pb ratios in baddeleyite, and recalculated the Mount Moran and Wolf Creek sill 

ages o f Harlan (1997) using a revised international hornblende standard (MMhb-1) at 772 

Ma and 779 ±5 Ma, respectively.
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The paleomagnetic data from the Mount Moran and Christmas Lake dikes yielded 

similar virtual geomagnetic poles (VGP) for each dike, which also corresponds to the 

VGP from dikes in the southern Tobacco Root Mountains, Montana, and dikes located in 

the Mackenzie Mountains, northwestern Canada (Harlan et al., 1997). U-Pb dates from 

the Tobacco Root dikes range from 776 ±4.6 Ma to 781.7 ±3.8 Ma (Harlan et al., 2003), 

while LeCheminant and Heaman (1994) U-Pb dated the Mackenzie dikes at 779 Ma.

Late Cretaceous-Early Tertiary tectonic interference with the paleomagnetic record 

prevented sampling the W olf Creek sill for paleomagnetic analysis. Based on their 

analysis, Harlan et al. (1997, 2003) concluded that these late Proterozoic dikes and sills 

were part of a 780 Ma regional magmatic event.

It is within this context that the present study examines the Neoproterozoic sills 

and dikes to determine their extent in northwestern Montana, their possible relationship 

with Windermere rifting and regional magmatism within Laurentia, and possible use as a 

piercing point for Precambrian continental plate reconstruction.

Sample Locations

This study examined seven sites and used previously published data for four other 

locations to analyze the structure, geochemistry, and geochronology of sills and dikes 

comprising the Windermere intrusive group, the youngest mafic system in the Belt- 

Purcell basin of northwest Montana. The primary sampling sites in Montana, located at 

Alberton, Milltown, Turah, Rogers Pass, McDonald Reservoir, Holland Lake, and the 

Kootenai National Forest (Figure 10) can be located on several U. S. Geological Survey 

and Montana Bureau of Mines and Geology 1® x 2® geologic quadrangle maps (Mudge et
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al., 1982; Harrison et al., 1986; Harrison et al., 1992; Lewis, 1998). Hand samples and 

structural data were collected from Milltown, but geochemical data from this site came 

from Eisenbeis (1958). Wolf Creek data was obtained from Schmidt (1978), and data for 

the Beartooth dikes came from Mueller, 1971). Together, these sites create an east-west 

section across the trend of exposures o f the Windermere intrusive group and a northwest- 

southeast section along the trend (Figure 11). Samples for U-Pb zircon dating were 

collected at Rogers Pass, Turah, and Holland Lake because these sites expose a 

significant amount o f granophyre. All sites provided structural and geochemical data. 

GPS coordinates for each sample site are listed in the appendices.
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Figure 10. Sample sites for this study. All sites located on this map with GPS coordinates using ArcGIS.
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Figure 11. The sample sites are located on east-west and northwest-southeast sections across the trend of
sill and dike exposures.

In Montana, most of the intrusions of this system are sills, except in the Ninemile 

area where a dike swarm intruded the Belt-Purcell Supergroup. Most sites have a single 

sill that occupies a single horizon, although sills may jump formations between sites. 

According to previous work (see above section) they may represent exposures of a single 

sill now segmented by faulting and erosion. The Windermere intrusive group, in general, 

consists o f diabase, dominated by sub-equal amounts o f pyroxene and plagioclase. 

Accessory minerals include hornblende, biotite, apatite, quartz, and several alteration 

minerals. Chilled margins are generally very fine-grained and extend several centimeters 

into the sill. These zones grade into fine-grained zones that are several meters wide, 

which in turn abut medium-grained zones that are typically only three to four meters
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wide. The zones of medium-grain size then grade into coarse-grained zones, which 

compose the interior o f the sills. As the grain size increases, the percentage of pyroxene 

declines, and plagioclase increases, along with the accessories. Hornblende and biotite 

are mostly absent in the very fine and fine-grained areas o f the sill. However, because 

they increase in both size and abundance with grain size towards the centers o f the sills, 

they most likely formed during late-stage cooling and/or low-grade metamorphism. Only 

large exposures o f thick sills contain all zones. Each exposure, however, contains a fine

grained zone.

Rogers Pass-Wolf Creek Area

Two thrust plates expose sections of a Neoproterozoic sill in the Rogers Pass- 

Wolf Creek area (Figure 12). A cliff exposes the westernmost sill (MT-CC) on the north 

side o f Highway 200, near the junction with Mike Horse Creek Road (N 47^ 02’ 36.0”, W 

112 24’ 89.3”). At this location, the sill intruded the Spokane Formation. Thickness 

could not be determined directly for this site, but a thickness of 125 m was inferred fi-om 

a cross-section drawn farther to the north (Mudge et al., 1982). Located in the hanging 

wall o f the Hoadley thrust, the outcrop consists of fractured, dark grey, coarse-grained 

diabase. Some iron staining is present around grains. No major veins occur at this 

location. Large plagioclase, pyroxene, and amphibole grains are present on fresh 

surfaces. Alteration was limited, although some chlorite and epidole are present.
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Figure 12, Sill locations “Zd” near Rogers Pass. Sample site indicated by arrows, (map after Mudge et.
al, 1982).

The second exposure (MT-RPM) lies to the north of Hwy 200 approximately 2.5 

km to the east of Rogers Pass (N 47° 05’ 13.6”, W 112 22’ 14.6”) in the hanging wall of 

the Hoadley thrust as mapped by Winston (1986) (Figure 13). This sill intrudes the 

Spokane Formation and is faulted several times. The lower contact is exposed twice 

within a 15 m section (Figure 14a and b). Another feature of this outcrop is an Eocene 

dike that cuts through the sill (Figure 13). Because of the faults, thickness cannot be 

determined for this site. However, a thickness o f 150 m was interpolated from the same 

cross-section used at MT-CC.
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Figure 13. Sample site RPM, 2.5 km east o f Rogers Pass (dark rock). The large light grey rock in the 
middle o f the photo is an Eocene dike that has intruded this sill. Another, smaller Eocene intrusion can be

seen above the truck.

Figure 14a. The two lower contacts (arrows) exposed at sample site RPM north o f hwy 200, near Roger
Pass. Note truck for scale.
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Figure 14b. Two lower contacts (black lines) exposed at sample site RPM, near Rogers Pass.

The sill is very fractured and is dark grey to black. Actinolite and epidote are 

present on fracture surfaces and malachite is present near the Eocene dike. The sill is 

very fine-grained a few centimeters from the lower contact. Grain size increases to fine 

and medium away from the contact and, approximately 20 m from the contact, the sill 

becomes coarse-grained. In hand specimen, greyish-black fresh surfaces contain grains 

of plagioclase and pyroxene, and iron staining occurs along fractures.

Thin sections from the fine-grained section show low-grade metamorphism, with 

minor amounts of epidote, chlorite, and hornblende. Sub-equal amounts of equigranular 

plagioclase and pyroxene are present; the pyroxene consists o f both augite and pigeonite 

grains. Pigeonite lamellae are present in many augite grains (Figure 15). Some 

plagioclase is saussuritized and some pyroxene is uralitized. Other minerals include 

magnetite/ilmenite intergrowths (some with limonite rims), quartz, and apatite. 

Plagioclase dominates the groundmass, which is rich in alteration minerals, such as 

epidote and chlorite. Fractures lined with limonite occur in sample MT-RPM-01.
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Although alteration occurs throughout the specimens, bands of total alteration occur that 

do not appear to be related to fractures. Samples MT-RPM-01 and MT-RPM-02 are from 

the fine-grained section of the sill near the lower contact (Figure 16) (Appendices A and 

B).

Figure 15. Pigeonite lamellae (light bands) in Augite grain from a Rogers Pass sample. Augite grain is
1.25 mm across.

Figure 16. Collection points for samples MT-RPM-01 and MT-RPM-02.
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The eastern most exposure (RPE) lies in the hanging wall of the Steinbach thrust 

on the north side o f Hwy 200 (N 47 07’ 22.4”, W 112 21 ’ 03.3”), and can be traced on 

the Choteau 1 ® x 2® geologic quadrangle map southeast to an area near W olf Creek 

(Figure 17) (Mudge et ah, 1982). Schmidt (1978) studied the sill near W olf Creek and 

the present study uses his geochemical data (Appendix II, Table 6). The sill intrudes the 

Empire Formation at this location. Near the poorly exposed contacts, the sill is fractured 

to the point that only pebble-size pieces could be collected, and is rusty and dark grey. 

No large veins are present. Actinolite and epidote are absent from fracture surfaces.

Figure 17. The trace o f a sill “Zd” from sample site RPE (north arrow) to the W olf Creek site (south
arrow), (Map by Mudge et al., 1982).

In hand sample, these rocks are slightly iron-stained, and fresh surfaces are a 

lighter grey than the weathered surfaces. Equigranular plagioclase and pyroxene (augite 

and pigeonite) are present in sub-equal amounts in thin section. Minor hornblende, 

biotite, quartz, magnetite/ilmenite intergrowths, epidote, and chlorite are present, mostly 

in the matrix. With the exception o f magnetite/ilmenite, these minerals are most likely
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alteration products or formed during late-stage cooling. Sericitization has affected most 

o f the plagioclase while most of the pyroxene has heavily-uralitized cores. Some of the 

magnetite/ilmenite intergrowths have limonite rims. Micrographie textures are rare but 

present in sample MT-RPE-22. Samples MT-RPE-04 and MT-RPE-22 were collected 

from the fine-grained portion o f this section (Figure 18) (Appendix I and II).

^  V-

Figure 18. Sample locations at site RPE north o f hwy 200. Samples were taken approximately 15 m apart.

This exposure contains granophyre throughout the outcrop (Figure 19). The 

granophyre is whitish-grey to pinkish-grey and is coarse-grained. It is not as fractured as 

the diabase and is fairly competent when struck with an eight-pound sledgehammer. The 

granophyre is not as coarse-grained as the granophyre at Turah and lacks epidote and 

actinolite veins. Plagioclase is almost 100 percent altered and only faint grain boundaries 

remain, with, in rare cases, original twin extinction preserved. Granophyre sample RP- 

03-01 contained a 1x2 mm dark, rounded xenolith, most likely of the diabase, with sharp 

boundaries with the granophyre. Over 45 kg were sampled for zircon dating (RP-KRC- 

02-2; Appendix I).
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Figure 19. Granophyre (below black line where arrows point) at sample site RPE. Black line represents
approximate contact o f diabase and granophyre.

Milltown-Bonner^Turah

The exposures at Milltown, Bonner, and Turah, Montana appear to be a single sill 

cut by various faults associated with the Blackfoot thrust and Clark Fork-Ninemile fault 

(Figure 8). Therefore, they are described together in this section. This sill intrudes the 

Mount Shields Formation of the Missoula Group. Contacts, exposed at Bonner and 

Milltown dam, are sharp and distinct, indicating intrusion into lithified sedimentary rock.

The best exposure is located adjacent to the Milltown dam at the confluence of the 

Blackfoot and Clark Fork rivers (N 46" 52’ 6.27”, W 113" 54’ 10.14”). Approximately 30 

m thick, the sill crops out in a cliff on the south side of the Clark Fork River (Figure 20). 

Highly fractured and severely weathered, the sill strikes northwest and dips southeast 

(Eisenbeis, 1958). Hand samples are dark grey to black and have been heavily iron-
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stained brown, Millimeter-scale actinolite and chlorite veins are associated with many of 

the fractures, although large-scale veins are not present. The sill is fine-grained near the 

contacts and medium-grained in the interior. Obtaining a large fresh surface was 

extremely difficult due to the fractured nature o f the sill, but small fresh surfaces were 

dark grey and heavily veined with iron stains. Crystals o f plagioclase and pyroxene 

occur on fresh surfaces. No samples were taken from this exposure for thin sectioning or 

geochemical analysis. Instead, this study uses Eisenbeis’ (1958) geochemical data since 

it was this exposure that he examined (Appendix II, Table 5).

M o u n t  S h i e l d s  F r m N eoproterozoic Sill Intruded into Mt Shields Form ation 
Milltown Dam, M ontana. View, so u th e ast

Figure 20. Sill exposure near the Milltown dam on the southern bank o f the Clark Fork River. Cliff is
about 60 m high.

A cliff west o f the Blackfoot River and just north o f Bonner, behind the Stimson 

Lumber yard exposes a sill near Bonner (N 46 54’ 33.47”, W 113 52’ 12.12”). Striking 

northwest, the sill is tilted vertically and only the lower contact is exposed (Figure 21). 

The thickness o f the sill is approximately 140 m as determined from cross-sections by 

Nelson and Dobell (1961) and Watson (1984). Hand samples from this site are identical 

to the specimens obtained at the Milltown dam, although not as fractured. The sill can be 

traced across the river to a cliff on the east side o f Highway 200 (Figure 8). The
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Blackfoot fault cuts the sill at Hwy 200 and has highly deformed and metamorphosed the 

diabase to a greenschist (Sears and Clements, 2000). Large quartz veins cut the deformed 

sill and actinolite-chlorite-epidote formed on many fracture surfaces. Because this sill is 

related to the Milltown sill, analysis relies on the data from Eisenbeis (1958).

Figure 21. A sill at Bonner. The Mount Shields Fm is almost vertical at this location. Up section is in the
direction o f the arrow. Black line represents sill contact.

A cliff north of Highway 210 exposes a sill near Turah (N 46° 49’ 39.13”, W 113 

48’ 20.32”) (Figure 22). No strike, dip, or thickness measurements were possible due to 

the lack of exposed contacts. Like the sites at Bonner and Milltown, the medium-grained 

tholeiitic diabase is fractured, with multiple veins o f actinolite on fracture surfaces. Iron 

staining is present and crystals of plagioclase and pyroxene are visible on fresh surfaces.
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Figure 22. Sill location at Turah. No contacts are exposed in this photo. View is to the North.

The Turah location is unique in that it contains granophyre, which in some areas 

appears to commingle with the diabase, throughout the exposure (Figure 23). The lack of 

sill/country rock interaction, including wall rock xenoliths in the sills, indicates that the 

granophyre presumably was derived from the magma. Veins of epidote and actinolite 1-2 

cm wide cut through the granophyre on fracture surfaces, although it is fractured less than 

the diabase. The granophyre is light grey to pinkish-white and in hand sample has large 

grains of plagioclase, some amphibole, quartz, and minor amounts of chlorite and 

epidote. In thin section, the plagioclase is altered almost entirely to clay minerals. 

Graphic intergrowths o f quartz and feldspars and relic myrmekitic intergrowths of 

plagioclase and quartz are very common (Figure 24). The hornblende and epidote appear 

to be secondary alteration products. A few rare remnants o f pyroxene are also present, 

but it is difficult to distinguish their type. Over 45 kg o f granophyre (MT-TU-01) were 

collected for analysis of zircons (Appendix I).
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Figure 23. Granophyre at Turah. Black line represents contact between diabase and granophyre. Note
telephone pole at right for scale.
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Figure 24. Graphic and micrographie textures from a Turah sample. View is 1.5 mm across.
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Holland Lake

A sill lies in the footwall of the Swan Fault at the west end o f Holland lake in the 

Swan Mountain Range (N 47  ̂24* 0.0’*, W 113 34* 54**) (Figure 25). The sill intruded 

the Helena Formation at this location but no contacts are exposed. At this location, the 

Helena Formation strikes north-northwest and dips east. The outcrop is not as well 

exposed in this glaciated terrain as at the previous sites because the area is forested 

heavily and there are no roadcuts. A spot where the Forest Service blasted a trail through 

the sill and a small cliff 70 m up from the trail are the best exposures, although Holland 

Creek cuts through the sill farther east down the trail. The sill at this location appears to 

be fractured less than at other sites.

I-' \

Figure 25. Sill location at Holland Lake. Sill exposure is dotted where it was not mapped. Arrow points
to sample site, (map after Mudge et al., 1982).
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The outcrop is very coarse-grained, and whitish to light grey in color. Hand 

samples show very little iron staining and no veins. Fresh surfaces are the same color as 

the outcrop and plagioclase is the most abundant mineral. Some float rocks are pinkish in 

color due to the presence of potassium feldspar. Thin sections show plagioclase grains 

with almost 100 percent alteration, quartz, fairly altered microcline grains, graphic and 

myrmekitic textures and perthitic intergrowths of alkali feldspar (Figure 26 and 27). 

Because the thin sections are very similar in appearance, mineralogy, and alteration to 

granophyre found at Rogers Pass and Turah, this site is presumably a large exposure of 

granophyre.

Figure 26. Graphic texture from a Holland Lake sample. View is 3 mm across.
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Figure 27. Perthitic texture in alkali feldspar found in a sample from Holland Lake. View is 0.75 mm
across.

The cliff above the trail contains many xenoliths o f Belt-Purcell rocks (Figure 

28). These inclusions are mostly elongated and range in size from a centimeter to about 

15 cm long and up to 5 cm wide (Figure 29). They are not recrystallized and still contain 

their original bedding (Figure 30). Their edges are sub-rounded, but their boundaries 

with the granophyre are sharp with minor rims o f epidote occurring on some inclusions. 

One o f the whitish-grey hand specimens collected at this location contained a large (11x5 

cm) very well-rounded xenolith, a discovery apparent only on closer examination (Figure 

31a, b). No recrystallization occurred within a zone one centimeter from the top o f the 

inclusion. Below that zone total recrystallization occurred. Mineralogy consists o f 

quartz with chlorite and amphibole, indicating that it is most likely a Belt-Purcell 

quartzite. Although the boundary at the top o f the inclusion is sharp, the bottom contact 

is not; this along with the rounded shape and recrystallization, indicates some chemical 

interaction between the magma and xenoliths. Samples o f the pinkish-grey rocks showed 

no signs of inclusions and 45 kg (MT-HL-13) were collected for dating (Appendix I).
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Figure 28. Cliff exposure north o f trail at Holland Lake. This outcrop contains many xenoliths o f Belt-
Purcell rock.

Figure 29. Xenoliths in the a cliff at Holland Lake.
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Figure 30. The xenoliths at Holland Lake still retain their original bedding.

■y
*

Figure 31a. Xenolith in Holland Lake sample. The top cm is not recrystallized and the boundary with the
granophyre is sharp.

40



Figure 31b. Same sample as above with a closer view o f the recrystallized lower portion o f the xenolith.
The lower boundary is not as well defined as the top.

McDonald Reservoir

North o f McDonald Reservoir, in the Mission Mountains, a sill crops out in a cliff 

face (N 47^ 25’ 35,8”, W 113° 59’ 04.1”) (Figure 32). This sill extends horizontally along 

the full length of the cliff for approximately 3 km and the contacts with the surrounding 

Empire Formation are sharp. The sill is about 60 m thick, strikes northwest, dips 

northeast, and is dark grey to black in color (Figure 33). Fractures are very common and 

iron staining is present along fracture surfaces.

Hand specimens show a range of grain size. Fine-grained samples are dark grey 

to black with brown iron stains on the surface. Actinolite and epidote on fracture 

surfaces are present, but are not as commonly or as well developed as in previous sites. 

Fresh surfaces are grey with plagioclase and pyroxene present, and have veins of brown 

iron stains. Thin sections contain sub-equal amounts of plagioclase and pyroxene (augite

41



and pigeonite), as well as magnetite/ilmenite intergrowths, and quartz. Most plagioclase 

and pyroxene grains show signs of alteration in sample MT-MR-01. Plagioclase grains in 

sample MT-MR-02 have very little alteration, while alteration has affect almost all of the 

pyroxene grains. Graphic textures o f feldspar and quartz are also present in these 

samples.

Figure 32. Sill location at McDonald Reservoir, Arrows point to sill mapped in the area. The largest 
arrow points to the sample site used in this study. (Map after Mudge et al., 1982).

Figure 33. Sill location at McDonald Reservoir. The sill is exposed along a 3 km stretch o f the cliff face.
Arrow shows location o f MT-MR-01 and MT-MR-02.

Coarse-grained samples are lighter in color, more grey than black. Iron staining is 

still present but not as widespread as in the fine-grained samples. The color is the same 

on a fresh surface, and plagioclase and pyroxene are the most abundant minerals. Iron
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staining tends to occur around grains instead of veins. The coarser-grained samples are 

more competent than their fine-grained counterparts.

A very coarse-grained sample found in float might represent granophyre 

associated with the sill at this location. The hand samples are whitish grey to light grey 

and have very little iron staining (Figure 34). They are extremely competent and fresh 

surfaces are whitish grey. Plagioclase is the dominant mineral, but some pyroxene, 

amphibole, and quartz are present. Small xenoliths of Belt-Purcell rock are present in the 

sample and are recrystallized, but have sharp boundaries with the granophyre. Two of 

the larger xenoliths found in hand specimens measure 2x3.5 cm and 1.4x2.3 cm (Figure

35). No outcrop o f granophyre was found, but when viewed from the south side of the 

reservoir, a light grey zone is seen near the upper contact in one portion o f the sill (Figure

36). Unfortunately, this area is inaccessible without scaling the cliff prohibiting sample 

collection. Because granophyre was not verified in the outcrop, this sill was not dated. 

Samples MT-MR-01 and MT-MR-02 were collected from the fine-grained section of the 

sill (Figure 33) (Appendix I and II).

Figure 34. Granophyre boulder found near McDonald Reservoir.
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Figure 35. Two Belt-Purcel! xenoliths found in granophyre sample from McDonald Reservoir. Comprised 
o f carbonate and quartz they are surrounded by rims o f amphibole and possible chlorite.

Figure 36. Location o f granophyre at McDonald Reservoir.
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Albertan

This sill crops out east o f Alberton, Montana, in a road cut along Interstate 90 

(N47 0* 45.6”, W 114 29’ 39.12”) in the hanging wall o f a thrust fault located to the east 

(Figure 37) (Lonn, 1984). At this location, the sill intrudes the Garnet Range Formation. 

The sill forms a small hill that is cut by 1-90. No contacts are exposed, prohibiting direct 

strike and dip measurements (Figure 38). However, the Garnet Range Formation at this 

location strikes northeast and dips northwest.

V

Figure 37. Sill location “ZYd” near Alberton. (map after Wells, 1974).
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Figure 38. Sill exposure along 1-90 at the Ninemile exit. Arrow shows location o f sample site for MT-
ALE-01.

The sill, approximately 50 m thick, is highly fractured and composed o f fine- to 

medium-grained diabase. In hand specimen, the sill is dark grey with a slight green tinge 

and with brown iron stains along fractures. Actinolite, epidote, and chlorite are present 

on some fracture surfaces. No major veins are present in this exposure, although some 

small quartz veins were found in some float rocks. Fresh surfaces are light grey and also 

tinted green, with visible crystals of plagioclase and pyroxene. The green tinge and 

presence o f actinolite, epidote, and chlorite indicate greenschist metamorphism of the sill. 

In thin section, sub-equal amounts o f equigranular plagioclase and pyroxene dominate the 

samples. Two pyroxenes, augite and pigeonite, are present. An exact amount of each 

pyroxene is difficult to determine due to their similar optical properties. Some 

hornblende, quartz, chlorite, biotite, apatite, and intergrowths of magnetite and ilmenite 

are also present. Most o f the plagioclase has undergone some sericitization, while the 

pyroxenes have undergone some uralitization during metamorphism. Most o f the 

alteration seen in thin section is limited to zones, primarily around fractures.

Micrographie textures between quartz and feldspar are rare but present in samples from
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this location (Figure 39). The hornblende and biotite most likely crystallized late in the 

cooling process as their quantity increases with grain size. The groundmass consists 

mostly of plagioclase, magnetite/ilmenite, and minor quartz. Chloritization in the 

groundmass resulted in a green hue, most likely the source o f the green seen in hand- 

specimen. MT-ALE-01 was collected from the fine-grained section at this location 

(Figure 38) (Appendix I and II). MT-Al-02 is taken from a small dike 4 km west o f the 

sill (Figure 40) (Appendix I and II). Numerous dikes crop out north of Alberton and 

appear to feed several sills that may be related to the Windermere intrusive group (Sears 

et al., 1998).

S

Figure 39. Micrographie texture found in a sample from Alberton. Notice long apatite grains. View is 1
mm wide.
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Sample site

Figure 40. The location o f a small dike 4 km west o f the sill near Alberton. This figure also shows the
sample site o f MT-Al-02.

Kootenai National Forest

An extremely poor exposure of a sill is located north o f Yaak, near the Canadian 

border, in the Kootenai National Forest (N 49 0’ 13.17”, W 115 41 ’ 57.1”) (Figure 41). 

This location is forested heavily and soil covers the sill except for a small outcrop on the 

southern side o f a forest road (Figure 42). Contacts with the surrounding middle member 

of the Wallace Formation are not exposed; however, the Wallace rocks strike almost due 

north and dip west.
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Figure 41. Sill location in the Kootenai National Forest, near the Montana-Canada Border. Arrow shows
sample location, (map after Harrison et al , 1992).

m

Figure 42. Exposure o f a sill in the Kootenai National Forest. This sill is in a heavily forested area and is 
mostly covered by soil. Arrow shows sample location for MT-KF-01.
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About 20-m thick, the sill is extremely weathered and is brown at this location. It 

is highly fractured and crumbles to brown dust when hit with a rock hammer. The rock 

debris near the road yielded several fairly competent samples. Fresh surfaces of these 

samples were greenish-grey with heavy iron staining in veins and around grains. These 

samples are fine-grained with visible plagioclase, pyroxene, and chlorite. In thin section, 

at least 40 percent alteration to chlorite and hornblende has affected all plagioclase and 

pyroxene grains. Complete alteration occurs in zones near fractures. Sample MT-KF-01 

was collected from this outcrop, while MT-KF-02 and MT-KF-03 were collected from 

float near the road (Figure 42) (Appendix I and II).

Structure

The sills and dikes of this study intrude middle Proterozoic formations o f the 

Belt-Purcell Supergroup in Montana and may relate to 750-780 Ma mafic dikes to the 

southeast in Wyoming (Harlan et al., 1997, 2003) that correlate with the early phase of 

Neoproterozoic Windermere rifting. The dikes in the Beartooth and Teton ranges of 

Wyoming intrude mostly Archean basement rock (Harlan et al., 1997). All sill contacts 

observed in this study are sharp with no disruption of the country rock, indicating that the 

sills intruded after lithification of Belt-Purcell sediments. A dike swarm intrudes the 

younger part o f the supergroup (Garnet Range Formation) in the Alberton area, but not 

the Cambrian Flathead Sandstone, which unconformably overlies Belt-Purcell rocks 

(Wells, 1974; Kruger, 1988). A sill in Glacier Park, originally correlated with part of the 

Purcell complex by Mejstrick (1975), has an apparent cross-cutting relationship with the 

Purcell lava (McGimsey, 1985). The apparent intrusion into already lithified sediments,
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the 796-797 K-Ar date of Harlan et al. (2003), and the facts that the sill cross-cuts the 

Purcell Lavas (as observed by McGimsey (1985)) and is cut by the sub-Cambrian 

unconformity, demonstrate that they are younger than the Purcell lava and older than the 

Flathead Sandstone.

Palinspastic maps provide views of the Windermere sill and dike system as it 

existed at the time o f emplacement. The present study obtained thickness and depth data 

from field data collected during this project, Eisenbeis (1958), Mejstrick (1975), Mudge 

et al. (1968,1982), Watson (1984), and restored cross-sections (Price and Sears, 2000; 

Sears, unpublished data). Figure 43 shows the reconstructed thickness of the 

Windermere intrusive group on a palinspastic map, which removes the effects of Jurassic 

through Paleocene thrusting and Cenozoic extension. Parallel to the northwest-trending 

basin axis, the deepest segments of the sills intruded the lower parts of the Belt-Purcell 

Supergroup. The dike swarms in northern Wyoming (Harlan, 1997) and near Alberton, 

Montana are also aligned with the basin axis. At the eastern margin of the basin, the 

Cambrian Flathead Sandstone unconformably overlies the sills. Although the sill and 

dike in Glacier Park are too altered for geochemical comparison, they do correlate well 

structurally with the Windermere intrusive group in Montana in Figure 43. Figure 44 

shows the depth from the Cambrian unconformity (base o f the Flathead Sandstone) to the 

top o f the sills. From the basin axis, the sills rise systematically outward to both the 

northeast and southwest across the width of the basin, defining a bowl-shape. While the 

sills thin and rise towards the basin margins, they do not necessarily propagate into 

younger strata o f the Belt-Purcell Supergroup. This is because the stratigraphie units 

conform to the basin shape and fill accommodation space. Younger sedimentary units do
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not reach the original basin margin, which allowed the sills to intrude older units at 

shallow depths (Figure 45). The thickness and shape of the Windermere sills shown in 

Figures 43 and 44 and position of the dike swarms may indicate a feeder conduit along 

the central axis o f the basin.

The dike swarms intruding Archean basement rocks in the Teton and Beartooth 

ranges and the Proterozoic Belt-Purcell rocks near Alberton area fall in line with the 

inferred feeder conduit on the palinspastic map (Figure 43). These dike swarms may 

represent early intrusion and magma conduits that fed the sills. As the magma rose, it 

encountered the horizontal strata of the Belt-Purcell basin. The strata facilitated sill 

formation within the basin, following the easily-parted bedding planes instead of creating 

new fractures through the very competent Belt-Purcell rocks. As the magma progressed 

laterally through the basin, it encountered existing fractures. At these junctions, the sill 

followed the fractures to shallower depths and moved vertically through stratigraphie 

units.

Canada
Montana

120 W

^  Washin
Oregon

200 km "2-
118W 116 W

Restored Outcrop Areas 
Other Than Belt/Purcell

Restored Outcrop Areas of 
Belt and Purcell Rocks

Restored Outcrop Areas of 
Lower Belt/ Purcell Rocks

C retaceous Batholiths

Irene Volcanics 

Gospel Peaks Volcanics 

Restored Footwall Areas

Neoproterozoic Dike 
Swarms

Isopach Lines (m) for 
Late Proterozoic Sills

Figure 43. The minimum total thickness o f the Windermere sills and dikes on a palinspastic map (Map
after Price and Sears, 2000).
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Figure 44. The minimum depth to the top of the Late Proterozoic sill from the base o f the Cambrian 
Flathead Formation on a palinspastic map. (Map after Price and Sears, 2000).

Alberton

Rogers Pass

Figure 45. A schematic cross-section o f the Belt-Purcell basin. A sill intruding along the basin axis and 
rises outward towards the margins. As shown here, the sill does not necessarily intrude the youngest strata

at the basin margins. East is to the right.

Windermere-related volcanic and sedimentary rocks are found in British 

Columbia, Washington, and Idaho, but are absent in Montana. This could be due to the 

Belt-Purcell rocks filling all sediment accommodation space. The sills and dikes could 

be the only representatives of Windermere rifting in Montana. Comparison with 

Windermere volcanic rocks indicates that the sills and volcanic rocks are coeval. Figure 

46 shows the location o f the intrusive system of this study with respect to Windermere

53



exposures in the U.S. and Canada. Generally, these rocks follow a northern trend with 

the sill complex located on the eastern margin. Figures 46a and b show an en echelon 

pattern, which is common in rift environments, in these exposures with the sills and dikes 

of this study located on the southeastern tip o f the second line from the north. Dates 

obtained by various workers for Windermere-related rocks (Figure 47) are similar to the 

argon dates for the sills and dikes. Windermere rift volcanic rocks recently dated to 685 

Ma in central Idaho (Lund et al., 2003) may indicate that the rift axis jumped west to 

establish the eventual margin o f Laurentia. This is compatible with the proposed coeval 

relationship between the sills and dikes, and the Windermere event.
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49*NUSA

30'N

Figure 46. Figure 47.

Figure 46a and 46b. Maps o f  Windermere-related volcanic and sedimentary rocks. The 
sills and dikes o f this study are circled. An en echelon pattern in the Windermere rift. 

The sills and dikes o f this study (circled) lie at the southeastern end o f the second 
northern line, (after Ross et al., 1995).
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(Devlin e t  ol. 1989)

Figure 47. Location and ages o f Windermere-related rocks in northwestern America and Canada, (after
Ross et al., 1995).

U-Pb Dates

As technology has improved, isotopic dating has become an important tool for 

correlating geologic formations and processes. Researchers have used Ar-Ar and K-Ar 

dating methods to establish an age for the Windermere sills and dikes at various 

locations, but those techniques may contain a larger degree o f error as subsequent 

geologic events, such as reheating, can easily reset the argon system. U-Pb dating of 

suitable minerals can be more reliable, as techniques have advanced in recent years. 

Furthermore, U-Pb ratios in zircon require much higher temperatures to reset the isotopic
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system once the system is closed. However, secondary lead contamination occurring 

during subsequent tectonic events may cause problems when using this method. Careful 

analysis o f the data is required to minimize these effects. This study obtained zircon U- 

Pb dates for three sites in an attempt to verify the age o f the Neoproterozoic sills in 

northwestern Montana and used this data to correlate the sill exposures and establish a 

possible correlation with Windermere rifting.

Methods

Samples collected for U-Pb analysis of zircons came from the granophyric portion 

of the sills, since the mafic rocks typically lack sufficient quantities o f zircon for dating. 

Rogers Pass, Turah and Holland Lake (Figure 10) had large bodies of exposed 

granophyre. The collection of more than 45 kg of sample per site maximized the 

potential for recovery o f zircon grains. Prior to shipment, the samples were broken into 

smaller pieces using a sledgehammer and examined for xenoliths. Only samples with no 

visible inclusions were sent for analysis. Dr. K. R. Chamberlain performed the U-Pb 

analysis using thermal ionization mass spectrometry (TIMS) at the University of 

Wyoming. Isolation of zircon grains followed standard separation techniques involving 

crushing, Wilfley table, and heavy liquid and magnetic separation. Analysis of 

handpicked magmatic zircon grains followed methods modified from Krogh (1973,

1982a, b) and Parrish et al. (1987).
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Results

At the time of this writing, preliminary U-Pb analysis has been completed only for 

the granophyre sample from Rogers Pass (RP-KRC-02-2). It yielded a crystallization age 

of 763 ±12 Ma (Figure 48). This date corresponds well within error o f the K-Ar date o f 

760 ±25 Ma (Obradovich and Peterman, 1968) for the sill near Alberton, and the '^^Ar- 

^^Ar dates o f 776 ±5 Ma (Wolf Creek sill), 769 ±5 Ma (Mount Moran dike), and 774 ±4 

Ma (Christmas Lake dike) reported by Harlan et al. (1997). Concordia intercepts were 

also at 950 Ma and 51 ±20 Ma. Most likely, the 950 Ma intercept is related to lead 

contamination from the incorporation o f the Belt-Purcell xenoliths found in the 

granophyre. This can be a significant problem with U-Pb dating. The intercept at 51 Ma 

presumably is related to Eocene intrusive events. Eocene time represents a period of 

magmatic activity in northwestern Montana and numerous basalt dikes are mapped 

throughout the region. At sample site RPM, (Figure 12) located approximately 6 km to 

the west o f the granophyre sample site, an Eocene basalt dike intrudes the Windermere 

sill (Figure 13). Other dikes invade this section 2-3 km east of the sample site. These 

intrusions could have produced hydrothermal activity that could have contaminated the 

Windermere sill. Preliminary results from the Turah samples also indicate high lead 

contamination levels, which may negatively affect the analysis.
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Figure 48. Geochronology results from the U-Pb analysis on zircons during this study.

Geochemical Analysis 

Methods

Sampling methods at each site followed standards designed to minimize the 

effects of grain-size and metamorphism during geochemical analysis. Exposed chill 

zones at some sample sites are typically a few centimeters thick, followed by a 1 m thick 

zone consisting of fine-grained diabase. The grain-size typically coarsens towards the 

interior o f these sills. Samples taken from the chill zones at each sampling site maximize 

the potential o f analyzing primary magma composition, as coarser grains reflect longer 

cooling times, which allow for greater magmatic differentiation and contamination from 

fluids from the country rock. However, since most sites lack exposed chill zones this was 

not possible. Most sample sites exhibit fine-grained zones and samples ultimately were 

taken from these sections for the same reasons one would normally sample from the 

chilled zone. Due to the lack of upper-contact exposures at most locations, the majority
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of samples collected came from areas near the lower contact of the sills. The similarity 

o f each sample location minimized any effects of chemical differences between the 

different zones within the sill.

The samples were sawn and examined for veins and zones o f high alteration, 

particularly around cracks. This was especially important due to the general highly 

fractured state o f the sills, which allowed for veins o f epidote, actinolite, and zones of 

alteration. Many samples were found to contain high percentages of weathering 

products, and only samples with minimal alteration were sent for thin sectioning.

Samples were sent to Quality Thin Sections in Tucson, Arizona for processing.

Each thin section was examined for any signs of microscopic veins and chemical 

alteration. To further minimize any effects of impurities and late-stage alteration, 

samples with any veins or those which had over fifty percent of their mineral grains 

affected by alteration were discarded from geochemical analysis. Chips were created 

from the best samples in a steel crusher. Since contamination from the rock crusher tends 

to concentrate in the dust after crushing, the rock chips selectively were hand picked, 

washed, blown dry with compressed air, and sealed in a plastic bag. The chips were 

ground to a powder less then 70 microns coarse in a steel puck and ring grinder. Most of 

the samples were ground for two minutes, while a few required longer grind times 

(Appendix I), In order to account for any contamination from the saw, chipper, and 

grinder, a pure coarse-grained quartz (QTZ-01) sample was processed along with the 

rock samples and its analytical data is included in the appendices. The powder was 

weighed immediately, placed in plastic vials, and shipped to the Geo Analytical Lab at 

Washington State University located in Pullman, Washington. Two plastic vials, one
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containing 3.5 g and the other 2.0 g of ground powder, per sample were analyzed by X- 

ray fluorescence (XRF) and inductively coupled plasma mass spectrometer (ICP-MS), 

respectively, for whole-rock analysis. Johnson et al. (1999) and Knaack et al. (1994) 

describe the XRF and ICP-MS procedures, respectively, used in this study. This study 

included two exceptions to the procedures stated above. Samples MT-KF-01 and MT- 

KF-02 were analyzed despite their high degree of alteration because their thin sections 

were not available when all the samples were required to be at the laboratory. These 

samples, however, provided useful information when interpreting the effects of alteration 

on these rocks and comparing other workers’ data with results from this study. 

Contamination from the preparation of samples, based on the quartz blank, was very low. 

The analytical data are provided in Appendix II.

For each sample sent for XRF and ICP-MS analysis, a polished thin section was 

created for electron microprobe analysis. Microprobe analysis focused on pyroxene and 

plagioclase grains because they represent early magma composition. Because o f the 

difficulty in determining the exact timing of crystallization o f the hornblende and biotite 

grains, these minerals are unreliable for geochemical comparison of the magma from 

which the sills crystallized. Each thin section was mapped, and selected pyroxene and 

plagioclase grains that did not contain sericitization or uralization were circled for easy 

recognition under the electron microprobe. The polished sections received a coating of 

carbon to enhance electrical conductivity and analyzed (for number, type o f grains 

analyzed per section and resulting data see Appendix II).
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Geochemical Results

The Windermere sills are basaltic in composition. Specifically, the average content of 

SiO], MnO, CaO, MgO, K2O, and Na20 falls within the continental tholeiite range. They 

have a high concentration of TiÛ2 (average 2.7%) that is more typical of alkalic basalts. 

The Ti02 content is unique to this group of intrusions and is a possible identifying 

characteristic for the Windermere sills and dikes because it is significantly higher than 

typical tholeiites.

The sills follow a typical mafic-tholeiite trend in Figure 49, with the exception of 

the highly altered MT-KF samples that plot closer to a typical mafic-alkaline trend. This 

is due to an increase in the more mobile elements in the weathered samples. The 

immobile element compositions of the weathered samples, however, are similar to the 

less-weathered samples. MT-AL-02 shows lower concentrations of the immobile 

elements, which also could be due to slight metamorphism during Mesozoic tectonic 

events. Trends on a Large Ion Lithophile (LIL) and High Field Strength (HFS) diagram 

(Figure 50) show a similar pattern, with the more-altered samples concentrating the 

more-mobile elements. Elevated peaks in the more-mobile elements are most likely the 

result of alteration, which has affected all samples to some degree. Graphs plotting 

mobile versus immobile or immobile against immobile elements (Figures 51-53) show, 

like most of the other graphs, a close grouping o f the less-weathered samples. However, 

this data does not establish that the sills are part o f a continuous sill within the Belt- 

Purcell basin. However, it does imply that the individual outcrops are similar in 

composition and a product o f one magma type, i.e. basalt.
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Figure 49. The sills follow a similar trend in the REE spidergram. MT-KF-01; 02; 03 have increased 
amounts o f the more-mobile elements because they are significantly weathered. Their concentration o f  

immobile elements is similar to those o f the less weathered.

Rock/Chondrite Normalized Spidergram

1000

100

1£
%
IM

0.1
S r  K Rb Ba Th Ta Nb C« P Zr Hf Sm Ti Y Yb

MT-ALE-01
MT-AL-02
MT-KF-01
MT-KF-02
MT-KF-03
MT-MR-01
MT-MR-02
MT-RPE-04
MT-RPE-21
MT-RPM-01
MT-RPM-02

Figure 50. The sills follow a similar trend in the rock/chondrite spidergram. MT-KF-01 ; 02; 03 and MT- 
AL-02 have increased amounts o f the more-mobile elements due to weathering and metamorphism, 
(chondrite data from Sun and McDonough, 1989 and Anders 1989 and Anders and Grevesse, 1989).
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Figure 51. With the exception o f the more altered samples, the sills plot in a close group (shaded). Ba and
Rb are very mobile during alteration.
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Figure 52. The close grouping o f the sills in this graph indicates a similar composition between the sills. 
While Ba is very mobile, Zr is not. This indicates that the Zr content of the sills, even in the weathered

samples, has not been affected by alteration.
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Figure 53. This graphs the mobile element Nb divided by immobile Y against Zr divided by Y, two 
immobiles. The sills plot in a very close group in this graph and like the previous graphs the more 

weathered samples plot away from the group. These two groups plot along a line that passes through MT- 
AL-02 may appears to represent a trend in alteration. If alteration could be removed from these samples it

appears all samples would plot in the same group.

Figure 54, which plots the total alkalis against total silica, shows samples from the 

sills and dikes plot in two groups within the tholeiite field of the graph, but close to the 

alkalic-tholeiite discrimination line. The dikes in Wyoming sampled by Mueller (1971) 

plot further to the right from the discrimination line than do the Montana sills. There is 

no apparent relationship between the two groups in this figure. The subalkalic trend o f 

this group o f sills, which is not uncommon in rift zones, could be due to several factors, 

including an alkali-enriched source in the mantle, contamination of the magma as it 

moved through the crust, partial melting at high pressure within the mantle, or a small 

degree of partial melting. A high-alkali source within the mantle would most likely 

produce alkalic magma, not subalkalic. Crustal contamination of the sills in the study 

area does not seem to be a possible explanation for the elevated alkali content in the 

samples. One would expect a greater degree of variation of the alkalis and an increase in 

silica between the individual sills and dikes depending on amount of crustal
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contamination. Figure 54 shows a decrease in silica from the dikes to the sills and very 

little variation in alkalis between individual sills. A plausible explanation might be 

partial melting under high pressure. It is possible the pressure conditions in the mantle 

were not equivalent beneath northern Wyoming and northwestern Montana, which may 

have resulted in slightly different magma compositions in each area. A small degree of 

partial melting as rifting began might also explain the differences between the two 

groups. The initiation o f rifting would cause the lithosphere to thin and a small degree of 

adiabatic partial melting of the mantle could produce magma with an elevated alkaline 

content. This magma may have intruded through the lithosphere ultimately forming the 

sills. As this rifting progressed, adiabatic melting continued at a greater degree, 

producing a less-alkalic magma. This less-alkalic magma followed the original magma 

and cooled as dikes in Wyoming and Alberton. While this study verified neither theory, 

both represent possible explanations for the differences in alkalinity between the two 

groups in Figure 54.

TotaJ Alkalis va S02

Alkalic

Dikes
Sills

Tholeiitic

Figure 54. Total alkalis vs. silica. The dikes and sills plot in two separate groups in the tholeiite field with 
weathered samples scattered to the left in the alkalic field. (WC65-3 from Schmidt (1978); HE samples

from Eisenbeis (1958).
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In Figures 55 and 56 sample data from the Wyoming dike group IIIA (Mueller, 

1971) were included with the data from the Montana sills to try and determine a 

relationship between the sills and dikes. These figures plot various major oxides against 

total silica. The least altered samples (MT-ALE-01; MT-MR-01, 02; MT-RPE-04, 21; 

MT-RPM-01, 02; WC65-3; HE-5; and MBT-3, 5, 22, 23, 24, 30, 51, 81, 109) generally 

plot in two groups, a sill group and dike group. The extremely weathered samples scatter 

to the left o f these two groups. Generally, trends (from right to left) starting from the 

Wyoming dikes show a decrease in silica concentrations. The alkalis and CaO slightly 

increase (from right to left) between the two groups. The increasing trend of alkalis and 

CaO is consistent with possible crustal contamination from the argillite and carbonates o f 

the Belt-Purcell Supergroup. However, the decreasing trend in silica in these graphs is 

not consistent with contamination by silica-rich Belt-Purcell rocks. This decrease is in 

fact the opposite of what one would expect since the rocks o f the Belt-Purcell basin are 

silica-rich and should increase silica contents as contamination occurred. These trends 

are compatible with partial melting at variable pressures and varying degrees o f partial 

melting.
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Figure 55. Sills and dikes plot in two different groups in this graph. The alkalis increase slightly from 
dikes to sills. (WC65-3 from Schmidt (1978); HE samples from Eisenbeis (1958)).
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Figure 56. In this graph sills and dikes plot in two different groups. CaO increases slightly from dikes to 
sills. (WC65-3 from Schmidt (1978); HE samples from Eisenbeis (1958)).

Because no apparent relationship between the two groups is evident in the 

previous figures, this study analyzed the one element whose content in both the sills and 

dikes is unique. The Ti02 content of the sills and dikes is higher than typical tholeiites, 

and, as stated above, could be used as an identifier for these sills and dikes. Based on 

Mueller (1971) and Mueller and Rogers (1973) grouping of the Wyoming dikes based on 

TiO: content, it is reasonable to suggest that the sills in Montana might also be grouped
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with the youngest dike set (group IIIA). In addition, titanium is not a very mobile 

element making it a good element for comparison of the sills and dikes. In Figure 57, 

TiOz is plotted against silica. As in the previous graphs the samples plot in two groups, a 

sill group and dike group. Silica decreases (from right to left) between these groups, and 

the amount of TiOs remains constant. Weathered samples in the following figures are 

typically scattered and inconsistent. Therefore, they will not be discussed further. Again, 

no apparent relationship is visible in this figure.

Figure 58 plots TiOz against aluminum and Figure 59 plots TiO: against MgO. In 

these figures, both the sills and dikes plot in one group indicating similar magma 

composition. It is important to note that MgO can be considered an early crystallizing 

constituent and is not very mobile during alteration. This is significant when considering 

that both the sills and dikes have similar MgO and Ti02 contents. To further investigate 

this similarity, other major oxides were plotted against MgO (Figures 60-63). With the 

exception o f Figure 63, the sills and dikes again plot in one group. This is noteworthy 

because the oxides plotted can be very mobile during any type of alteration process that 

may have affected the rocks. In Figure 63, silica content decreases from the top between 

the dikes and sills while MgO remains uniform between all the samples. The similar 

MgO, A I 2 O 3 ,  CaO, and Ti02 contents between the sills and dikes suggest a single parent 

magma.
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Figure 57. T i02 vs. silica graph. Sills and dikes plot in separate groups that show a decrease in S i02  from 
dikes to sills. T i02 contents remain constant. (WC65-3 from Schmidt (1978); HE samples from Eisenbeis

(1958».
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Figure 58. Sills and dikes plot in one group indicating similar T i02  and A1203 amounts. (WC65-3 from
Schmidt (1978); HE samples from Eisenbeis (1958)).
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Figure 59. Sills and dikes plot in one group indicating similar T i02 and MgO amounts. (WC65-3 from
Schmidt (1978); HE samples from Eisenbeis (1958)).
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Figure 60. Sills and dikes plot in one group indicating similar AI203 and MgO amounts. (WC65-3 from
Schmidt (1978); HE samples from Eisenbeis (1958)).
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Figure 61. Sills and dikes plot in one group indicating similar MgO and CaO amounts. (WC65-3 from
Schmidt (1978); HE samples from Eisenbeis (1958)).
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Figure 62. Sills and dikes plot in one group indicating similar N a20 and MgO amounts. (WC65-3 from
Schmidt (1978); HE samples from Eisenbeis (1958)).
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Figure 63. In this graph, the sills and dikes plot in two separate groups that show a decrease in S i02 from 
dikes to sills. MgO content remains constant. (WC65-3 from Schmidt (1978); HE samples from Eisenbeis

(1958».

In an effort to minimize the affects of alteration in analysis, microprobe studies 

were conducted on mineral grains in seven rock samples that showed very little alteration 

(Appendix II). The results plot very close together (Figures 64-66d). There is no 

variation in silica in Figures 64-65b, while the oxides vary between minerals. It is 

interesting to note that the variation in oxides occurs on a within samples, i.e. data from 

two grains in one sample plot in different areas on the graph. Although the groups in 

Figures 66a-d are not as close, the same variation patterns are seen. The microprobe 

analysis does not add any significant data that would help sill correlation to the XRF/ICP- 

MS data.
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Figure 64. This graphs plots electron microprobe data from individual pyroxene grains. Silica remains 
constant in this graph, while the total alkalis decreases from the top. There is no consistent pattern between 
samples as minerals from the same sample may plot either near the top o f the group or bottom. The trend

represents differences between the minerals, not the rocks.
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Figure 65a and b. As in the previous figures the silica in Figures 65a and b remains constant while T i02  
and CaO content decreases from the top. This trend is most likely due to differences in the pyroxene grains

and not the rock.
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Figure 66d.

Figures 66a-d. Both silica and oxide content are similar in most o f the pyroxene grains. Like the previous 
graphs, data from different pyroxene grains in the same rock plot in various areas of the groups. This 
intermingling implies a similar composition between grains o f all the samples, but does not show any 

genetic link between sills. (WC65-3 from Schmidt (1978); HE samples from Eisenbeis (1958)).

Plots of Other tholeiitic basalt sills found in the literature follow very similar 

patterns to the graphs presented in this work. To further examine these trends, several 

samples from the much older Paradise sill (Poage, 1997) were plotted with the 

Windermere sills (Figure 67a and 67b). While the LIL/HFS and Rock/Chondrite 

diagrams do show major variations, the variations occur in the more-mobile elements and 

they almost certainly are related to alteration. The comparisons between the two sills
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show no variations that are statistically significant as the overall patterns are similar. The 

similarity of composition between the older and younger sills implies that the trends are 

related to the magma type rather than the genetic evolution o f the magma. It is 

significant that, in Figure 68, the Paradise sill plots in a separate group below the sills and 

dikes of this study. The Paradise sill has a lower overall alkali content that distinguishes 

this sill from those of this study. Since TiO: content is such a unique component o f the 

Windermere intrusions, this oxide was plotted for both the Paradise sill and the younger 

sills and dikes in Figures 69a-b. These graphs clearly show that the Paradise sill plots in 

a separate group from the Windermere sills and dikes. Not only does this difference 

imply that the Windermere intrusions are unique, but it supports the use of the TiO: as an 

identifying characteristic.

Emplacement of individual sills and dikes occurs in relatively short geologic time 

spans and none of the sills are extraordinarily thick or show signs of multiple intrusions. 

They may have intruded and cooled fast enough to prevent significant fractionation, and, 

since they lack multiple intrusions, changes in magma composition that might indicate a 

common source are not present. The linear characteristic of in the trend o f weathering 

indicates that the most-weathered samples could presumably have had an original 

composition close to the less-weathered samples. The close grouping of less-altered 

samples in both the whole-rock and microprobe mineral composition graphs also 

indicates that all the samples came from one type of igneous rock, in this case diabase. 

The differences in alkali content, TiO:, and MgO in Figures 68-69b between the 

Windermere intrusions and the Paradise sill suggest that the Windermere intrusions are 

unique diabase intrusions in the Belt-Purcell basin. The high TiO: content (2.69%) o f the
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sills and dikes is uncommon for subalkaline tholeiites and is compatible with the 

hypothesis that the Windermere sills and dikes represent a single and distinct intrusive

event.
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Figure 67a and b. Data from the Plains sill (Poage, 1997) is plotted with those of this study. The patterns 
are very similar. Major variations occur at the mobile elements (shaded). Minor variations occur at the 

immobile elements (shaded). The trends are compatible with a single magma type and do not distinguish 
between intrusions, (chondrite data in Figure 72b from Sun and McDonough, 1989 and Anders and 

Grevesse, 1989). (WC65-3 from Schmidt (1978); HE samples from Eisenbeis (1958); samples tip and cc
from Poage (1997)).
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Figure 68. Total alkalis vs. silica graph with Plains sill included. Plains sill plots in a separate group from 
both dikes and sills. (WC65-3 from Schmidt (1978); HE samples from Eisenbeis (1958); samples tip and

cc from Poage (1997)).
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Figure 69a and b. The Plains sill plots in a separate group from the dike group and sill group. The TiÛ2 
content o f the Plains sill is clearly not as high as in the Windermere intrusions. (WC65-3 from Schmidt 

(1978); HE samples from Eisenbeis (1958); samples tip and cc from Poage (1997)).
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Discussion and Conclusions

The Windermere dikes and sills are regionally extensive, ranging from northern 

Wyoming to the Montana-Canada border. Mesozoic and Cenozoic tectonic events have 

exposed these intrusive bodies throughout this region. Structurally the dikes intruded 

Archean basement rocks in Wyoming, while the sills intrude the formations of the Belt- 

Purcell Supergroup in Montana after lithification of those sediments. When plotted on a 

palinspastic map, the thickest and deepest segments of the sills follow the axis of the 

Belt-Purcell basin, which is co-linear with the dike swarms in the Alberton, Montana, 

area and in Wyoming. This indicates the dike swarms may be part of a conduit that fed 

the sills. The sills would develop when the magma followed the horizontal bedding 

planes of the Belt-Purcell Supergroup. The sills rise and thin from the inferred conduit 

towards the basin margins, creating a regional bowl-shape that conforms to the overall 

structure o f the basin.

Zircon U-Pb dates determined from the granophyre associated with these sills 

correlate well, within error, with the argon dates determined by previous workers for sills 

near Alberton and W olf Creek, Montana, as well as with dates determined for dikes in the 

Teton and Beartooth ranges. This correlation also suggests the sills never exceeded the 

reset temperature of the argon system and indicates shallow intrusion. Harlan (1997, 

2003) associates the dikes in Wyoming with the W olf Creek sill using age data. The 

Wolf Creek sill can be traced on the Choteau 1® x 2° geologic map (Mudge et al., 1992) 

northwest to the same outcrop analyzed and dated in this study. Combined with the 

correlation of argon ages, it is probable that the dikes and sills are coeval.
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The Windermere intrusive rocks are tholeiitic diabase basalt in composition, 

dominated by plagioclase, augite, and pigeonite. Tectonic events have fractured and 

metamorphosed the intrusive rocks to low-grade greenschist facies locally, while 

weathering has affected some exposures. Geochemical data incorporating data from 

Milltown (Eisenbeis, 1958), the Wyoming dike swarm (Mueller, 1971), and Wolf Creek 

(Schmidt, 1978) show possible alteration effects. Removal o f alteration from these rocks 

appears to move the data points closer to the less-altered samples, indicating a single 

parent magma. The dike swarms appear to be at or near the origin of intrusion because 

the dikes are in line with an apparent conduit system found on the palinspastic map 

(Figures 43 and 44) and with the trend in maximum thickness o f the sills. Furthermore, 

the dike swarms intrude Archean basement rocks in Wyoming. As the magma 

production continued, it became less alkalic, most likely due to either change in pressure 

or degree of partial melting, resulting in less alkalic dikes in the Teton and Beartooth 

ranges. Although an older sill shows similar geochemical trends, the Windermere 

magma intruded the youngest of Belt-Purcell rocks after their lithification, appears to cut 

the Purcell lava, and is truncated at the Cambrian unconformity, clearly demonstrating 

that it is younger than the earlier intrusions. In addition, the high average Ti02 content 

makes the Windermere intrusions unique features within the Belt-Purcell basin

Windermere-related sedimentary rocks occur in British Columbia, Washington, 

and Idaho, but are absent in Montana. This could be due to the Belt rocks filling all 

sediment accommodation space and the termination o f basin growth. A map locating 

Windermere-related rocks throughout northwestern America reveals an en echelon 

pattern, which is typical of rift zones. The dikes and sills are located on the eastern
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margin o f this pattern. In addition to their structural relationship, there is a strong 

correlation in ages between the Windermere sedimentary rocks and the sills and dikes of 

this study (Figure 47), The sills and dikes may represent the earliest Windermere rift 

activity and may comprise the only related rocks in Montana.

The timing o f initial Windermere rift activity associated with the break-up of the 

supercontinent Rodinia is complex and not fully understood. Dates inferred for initial rift 

activity and deposition o f Windermere rocks vary in age but concentrate around 760 Ma 

to 650 Ma. This range is most likely due to progression of rift activity along the rift axis. 

Devlin et al. (1988) obtained a Sm-Nd date o f 762 ±44 Ma for Windermere volcanic 

Huckleberry Formation in northeastern Washington. This age correlates well with the 

ages determined on the dikes and sills o f this study. Furthermore, the Huckleberry 

Formation is en echelon with the sills and dikes of this study (Figure 47), suggesting they 

are coeval. Recent studies dated Windermere rift volcanic rocks as 685 Ma in central 

Idaho (Lund et al., 2003) and 667-717 Ma in southern Idaho (Fanning and Link, 2003), 

indicating that the rift axis may have jumped west to establish the eventual margin of 

Laurentia. Several researchers have proposed that actual continental separation occurred 

around 570 Ma to 555 Ma (Bond and Kominz, 1984; Bond et al., 1984; Colpron et al., 

2002). The western margin of the Laurentian craton truncated both the Windermere 

intrusive group rocks and the three previous intrusive episode rocks (Hoy, 2000). This 

truncation is significant when reconstructing Precambrian plate margins, as the intrusions 

are also likely to be found on the opposing plate.

Ernst and Buchan (2000) identified the W olf Creek sill o f Schmidt (1978) as 

being related to the 780 Ma Mackenzie dikes in northwestern Canada and part of a type A
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large igneous province. Harlan et al. (2003) also correlate the sills and dikes in Montana 

and northern Wyoming with intrusions in northwestern Canada and suggest they are part 

o f a ca. 780 Ma magmatic event (Gunbarrel magmatic event) that may be related to the 

commencement of early Windermere mafic volcanism, i.e. the Huckleberry Formation in 

northeastern Washington state. Both of these studies base the association of regional 

intrusions only on age data and geographical relationships with the margins of Laurentia. 

The correlation o f intrusions over such an extended area (greater than 2400 km) strictly 

based on age and geography can be misleading. A clear relationship between these 

intrusions, based on a more thorough investigation such as with geochemistry, has not 

been established.

Although the Windermere intrusive group alone may not be voluminous enough 

to qualify as a large igneous province by the definition of Coffin and Eldholm (1992, 

1994), the term igneous province could be applied, as they are regionally extensive and a 

very significant feature o f the Belt-Purcell basin. If the Windermere intrusive group is 

associated with the Gunbarrel magmatic event, which remains to be determined in detail, 

the term large igneous province is valid if applied to all associated intrusions. If the 

Windermere intrusive group is a segment o f an igneous province or LIP (specifically the 

Gunbarrel magmatic event) that extended beyond Laurentia into the now detached 

opposing craton a significant piercing point could be established in conjunction with the 

three previous intrusive events. Hansen et al. (1999) advocate that correlative LIPs on 

separate cratons establish possible constraints on the comparative arrangement of cratons 

within supercontinental assemblies. The use o f geochronology enables the distinction 

between such split LIPs (Ernst et al., 1999). Because the likelihood of igneous provinces
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with identical ages and compositions in more than one geographic location is statistically 

low, finding similar igneous provinces on different cratons would suggest that the two 

cratons were attached prior Rodinia breakup. This relationship would help determine 

which craton split off from the western margins of Laurentia by comparing similar 

igneous provinces on the Antarctic, Australian, or Siberian cratons. In addition, finding 

all four intrusive events would provide much stronger correlation evidence.

The combined data o f this study strongly suggests that the Neoproterozoic sills 

and dikes in western Montana and northern Wyoming are related to a single and 

distinctive intrusive event associated with Windermere rifting. Other intrusions of 

similar age have also been recognized in North America, namely the Mackenzie dike 

swarm and Hottah sheets ca. 780 in northwestern Canada (LeCheminant and Heaman, 

1994; Park et al., 1995, Harlan et al., 2003). These intrusions are not necessarily 

genetically related to the sills and dikes of this study. Increased magmatism occurred 

around 780-750 Ma on several cratons (Ernst and Buchan, 2000) most likely associated 

with the break-up o f Rodinia. Wingate et al. (1998) used U-Pb and paleomagnetic data to 

conclude that a dike swarm in central-south Australia ca. 827 was not related to the 

Mackenzie and Hottah intrusives. Recently Sklyarov et al. (2003) dated a sill in the 

southern part of the Siberian craton at 758 Ma. Data similar to that gathered in this study 

is critical when evaluating the timing and relationship o f these intrusive events, but the 

previous studies did not use geochemical or other significant data to establish a genetic 

association between the intrusions located on the various cratons. Certainly magmatic 

events can take place over a large interval, whether due to rates of intrusion or episodic 

pulses and age data alone may provide a clear relationship.
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The spatial relationship of the sills and dikes, similar ages, alignment of the bowl 

shape o f the sills (defined by the sill structure) with the northwest trend of the dike 

swarms, and the high (for tholeiites) average (2.69%) TiO: content all argue for a single 

intrusive event. In addition, the geographic locations, structural position within the en 

echelon pattern of Windermere-related rock exposures, and age of the sills and dikes 

support a relationship with early Windermere rift activity.
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Appendix I 

Site Location and Sample Descriptions
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Sample Site Location: Alberton
GPS Coordinates: N47° 0’ 90.8”, W 114 30’ 68.21”

Strike and dip measurements:
(Taken from host rock)
Strike Dip Strike Dip Strike Dip
220" 8 216" 16 228" 12

Sample Name: MT-AL-02

50-55% Plagioclase
30-40% Pyroxene — augite/pigeonite
1-3% Magnetite — diamond shaped, metallic in reflected light 
1-2% Ilmenite -  bladey, elongated 
15-20% Epidote, hornblende, biotite, chlorite, apatite 
1-3% quartz

Textures
Heavy saussuritization in groundmass and around large grains, plagioclase originally 
subhedral. Pyroxenes and plagioclase are equigranular and dominate the groundmass.

Grind time for XRP/ICP-MS analysis 
5.0 minutes

Sample Site Location: Alberton
GPS Coordinates: N4?" 0’ 45.6”, W 114" 29’ 39.12”

Strike and dip measurements:
(Taken from host rock)
Strike Dip Strike Dip Strike Dip
210" 35 234" 31 216" 40

Sample Name: MT-ALE-01

50-55% Plagioclase 1 mm
30-40% Pyroxene — augite/pigeonite 1 mm
1-5% Magnetite/ilmenite intergrowths.
15-20% Epidote, hornblende, biotite, chlorite, apatite

Textures
Pigeonite has a 2V o f 2-3 degrees and low birefringence. The pyroxenes are slightly 
altered and there are rare lamellae of pigeonite in Augite. Micrographie textures are 
common in this sample.

Grind time for XRF/ICP-MS analysis: 4.0 minutes
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Sample Site Location: Kootenai National Forest
GPS Coordinates: N 49 0 ’ 13.17”, W 115° 41’ 57.1”

Strike and dip measurements:
(Taken from host rock)
Strike Dip Strike Dip Strike Dip
345° 31 351° 45 355° 40

Sample Name: MT-KF-01

Fine-grained, 100% altered. Only ghost like outlines remain of plagioclase, no pyroxene 
remnants remain.

Grind time for XRF/ICP-MS analysis: 2 minutes

Sample Site Location: Kootenai National Forest
GPS Coordinates: N 49° 0 ’ 13.17”, W 115° 41’ 57.1”

Strike and dip measurements:
(Taken from host rock)
Strike Dip Strike Dip Strike Dip
345° 31 351° 45 355° 40

Sample Name: MT-KF-02

35-40% Plagioclase 1.5 —2.5 mm
20-30% Pyroxene 1-2 mm
1-3% Magnetite/ilmenite
20-30% Epidote, hornblende, chlorite, apatite

Textures
All minerals affected by alteration, groundmass is almost 100% altered.

Grind time for XRF/ICP-MS analysis: 3 minutes
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Sample Site Location: Kootenai National Forest
GPS Coordinates: N 49 0’ 13.17”, W 115° 41’ 57.1”

Strike and dip measurements: 
(Taken from host rock)
Strike Dip Strike Dip
345" 31 351" 45

Strike Dip 
355" 40

Sample Name: MT-KF-03

35-40% Plagioclase 1.5 -2.5 mm 
20-30% Pyroxene 1 -2 mm 
1-3% Magnetite/ilmenite — altered to limonite 
20-30% Epidote, hornblende, chlorite, apatite

Textures
All minerals affected by alteration especially around fractures, groundmass is almost 
100% altered.

Grind time for XRF/ICP-MS analysis: 3.5 minutes

Sample Site Location: McDonald Reservoir
GPS Coordinates: N 47" 25’ 35.8”, W 113" 59’ 04.1”

Strike and dip measurements: 
(Taken from host rock)
Strike Dip Strike Dip
154" 22 163° 14

Strike Dip 
100° 19

Strike Dip 
145° 10

Sample Name: MT-MR-01

50-60% Plagioclase 0.5 —0.75 mm 
30-40% Pyroxene 0.5 -0.75 mm 
1-5% Magnetite/ilmenite -  altered to limonite 
10-15% Epidote, hornblende, chlorite, apatite 
1-2% quartz

Textures
Plagioclase and pyroxene grains are equigranular. Almost all plagioclase have undergone 
sericitization, all pyroxene grains have some uralitization. Micrographie texture is 
common in this sample.

Grind time for XRF/ICP-MS analysis: 3.5 minutes
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Sample Site Location: McDonald Reservoir
GPS Coordinates: N 4?" 25’ 35.8”, W 113" 59’ 04.1”

Strike and dip measurements:
(Taken from host rock)
Strike Dip Strike Dip Strike Dip Strike Dip
154" 22 163" 14 lOO" 19 145" 10

Sample Name: MT-MR-02

50-55% Plagioclase 1.5 —2 mm 
40-50% Pyroxene 1 -2 mm 
1 -5% Magnetite/ilmenite — altered to limonite 
10-15% Epidote, hornblende, chlorite, apatite

Textures
Plagioclase not greatly affected by alteration. Almost all pyroxene grains have some 
uralitization. Micrographie and graphic textures are common in this sample.

Grind time for XRP/ICP-MS analysis: 3.5 minutes

Sample Site Location: Rogers Pass East (RPE)
GPS Coordinates: N 4?" 07’ 22.4”, W 112" 21 ’ 03.3”

Strike and dip measurements:

Strike Dip Strike Dip Strike Dip
n o" 22 100" 34 114" 38

Sample Name: MT-RPE-04

50-60% Plagioclase
30-35% Pyroxene — augite/pigeonite
1-5% Magnetite/ilmenite
15-20% Epidote, hornblende, biotite, apatite

Textures
Plagioclase and pyroxene grains are equigranular. While most plagioclase grains have 
undergone minor sericitization, all pyroxene grains have undergone severe uralitization in 
their cores and in most cases only remnants are left. The alteration minerals, epidote, 
hornblende and biotite are strongly associated with the pyroxene remnants.

Grind time for XRF/ICP-MS analysis: 2.0 minutes
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Sample Site Location: Rogers Pass East (RPE)
GPS Coordinates: N 47 07’ 22.4”, W 112" 21’ 03.3”

Strike and dip measurements:

Strike Dip Strike Dip Strike Dip
n o "  22 lOO" 34 114° 38

Sample Name: MT-RPE-22

50-60% Plagioclase
30-35% Pyroxene — augite/pigeonite
1-5% Magnetite/ilmenite -  limonite on some edges.
15-20% Epidote, hornblende, biotite, chlorite, apatite

Textures
Pigeonite has a 2V of 2-3 degrees and low birefringence. The pyroxenes are slightly 
altered and there are rare lamellae of pigeonite in Augite. Micrographie textures are 
common in this sample.

Grind time for XRF/ICP-MS analysis: 2.0 minutes

Sample Site Location: Rogers Pass Middle (RPM)
GPS Coordinates: N 47° 05’ 13.6”, W 112° 22’ 14.6”

Strike and dip measurements:

Strike Dip Strike Dip Strike Dip
313° 20 321° 19 310° 28

Sample Name: MT-RPM-01

40-50% Plagioclase -  1 mm in size, slightly altered to mica 
30-40% Pyroxene -  pigeonite lamellae — low 2V angle 
1-5% Magnetite/ilmenite -  fine-grained 
5-10% Hornblende, biotite, chlorite, apatite

Groundmass
60-70% plagioclase o f which 50 % has undergone sericitization.
30-40% pyroxene o f which 90-80% has undergone sericitization.

Textures
Microporphyritic, subophitic. Limonite lines some fractures. Alteration occurs 
throughout sample, mostly in groundmass.

Grind time for XRF/ICP-MS analysis: 3.5 minutes
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Sample Site Location: Rogers Pass Middle (RPM)
GPS Coordinates: N 47° 05’ 13.6”, W 112° 22’ 14.6”

Strike and dip measurements:

Strike Dip Strike Dip Strike Dip
313° 20 321° 19 310° 28

Sample Name: MT-RPM-02

35-45% Plagioclase -  1 mm in size, slightly altered to mica, some reverse zoning 
30-40% Pyroxene
Augite -  high birefringence, large 2V angle 
Pigeonite -  low birefringence, small 2V 
1-5% Magnetite/ilmenite -  limonite around edges 
5-10% Epidote, hornblende, chlorite, apatite

Textures
Subophitic. Alteration occurs throughout sample, but also in localized zones o f complete 
alteration. These zones are not associated with fractures.

Grind time for XRF/ICP-MS analysis: 3.0 minutes

Quartz Sample Blank
Sample Name: QTZ-01

Quartz blank used for analysis of contamination during sample preparation. Sample 
consists of pure coarse-grained quartz.

Grind time for XRF/ICP-MS analysis: 2.0 minutes
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Granophyre
Sample Site Location: Turah
GPS Coordinates: N 46° 49’ 39.13”, W 113° 48’ 20.32”

Sample Name: MT-TU-01

55-65% Plagioclase 
15-20% Quartz 
10-15% Feldspar 
<1% Pyroxene
10-20% epidote, hornblende, biotite 

Textures
The plagioclase is almost entirely altered to clay minerals, graphic intergrowths o f quartz 
and feldspars and relic myrmekitic intergrowths o f plagioclase and quartz are very 
common. The hornblende and epidote appear to be secondary alteration products. A few 
rare remnants o f pyroxene are also present.

Granophyre
Sample Site Location: Holland Lake
GPS Coordinates: N 47° 24’ 0.0”, W 113° 34’ 54”

Strike and dip measurements:
(Taken from host rock)
Strike Dip Strike Dip Strike Dip
326° 28 336° 36 340° 30

Sample Name: MT-HL-13

55-65% Plagioclase 1 mm 
25-35% Quartz 
10-15% Feldspar 
<1 % Pyroxene
1 -5% Epidote, hornblende, biotite, apatite 

Textures
Plagioclase grains have undergone almost 100 percent alteration, quartz, graphic and 
myrmekitic textures are very common, altered microcline and fresh quartz grains are also 
present.
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Granophyre
Sample Site Location: Rogers Pass East (RPE)
GPS Coordinates: N 47" 07’ 22.4”, W 112“ 2T  03.3”

Strike and dip measurements:

Strike Dip Strike Dip Strike Dip
110“ 22 100“ 34 114“ 38

Sample Name: RP-KRC-02-2

50-60% Plagioclase 
15-20% Quartz 
10-15% Feldspar 
<1% Pyroxene 
5-10% hornblende, biotite

Textures
Alteration o f this sample is almost 100 percent and only faint grain boundaries remain, 
with, in rare cases, original twin extinction preserved in plagioclase and feldspars. 
Remnant pyroxenes are present, but rare. Graphic and myrmekitic textures are very 
common.
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Appendix II 

Geochemical Data
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MX MX MX MX MX MX MX MX MX MX MX
OTZOl ALEOl ALE02 KFOl KF02 KF02 MROl MR02 RPE04 RPE21 RPMOl RPM02

Date 9-Jul-
03

9-Jul-
03

9-Jnl-
03

9“ Jul- 
03

9-Jul-
03

9-Jul-
03

10-Jul- 
03

10-Jul-
03

10-Jul-
03

10-Jul- 
03

10-Jul- 
03

10-Jul- 
03

Unnormalized Major Elements (Weight %): Unnormalized 
Major Elements 
(Weight %):

S i02 98.22 50.00 52.42 48.43 48.16 48.05 49.67 50.41 50.03 50.61 50.19 50.03

AI203
0.09 13.48 13.38 15.36 15.47 15.04 12.23 12.25 12.40 12.92 12.35 12.35

T i02 0.000 2.498 2.019 2.928 2.515 2.835 2.859 2.555 2.872 2.245 2.872 2.844
FeO 0.02 14.61 11.17 14.21 13.66 13.73 16.00 15.33 15.97 14.22 16.07 15.79
MnO 0.000 0.216 0.215 0.190 0.192 0.207 0.249 0.237 0.231 0.223 0.232 0.235
CaO 0.21 9.74 7.25 6.70 8.08 8.77 9.48 9.78 9.21 9.98 9.32 8.99
MgO 0.04 4.98 6.95 4.09 4.55 4.29 5.00 5.50 4.85 5.82 4.89 4.85
K 2 0 0.01 0.73 1.58 1.90 2.30 1.34 0.76 0.77 0.70 0.65 0.72 0,83
N a20 0.02 2.45 2.89 2.58 2.79 3.26 2.33 2.24 2.33 2.33 2.29 2.37
P 205 0.000 0.224 0.210 0.514 0.471 0.531 0.256 0.225 0.252 0.212 0.255 0.252
Total 98.61 98.93 98.08 96.90 98.19 98-06 98.83 99.30 98.84 99.21 99.19 98.54

Normalized Major Elements (Weight
%):

Normalized 
Major Elements 
(Weight %):

S i02 99.60 50.54 53.45 49.98 49.05 49.00 50.26 50.77 50.62 51.01 50.60 50.77

A1203
0.09 13.63 13.64 15.85 15.76 15.34 12.37 12.34 12.55 13.02 12.45 12.53

T Î02 0.000 2.525 2.059 3.022 2.561 2.891 2.893 2.573 2.906 2.263 2.895 2.886
FeO* 0.02 14.77 11.38 14.67 13.91 14.01 tl6 .1 9 115.44 tl6 .15 14.33 116.20 1 16.02
MnO 0.000 0.218 0.219 0.196 0.196 0.211 0.252 0.239 0.234 0.225 0.234 0.238
CaO 0.21 9.85 7.39 6.91 8.23 8.94 9.59 9.85 9.32 10.06 9.40 9.12
MgO 0.04 5.03 7.09 4.22 4.63 4.38 5.06 5.54 4.91 5.87 4.93 4.92
K 2 0 0.01 0.74 1.61 1.96 2.34 1.37 0.77 0.78 0.71 0.66 0.73 0.84
N a20 0.02 2.48 2.95 2.66 2.84 3.32 2.36 2.26 2.36 2.35 2.31 2.41
P 205 0.000 0.226 0.214 0.530 0.480 0.542 0.259 0.227 0.255 0.214 0.257 0.256

Table 1. XRF data.
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MX MX MX MX MX MX MX MX MX MX MX
QTZOl ALEOl ALE02 KFOl KF02 KF02 MROl MR02 RPE04 RPE21 RPMOl RPMOl

Date 9-Jul-
03

9-Jul- 
03

9-Jul-
03

9-JuI-
03

9-Jul-
03

9-Jul-
03

10-Jul-
03

10-Jul- 
03

10-Jul-
03

10-Jul- 
03

10-Jul- 
03

10-Jul-
03

Unnormalized Trace Elements (ppm): Unnormalized 
Trace Elements 
(ppm):

Ni 6 50 137 27 28 31 52 55 54 62 51 50
Cr 0 70 299 44 37 35 67 101 65 108 66 63
Sc 3 40 26 29 23 33 48 42 42 40 42 41
V 0 422 308 222 183 209 480 467 470 417 463 470
Ba 2 133 631 769 929 603 155 173 197 109 144 236
Rb 2 25 45 55 60 40 25 26 28 20 28 34
Sr 5 153 202 306 368 410 160 149 153 158 151 162
Zr 18 167 162 256 236 255 185 180 186 156 189 199
Y 1 42 28 43 40 42 46 43 47 41 47 47
Nb 2.7 11.3 12.9 26.5 24.3 27.2 12.6 11.9 12.9 10.4 13.8 12.2
Ga 1 26 20 26 25 29 22 26 23 24 24 23
Cu 2 t303 123 17 20 72 t386 t241 t356 t275 t315 t366
Zn 7 142 169 133 140 149 149 127 144 125 138 142
Pb 0 5 5 4 6 0 16 6 6 4 4 8
La 12 15 31 38 46 38 87 64 21 18 7 35
Ce 19 55 48 88 74 76 40 33 39 24 52 25
Th 0 2 5 6 3 4 6 2 6 2 5 2

Major elements are norma 
FeO.

ized on a volatile-free basis, with tota Fe expressed as Major elements 
are normalized 
on a volatile-free 
basis, with total 
Fe expressed as 
FeO.

denotes values >120% of our highest 
standard.

"t" denotes 
values >120% of 
our highest 
standard.

Table 1 continued.
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Sample ID La ppm Ce ppm Pr ppm Nd ppm Sm ppm Eu ppm Gd ppm
BUR QTZ-01 0.21 0.47 0.03 0.11 0.02 0.01 0.03
BUR MT-ALE-01 14.44 33.45 4.50 21.33 6.64 2.13 7.48
BUR MT-AL-02 20.19 43.20 5.35 23.80 6.23 1.77 6.15
BUR MT-KF-01 41.09 77.01 9.95 43.10 9.93 2.98 9.24
BUR MT-KF-02 37.93 72.77 9.39 39.77 9.32 2.86 8.77
BUR MT-KF-03 40.31 81.84 9.86 42.77 9.95 3.27 9.35
BUR MT-MR-01 16.08 36.76 4.92 23.91 7.32 2.28 8.60
BUR MT-MR-02 14.70 33.80 4.52 21.88 6.75 2.08 7.85
BUR MT-RPE-04 15.57 35.58 4.81 23.01 7.12 2.22 8.37
BUR MT-RPE-21 12.67 29.31 3.98 19.00 5.92 1.87 6.83
BUR MT-RPM-01 15.74 36.17 4.88 23.44 7.34 2.26 8.46
BUR MT-RPM-02 15.65 36.04 4.82 23.15 7.17 2.23 8.32

BUR MT-RPE-04 ® 15.22 34.86 4.63 22.48 7.00 2.13 8.12

Table 2. ICP-MS data.

Sample ID Tb ppm Dy ppm Ho ppm Er ppm Tm ppm Yb ppm Lu ppm
BUR QTZ-01 0.00 0.02 0.01 0.02 0.00 0.03 0.01
BUR MT-ALE-01 1.34 8.11 1.66 4.35 0.63 3.78 0.58
BUR MT-AL-02 0.97 5.53 1.09 2.72 0.38 2.21 0.34
BUR MT-KF-01 1.44 8.43 1.67 4.35 0.60 3.59 0.58
BUR MT-KF-02 1.36 7.94 1.54 4.04 0.56 3.34 0.52
BUR MT-KF-03 1.46 8.40 1.68 4.29 0.60 3.52 0.56
BUR MT-MR-01 1.50 9.28 1.90 4.93 0.70 4.29 0.67
BUR MT-MR-02 1.38 8,61 1.75 4.63 0.65 4.03 0.62
BUR MT-RPE-04 1.46 8.95 1.83 4.82 0.68 4.17 0.65
BUR MT-RPE-21 1.23 7.62 1.53 4.13 0.58 3.51 0.54
BUR MT-RPM-01 1.50 9.20 1.89 4.96 0.71 4.28 0.66
BUR MT-RPM-02 1.46 9.14 1.85 4.97 0.70 4.26 0.67

BUR MT-RPE-04 ® 1.44 9.01 1.81 4.83 0.69 4.16 0.65

Table 2 continued.
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Sample ID Ba ppm Th ppm Nb ppm Y ppm Hf ppm Ta ppm U ppm
BUR QTZ-01 1 0.07 2.51 0.19 0.54 4.69 1.19
BUR MT-ALE-01 137 2.75 10.70 42.31 4.60 1.06 0.69
BUR MT-AL-02 617 3.83 11.14 27.42 4.39 0.99 0.92
BUR MT-KF-01 765 3.64 25.64 43.94 6.38 1.69 0.52
BUR MT-KF-02 920 3.35 23.51 41.12 5.96 1.61 0.50
BUR MT-KF-03 609 3.57 26.31 42.80 6.39 1.73 0.52
BUR MT-MR-01 161 3.07 12.16 48.51 5.22 1.33 0.77
BUR MT-MR-02 159 2.94 11.25 45.13 5.03 1.32 0.72
BUR MT-RPE-04 198 3.06 11.83 46.73 5.13 1.01 0.70
BUR MT-RPE-21 119 2.61 9.86 39.48 4.30 1.50 0.64
BUR MT-RPM-01 144 3.12 12.08 48.32 5.31 1.15 0.80
BUR MT-RPM-02 226 3.21 12.30 47.16 5.49 1.13 0.73

BUR MT-RPE-04 ® 196 3.14 12.00 47.12 5.24 1.01 0.71

Table 2 continued.

Sample ID Pb ppm Rb ppm Cs ppm Sr ppm Sc ppm Zr ppm
BUR QTZ-01 0.45 0.3 0.00 3 0.0 16
BUR MT-ALE-01 5.82 26.0 2.06 154 43.4 160
BUR MT-AL-02 5.35 45.4 1.94 202 31.3 157
BUR MT-KF-01 3.99 55.6 0.92 310 32.7 251
BUR MT-KF-02 6.57 60.4 0.86 374 29.4 231
BUR MT-KF-03 6.01 39.0 0.34 422 33.1 250
BUR MT-MR-01 10.73 25.6 1.39 163 46.6 181
BUR MT-MR-02 4.58 26.8 1.22 150 48.5 176
BUR MT-RPE-04 4.36 28.1 4.21 153 46.0 179
BUR MT-RPE-21 4.03 21.5 1.07 157 46.6 147
BUR MT-RPM-01 5.06 27.6 1.90 153 46.4 184
BUR MT-RPM-02 6.66 33.5 2.90 160 45.7 191

BUR MT-RPE-04® 4.36 28.5 4.21 154 45.4 180

Table 2 continued.
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Line
Numbers

”Na20 Oxide 
Percents"

AI203
Oxide
Percents

FeO
Oxide
Percents

K20
Oxide
Percents

CaO
Oxide
Percents

Un 7 MTMR01cr3 ooreplag 111 5.34 24.76 0.52 0.52 8.05
112 6.14 27.18 0.51 0.56 8.78
113 6.01 27.49 0.34 0.76 8.54

Un 9 MTMR01cr4 corepig [actually 
kspar]

117 0.75 19.09 0.28 15.68 0.16

Un 12 MTMROIcrS ooreplag 120 5.33 24.55 0.45 0.43 7.74
Un 15 MTMROIcrS ooreplag 123 6.06 27.09 0.39 0.49 9.19
Un 19 MTMR01cr9 ooreplag 126 4.48 27.24 0.45 0.47 10.35
Un 20 MTMROIcrIl ooreplag 127 4.10 27.79 0.71 0.45 11.05
Un 23 MTRPM01 crOI plag 136 5.83 27.74 0.61 0.55 9.59
Un 25 MTRPM01 or02 ooreplag 138 4.31 29.58 0.50 0.29 12.22
Un 29 MTRPM01 crOS ooreplag 142 3.96 29.98 0.52 0.18 13.25
Un 30 MTRPM01 or06 ooreplag 143 4.65 28.18 0.56 0.30 11.69
Un 33 MTRPM01 o rll ooreplag 146 4.69 28.46 0.63 0.42 11.32
Un 35 MTRPE22 orOI ooreplag 148 4.12 28.68 0.53 0.26 12.76
Un 39 MTRPE22 or03 core plag 151 4.30 30.58 0.56 0.27 12.26
Un 44 MTRPE22 orOB ooreplag 159 4.18 28.81 0.61 0.26 12.64
Un 45 MTRPE22 or09 ooreplag 160 4.28 27.49 0.61 0.23 12.08
Un 48 MTRPM02 orOI ooreplag 172 4.90 29.19 0.62 0.35 11.31
Un 54 MTRPM02 or06 ooreplag 178 5.00 28.79 0.60 0.29 11.31
Un 55 MTRPM02 or05 ooreplag 179 5.24 28.64 1.01 0.45 10.66
Un 58 MTRPM02 or03 ooreplag 182 5.23 28.98 0.59 0.40 10.76
Un 59 MTRPM02 or03 rimplag 183 4.89 29.53 0.50 0.28 11.55
Un 63 MTRPM02 orOI ooreplag 187 5.67 28.61 0.59 0.40 9.91
Un 64 MTRPM02 orOI ooreplag2 188 5.12 29.34 0.72 0.34 11.16
Un 74 MTALE01 or07 ooreplag 198 4.36 29.58 0.61 0.27 12.78
Un 75 MTALE01 or08 ooreplag 199 4.26 30.14 0.70 0.27 12.91
Un 76 MTALE01 cr09 ooreplag 200 5.45 28.15 0.63 0.36 10.52
Un 77 MTALE01 cri Ocoreplag 201 5.11 28.66 0.71 0.32 11.18
Un 78 MTRPE04 crOI ooreplag 202 3.83 30.74 0.70 0.25 13.17

203 3.71 30.41 0.59 0.20 13.43
Un 80 MTRPE04 or03 ooreplag 205 4.86 29.57 0.46 0.49 11.39
Un 81 MTRPE04 cr04 ooreplag 206 4.89 29.31 0.60 0.40 11.12
Un 84 MTRPE04 or07 ooreplag 209 3.07 27.73 0.89 0.30 12.12
Un 88 MTRPE04 cr07 rimplag 213 4.65 28.15 0.92 0.37 11.45
Un 90 MTMR02 or02 ooreplag 215 4.61 29.65 0.53 0.33 11.51

216 3.26 21.61 0.38 0.25 8.63
Un 91 MTMR02 or03 ooreplag 217 4.57 30.19 0.37 0.25 12.03
Un 95 MTMR02 or07 ooreplag 222 4.58 29.63 0.47 0.34 10.75

Table 3. Electron microprobe data for plagioclase.
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SI02
Oxide
Percents

MgO
Oxide
Percents

MnO
Oxide
Percents

Ti02
Oxide
Percents

Cr203
Oxide
Percents

Oxide
Totals

Un 7 MTMR01cr3 ooreplag 58.94 0.00 0.00 0.00 0.00 98.14
56.32 0.00 0.00 0.00 0.00 99.49
56.03 0.00 0.00 0.00 0.00 99.17

Un 9 MTMRD1cr4 corepig [actually 
kspar]

63.82 0.00 0.03 0.01 0.01 99.85

Un 12 MTMRDIcrO ooreplag 59.17 0.00 0.00 0.00 0.00 97.67
Un 15 MTMROIcrS ooreplag 56.42 0.02 0.00 0.10 0.01 99.76
Un 19 MTMR01cr9 ooreplag 56.69 0.00 0.00 0.00 0.00 99.67
Un 20 MTMROIcrIl ooreplag 54.53 0.00 0.00 0.00 0.00 98.62
Un 23 MTRPM01 orOI plag 56.21 0.05 0.01 0.17 0.00 100.77
Un 25 MTRPM01 or02 ooreplag 52.87 0.00 0.00 0.00 0.00 99.76
Un 29 MTRPM01 orOS ooreplag 51.92 0.00 0.00 0.00 0.00 99.81
Un 30 MTRPM01 or06 ooreplag 54.37 0.00 0.00 0.00 0.00 99.74
Un 33 MTRPM01 o rll ooreplag 53.71 0.00 0.00 0.00 0.00 99.23
Un 35 MTRPE22 orOI ooreplag 53.03 0.00 0.00 0.00 0.00 99.37
Un 39 MTRPE22 or03 core plag 51.96 0.00 0.00 0.00 0.00 99.94
Un 44 MTRPE22 orOS ooreplag 53.72 0.00 0.00 0.00 0.00 100.24
Un 45 MTRPE22 or09 ooreplag 55.29 0.00 0.00 0.00 0.00 99.99
Un 48 MTRPM02 orOI ooreplag 52.97 0.00 0.00 0.00 0.00 99.34
Un 54 MTRPM02 or06 œ replag 53.64 0.00 0.00 0.00 0.00 99.63
Un 55 MTRPM02 or05 ooreplag 53.77 0.00 0.00 0.00 0.00 99.76
Un 58 MTRPM02 or03 ooreplag 54.10 0.00 0.00 0.00 0.00 100.06
Un 59 MTRPM02 or03 rimplag 53.09 0.00 0.00 0.00 0.00 99.84
Un 63 MTRPM02 orOI ooreplag 54.81 0.00 0.00 0.00 0.00 100.00
Un 64 MTRPM02 orOI ooreplag2 53.64 0.00 0.00 0.00 0.00 100.32
Un 74 MTALE01 or07 ooreplag 52.25 0.00 0.00 0.00 0.00 99.86
Un 75 MTALE01 or08 ooreplag 51.99 0.00 0.00 0.00 0.00 100.28
Un 76 MTALE01 or09 ooreplag 55.09 0.00 0.00 0.00 0.00 100,19
Un 77 MTALE01 cri Ocoreplag 54.22 0.00 0.00 0.00 0.00 100.20
Un 78 MTRPE04 orOI ooreplag 51.28 0.00 0.00 0.00 0.00 99.97

50.79 0.00 0.00 0.00 0.00 99.12
Un 80 MTRPE04 or03 ooreplag 53.41 0.00 0.00 0.00 0.00 100.18
Un 81 MTRPE04 or04 ooreplag 53.66 0.00 0.00 0.00 0.00 99.98
Un 84 MTRPE04 or07 ooreplag 55.91 0.00 0.00 0.00 0.00 100.02
Un 88 MTRPE04 or07 rimplag 56.16 0.00 0.00 0.00 0.00 101.71
Un 90 MTMR02 or02 ooreplag 52.65 0.00 0.00 0.00 0.00 99.29

52.61 0.00 0.00 0.00 0.00 86.72
Un 91 MTMR02 or03 ooreplag 52.73 0.00 0.00 0.00 0.00 100.13
Un 95 MTMR02 or07 ooreplag 50.90 0.00 0.00 0.00 0.00 96.67

Table 3 continued.
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Line
Numbers

N a20
Oxide
Percents

MgO
Oxide
Percents

AI203
Oxide
Percents

FeO
Oxide
Percents

MnO
Oxide
Percents

Un 4 MTMR01cr01 corepig 109 0.18 17.68 3.07 14.47 0.31
Un 5 MTMR01cr02 coreaug 110 0.31 13.97 2.80 12.66 0.25
Un 8 MTMR01cr4 coreaug 115 0.19 15.61 3.01 13.26 0.31
Un 9 MTMR01cr4 corepig 116 2.66 0.11 15.68 0.55 0.00
Un 10 MTMR01 cr4 corepig 118 0.18 6.75 1.31 25.86 0.54
Un 11 MTMROIcrS coreaug 119 0.29 15.15 2.98 12.15 0.28
Un 13 MTMR01cr7 coreaug 121 0.17 8.47 1.45 23.40 0.48
Un 14 MTMR01cr7 corepig 122 0.58 12.86 3.52 22.39 0.41
Un 17 MTMROIcrS corepig 124 0.28 14.68 3.16 11.73 0.24
Un 18 MTMROIcrQ laminaug 125 0.25 8.05 1.17 16.36 0.34
Un 22 MTRPM01 crOIcoreaug 135 0.33 12.05 2.29 13.17 0.28
Un 24 MTRPM01 cr02 pig 137 0.32 14.96 2.75 11.91 0.25
Un 26 MTRPM01 crOS laminaug 139 0.20 14.24 1.93 13.75 0.35
Un 27 MTRPM01 cr04 Icore pig 140 0.18 17.08 2.91 14.60 0.40
Un 28 MTRPM01 crOS core pig 141 0.24 16.17 2.97 14.79 0.33
Un 31 MTRPM01 cr07 coreaug 144 0.26 15.49 2.56 13.61 0.27
Un 32 MTRPM01 cr09 corepig 145 0.24 14.11 2.13 11.17 0.36
Un 34 MTRPM01 cri 2 laminaug 147 0.27 15.55 2.97 13.94 0.33
Un 37 MTRPE22 cr02 coreaug 149 0.21 15.18 2.10 11.67 0.22
Un 38 MTRPE22 cr02 corepig 150 0.07 14.93 1.95 26.16 0.48
Un 40 MTRPE22 cr04 coreaug 152 0.15 15.00 1.82 16.20 0.35
Un 41 MTRPE22 crOS corepig 153 0.12 12.94 1.06 22.60 0.47
Un 42 MTRPE22 cr06 coreaug 154 0.24 14.83 1.99 13.63 0.32
Un 43 MTRPE22 cr07 coreaug 155 0.31 12.75 2.36 12.15 0.24
Un 49 MTRPM02 cr02 corepig 173 0.16 15.03 2.15 18.20 0.41
Un 50 MTRPM02 cr02 coreaug 174 0.24 14.70 3.13 12.62 0.28
Un 51 MTRPM02 cr08 corepig 175 0.20 15.79 2.10 15.58 0.34
Un 52 MTRPM02 cr08 coreaug 176 0.24 14.84 2.41 13.05 0.30
Un 53 MTRPM02 cr07 laninaug 177 0.53 15.33 2.56 17.73 0.37
Un 56 MTRPM02 cr04 laminaug 180 0.10 17.38 0.95 23.43 0.49
Un 57 MTRPM02 cr04 coreaug 181 0.24 15.74 2.45 12.32 0.28
Un 60 MTRPM02 cr02 coreaug 184 0.20 15.19 1.84 15.60 0.33
Un 61 MTRPM02 cr02 corepig 185 0.71 12.58 5.33 20.75 0.35
Un 62 MTRPM02 crOI corepig 186 0.17 15.82 2.12 16.41 0.39
Un 66 MTALE01 crOI laminaug 190 0.26 12.86 1.62 17.73 0.40
Un 67 MTALE01 crOI coreaug 191 0.22 13.77 2.02 16.76 0.37
Un 68 MTALE01 cr02 coreaug 192 0.29 14.37 2.72 13.60 0.33
Un 69 MTALE01 cr03 coreaug 193 0.23 13.461 1.80 16.98 0.33
Un 70 MTALE01 cr04 corepig 194 0.06 13.81 1.02 29.02 0.60
Un 71 MTALE01 cr04 corepig2 195 0.10 17.59 1.20 22.46 0.46
Un 72 MTALE01 cr06 coreaug 196 0.28 13.50 3.12 13.15 0.28
Un 73 MTALE01 cr06 corepig 197 0.08 17.31 1.48 20.85 0.45
Un 79 MTRPE04 cr02 coreaug 204 0.21 16.20 2.80 14.27 0.33
Un 82 MTRPE04 cr05 coreaug 207 0.21 15.60 3.11 13.95 0.29

Table 4. Electron mîcroprobe data for pyroxene.
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Line
Numbers

N a20
Oxide
Percents

MgO
Oxide
Percents

AI203
Oxide
Percents

FeO
Oxide
Percents

MnO
Oxide
Percents

Un 83 MTRPE04 cr06 corepig 208 0.1G 15.32 2.G4 13.58 0.30
Un 85 MTRPE04 cr08 coreaug 210 0.21 15.89 2.73 14.54 0.34
Un 86 MTRPE04 cr010 laminaug 211 0.09 18.G4 1.95 16.32 0.37
Un 87 MTRPE04 cr010 coreaug 212 0.31 14.84 3.44 11.61 0.23
Un 89 MTMR02 cr01 coreaug 214 0.37 10.91 3.4G 22.49 0.42
Un 92 MTMR02 cr04 coreaug 218 0.49 10.32 3.91 22.46 0.33
Un 93 MTMR02 crOS coreaug 219 0.51 9.02 3.29 22.52 0.37
Un 94 MTMR02 crOG coreaug 220 0.30 3.18 1.43 5.73 0.11

221 0.20 12.80 2.77 10.74 0.23
Un 97 MTMR02 crOG coreaug,rpt aft re- 
coatlng

223 0.88 6.G4 5.96 25.66 0.38

224 0.57 G.G8 4.81 26.23 0.34

Table 4 continued.
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Ti02
Oxide
Percents

K20
Oxide
Percents

CaO
Oxide
Percents

Si02
Oxide
Percents

Cr203
Oxide
Percents

Oxide
Totals

Un 4 MTMROIcrOI corepig 1.01 0.00 12.36 50.40 0.11 99.59
Un 5 MTMR01 cr02 coreaug 0.88 0.01 18.18 50.26 0.02 99.34
Un 8 MTMR01cr4 coreaug 0.95 0.02 11.89 54.26 0.14 99.65
Un 9 MTMR01cr4 corepig 0.09 0.35 6.46 67.91 0.00 93.81
Un 10 MTMR01cr4 corepig 0.71 0.01 12.33 49.57 0.00 97.27
Un 11 MTMROIcrS coreaug 0.91 0.00 17.33 50.35 0.05 99.49
Un 13 MTMR01cr7 coreaug 0.52 0.01 15.78 49.16 0.00 99.43
Un 14 MTMROlcr? corepig 0.84 0.11 9.65 48.64 0.02 99.01
Un 17 MTMROIcrS corepig 0.81 0.00 15.75 51.90 0.07 98.61
Un 18 MTMROIcrS laminaug 0.53 0.01 7.89 65.10 0.04 99.73
Un 22 MTRPM01 crOI coreaug 0.69 0.06 13.27 56.50 0.08 98.71
Un 24 MTRPM01 cr02 pig 0.85 0.01 17.78 52.10 0.13 101.08
Un 26 MTRPM01 cr03 laminaug 0.59 0.02 8.88 60.26 0.02 100.25
Un 27 MTRPM01 cr04 Icore pig 0.86 0.00 12.89 51-21 0.13 100.27
Un 28 MTRPM01 crOS core pig 0.76 0.01 13.17 51.80 0.03 100.27
Un 31 MTRPM01 cr07 coreaug 0.80 0.00 15.89 52.02 0.08 100.99
Un 32 MTRPM01 cr09 corepig 0.68 0.03 11.98 56.65 0.11 97.47
Un 34 MTRPM01 cri 2 laminaug 0.83 0.01 15.34 51.34 0.03 100.62
Un 37 MTRPE22 cr02 coreaug 0.76 0.01 17.57 52.14 0.08 99.95
Un 38 MTRPE22 cr02 corepig 0.54 0.03 5.61 50.21 0.03 100.02
Un 40 MTRPE22 cr04 coreaug 0.66 0.00 15.16 51.62 0.09 101.05
Un 41 MTRPE22 crOS corepig 0.51 0.01 10.47 50.53 0.02 98.72
Un 42 MTRPE22 cr06 coreaug 0.75 0.01 16.55 52.16 0.06 100.52
Un 43 MTRPE22 cr07 coreaug 0.76 0.03 14.94 53.99 0.09 97.62
Un 49 MTRPM02 cr02 corepig 0.96 0.01 13.02 50.44 0.03 100.39
Un 50 MTRPM02 cr02 coreaug 0.88 0.00 16.84 50.70 0.10 99.49
Un 51 MTRPM02 cr08 corepig 0.84 0.00 13.31 51.15 0.10 99.40
Un 52 MTRPM02 cr08 coreaug 0.89 0.01 17.34 50.92 0.08 100.09
Un 53 MTRPM02 cr07 laninaug 0.67 0.07 9.87 50.85 0.01 97.98
Un 56 MTRPM02 cr04 laminaug 0.43 0.00 5.63 51.89 0.00 100.30
Un 57 MTRPM02 cr04 coreaug 0.75 0.00 16.72 51.49 0.12 100.10
Un 60 MTRPM02 cr02 coreaug 0.64 0.00 14.96 51.59 0.01 100.36
Un 61 MTRPM02 cr02 corepig 0.51 0.53 10.03 48.40 0.02 99.21
Un 62 MTRPM02cr01 corepig 0.73 0.04 11.18 52.08 0.05 98.98
Un 66 MTALE01 crOI laminaug 0.99 0.00 15.91 50.73 0.00 100.49
Un 67 MTALE01 crOI coreaug 0.90 0.00 16.02 50.83 0.03 100.95
Un 68 MTALE01 cr02 coreaug 0.97 0.01 16.79 50.35 0.08 99.51
Un 69 MTALE01 cr03 coreaug 0.96 0.00 15.43 50.91 0.01 100.11
Un 70 MTALE01 cr04 corepig 0.57 0.00 5.00 50.65 0.02 100.73
Un 71 MTALE01 cr04 corepig2 0.53 0.02 6.21 51.66 0.04 100.28
Un 72 MTALEOl cr06 coreaug 1.22 0.00 18.90 50.13 0.07 100.64
Un 73 MTALEOl cr06 corepig 0.55 0.00 7.79 51.44 0.02 99.96
Un 79 MTRPE04 cr02 coreaug 0.82 0.01 14.37 51.15 0.11 100.27
Un 82 MTRPE04 cr05 coreaug 0.90 0.00 15.56 50.69 0.11 100.43

Table 4 continued.
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Ti02
Oxide
Percents

K20
Oxide
Percents

CaO
Oxide
Percents

Si02
Oxide
Percents

Cr203
Oxide
Percents

Oxide
Totals

Un 83 MTRPE04 cr06 corepig G.78 G.GG 16.67 51.45 G.11 1G1.01
Un 85 MTRPE04 cr08 coreaug G.96 G.GO 14.68 5G.49 G.G6 99.9G
Un 86 MTRPE04 cr010 laminaug G.64 G.GG 9.93 51.95 G.G9 99.99
Un 87 MTRPE04 crOIG coreaug 1.G4 G.G2 18.G3 5G.69 G.15 1GG.35
Un 89 MTMR02 crOI coreaug G.41 G.1G 9.43 51.73 G.G6 99.39
Un 92 MTMR02 cr04 coreaug G.46 G.11 1G.G9 49.73 G.G8 97.97
Un 93 MTMR02 cr05 coreaug GIG 0.2G 1G.33 49.89 G.GG 96.22
Un 94 MTMRG2 crGG coreaug G.13 0.G7 3.96 34.31 G.GG 49.22

G.65 G.GG 12.82 44.68 G.G9 84.98
Un 97 MTMRG2 crG6 coreaug.rpt aft re- 
coating

G.5G G.35 1G.82 47.82 G.G1 99.G2

G.35 G.12 1G.89 49.61 G.GG 99.60

Table 4 continued.
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O xide 1 2 3 4 5 6 7 3

5102 45*44 4 4 .8 1 4 8 .2 7 4 5 .5 4 8 .2 8 5 1 .9 1 4 7 .0 0 4 7 .4 9

riO g 2 .4 3 2 .5 5 2 .2 0 3 .1 .82 1 .2 5 3 .6 0 3 .2 9

AI2O3 13*69 1 3 .9 6 8 .5 8 1 5 .0 9 .3 6 15 .3 1 1 6 .4 4 1 4 .5 4

F«203 6 .0 6 3 .7 5 4 .0 6 3 .5 2 .1 4 0 .9 8 3 .3 1 3 .3 6

FeO 1 5 .1 2 1 6 .6 6 2 2 .8 9 1 0 .4 1 1 .5 4 9 .3 6 1 2 .3 4 1 1 .8 0

MnO 0 .2 1 0 .1 7 0 .2 6 0 .2 0 .1 2 0 .0 3 0 .0 4 n .d .

ttgO 7 .6 0 5 .5 4 1 .1 2 3 .1 1 7 .4 8 7 .5 2 3*32 6 .1 0

GaO 6 .1 5 8 .5 3 7 .4 2 8 .7 7 .0 0 9 .7 1 9 .5 7 9 .7 0

2 .2 0 3 .3 5 2 .6 5 2 .6 1 .5 9 2 .3 0 3 .3 8 2 .6 0

1^0 0 .7 0 0 .3 3 0 .3 4 0 .4 0 .4 1 0 .7 9 0 .6 7 1 .1 2

MgO 0 .2 4 0 .3 4 1 .1 3 1 .7 0 .9 9 0 .9 3 n .d . n .d .

HgO - 0 .0 7 0 .1 9 0 .3 7 1 .0 0 .0 6 0 .1 5 n .d . n .d .

P2O5 T r. 0 .0 8 0 .6 5 0 .3 0 .1 1 0 .1 8 0 .3 3 n .d .

:02 0 .1

T o ta l 9 9 .9 7 1 0 0 .2 6 1 00 .0 3 9 9 .9 9 9 9 .9 0 100 .42 1 0 0 .0 1 0 0 .0

1 . )  H i l l  town DaJn f e r r o d ia b a s o .

2 . )  H o r to n o l i te  f e r r o g r a b b r o . W ager an d  D e er, 1 9 39 , S k a e rg a a rd .

3 . )  P a y a l i t e  f e r r o g a b b r o .  W ager and  D eer, 1939 , S k a e rg a a rd .

4 * ) A verage p l a t e a u  b a s a l t .  M u ll ,  1924.

5 . )  O l iv in e  d ia b a s e .  P a l is a d e  s i l l ,  N . J . ,  W a lk e r , 1940 .

6 . )  A verage u n d i f f e r e n t i a t e d  d i a b a s e ,  W alk er, 1940.

7 . )  D iab ase  d ik e ,  S u d b u iy , O n ta r io ,  T . L . W alk er, 1397 .

3 . )  D iab ase  d ik e ,  B o e k p o rt, N . I . ,  W ash in g to n , 1399.

Table 5. Geochemical data from wet geochemical analysis. (Eisenbeis, 1958).
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s . •Çd 8 ;  rap id  r<w* a n a lrm a  by P . L. D. Blmore, 8. D. B lm ore, 8 . O. B otta, I. H . Barlow , and  O. W. Chloe, U.S. _Geol. Su rrey , 
ü  *£ , l ' Î ? ! -  Columna 1. 2. K. fl. anil ?  : rnnld  rock anatyaca by P . L  D  Blmore. T, A rtla, G W  Chloo, J .  Kolwey, S. D, B otta. J .  St. O lenn. and 
H. Sm ith, U.S. G W . Surroy . Decem ber g, i m ]

1 2 8 4 6 6 7 *S
L abora to ry  No. W K 9 2 M  W lS92ftS 198041 1BS042 W 160259 W l602*0 W 160257 1 5 8 0 3 »

F tc ld  No.-- -----------------------  W C64-4 W C65-a WCeO-6 WCOO-15 W C0*-3 WCSWMÎÔ W C05-2 W C 50-14

SiO*   48.0 49.8 60.8 52.8 62.4 66.8 69.7 76.1
AltO  14.2 13.9 16.7 16.0 17.8 15.4 16.6 18.8
F e,0 .   7.1 14.6 5.4 8.9 1.7 1.4 .84 .42
FeO   6.8 2.4 4.4 8.4 2.8 .96 .14 .28
M jrO   6.6 8.0 4.4 6.1 1.6 1.9 .09 .13
ChO -----------------------------  11.8 7.5 7.0 6.1 6.7 8.9 .84 .81
NaX) —    4.6 2.6 8.3 4.6 3.9 4.8 4.6 41
K .O   1.1 .66 8.1 2.7 2.2 3.6 6.6 4.1

gg± *:î, *;îe} » » "  { *;L ^ ;% | -T»
TiO.   2.2 2.7 .60 1.1 .86 .50 .10 .04
PX), ----------------------------- .88 .40 .44 .74 .00 .26 .04 .03
M n O ___________________  18 .26 .18 .12 .11 .04 .07 .06
CO. --------------------------------  .61 .10 < 0 5 ________ <.05____________J15_________ J»8________  .42 <X»5
T o ta l____________________99.96 99.96 90.62________98.76 "  10006 100.04 9904 99.54

1 A nalclm c irabbro; dike In trud ing  w eatem  facb »  at Tw o M edicine Supergroup, 1.5 rallea e a s t of Roaero M ountain . In  SW 1/4  sec. 31, T.
F o rm ation . 200 fee t n o rth e a s t of D earborn  H irer, In 8W 1/4 sec 23. 19 N., K. 4 W., R oberta M ountain quadrangle.

® ^  Oomb Rock quadranide. 6. Q uarts  m onsontte p o rp h y ry ; «IU In tru d in g  sedlonentary m otaber
a. Qabhru ; s ill In trud ing  B m plre Form ation  of B elt Supergroup, of w estern  fatdes o f Two M edicine F orm ation , n o rth  side o f D ew m an

O 25 m ile w est of Greenpole Creek, In N W l/4  sec. 21, T . 16 N„ K. 6  Coulee Road. In S W l/4  see. 8, T. 18 N.. R. 4 W „ Comb Rock quad
W., R oberts M ountain  quadrangle . rangle.

S. A nglte trach y h aaa tt ; d ike In tru d in g  eas te rn  facies o f  Two Medl- 7. Q u arts  m onsontte porphyry  ; s ill In tru d in g  H elena D olom ite and
d n e  F orm ation . 1 m ile no rthw est o f N ohrgang Ranch, In S K I/4  sec. E m pire Fo rm ation  o f B elt Supeigroup. 0.4 m ile so u th ea s t o f Rogers
36, T . 16 N., R. 4 W., W olf C reek quadrangle. M ountain, in  N E l/4  aec. 2. t T 14 N., R. 9 W . R oberts Mtwintaln

4. H ornblende m onsonlte ; d ike In trud ing  Adel M ountain  Voleantes qundrangde.
^  Ijyons (1944). © .l ia l le  e a s t of Sevenaslle Road. In  8 W 1/4  sec. 29. 8. Rbycdlte : dike o r sill In tru d in g  K evin Member at M artas  R iv e r
T , 16 N.. R. 3 W .. W olf C reek q u a d ra n g le  ,  S l^ o .  o r w t  o f B lack Rock, In  y % / 4  sec. 7. T. I7  N.. R, 4 IF ,

. - b tB hyndag ltq  p o rp h y r t i  J n tm d in g  ------

Table 6. Geochemical data from Schmidt (1978)

G r o u p  X I I A

SlOp
AX0O3
Fe20^*
KgO ^
CaO
TiOp
Kâ O
KcO
HgO

MBT-3

5 1 . 3 4
1 1 .8 9
16.19

U.U6
7 .8 2
2 .8 5
2 .6 0
1.19
1 .7

-5
5 2 .2 8
1 2 .4 3
15.94

4 .5 0
8 .2 4
2.90
3 .2 4  
1 .1 4

-2 2 -23 -24 -3 0 -5 1 -8 1 -1 0 9

51*87 5 2 .5 2 5 2 .3 2 5 2 .4 2 5 2 .8 5 5 2 .1 4 5 1 .7 9
1 1 .8 4 1 2 .3 9 1 2 .4 6 1 2 .5 4 1 2 .6 1 2 .7 1 3 .5
1 6 .4 5 1 6 .0 1 1 6 .7 4 1 6 .8 7 1 7 .3 1 1 7 .3 2 1 7 .5 7

4 .5 9 4 ,5 1 4 .4 7 4 .6 1 4 .9 0
H I

4 .8 0
8 .3 3 8 .3 8 8 .3 7 8 .4 4 8 .6 1 9 .1 6
2 .8 6 2 .8 5 2 .8 6 2 .8 7 2 .8 5 2 .6 4 2 .8 7
2 .4 8 2 .5 6 2 .5 0 2 .6 6 3 .1 9 2 .4 9 2 .4 9
1 .0 4
1 .4

1 .1 2
.5

1 .0 7
.6

1 .0 1
.5 3

.95 .9 6 9 .88;

Z 100 .04 1 0 0 .8 6 1 0 0 .8 4 1 0 1 .3 9 1 0 1 .9 5

Rb 52 44 43 47 42 38 45
Sr 188 168 174 168 175 181 194
K/Rb 190 215 201 198 211 221 175
Rb/Sr .2 8 .2 6 .24 .2 8 .24 ,^ 21 .2 3
K/Sr 52 56 49 55 51 46 41

U 1 .1 .9 2 1 .2 .9 3 1 .0 1 .7 3 .7
Th 4 .6 5 .0 4 .5 4 ,6 5 .1 4 .1 8 .9
Th/G 4 .2 5 .4 3 .7 4 .9 5 .1 2 .4 2 .4

32  28
186 171
251  262

.1 7  .1 8
43 43

Table 7. Geochemical data from Mueller (1971).
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