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Abstract 
The rocks of the Challis Volcanic Group, Idaho are investigated and constraints on 

their petrogenesis used to evaluate the tectonic control on the formation of early, extension- 

associated magmatism in the western U. S. A. New and published 40Ar-39Ar analyses 

indicate that the rocks of the Challis Volcanic Group erupted between - 50 and 45 Ma at 

extrusion rates estimated at 0.01 to 0.03 km3 yr 1. The rocks have high-K calc- 

alkaline/shoshonitic compositions and incompatible trace element analyses show them to be 

LILE and LREE enriched ((La/Yb)� -7 to 20) but relatively depleted in Nb, Ta and Ti (e. g. 

Nb/La < 0.5 in the main). All rocks have high initial 87Sr/86Sr (0.70673 to 0.71135) and 

low 143Nd/144Nd (0.51151 to 0.51234) ratios in comparison to oceanic basalts. The rocks 

are interpreted to result from partial melting in both spinel and garnet facies of 

heterogeneous, major element depleted, LREE enriched but Nb, Ta and Ti depleted peridotite 

source regions in the lithospheric mantle. The origin of these LREE enriched source regions 

is most probably related to mantle metasomatism in a subduction zone tectonic setting, 

although the' age of these events are not constrained. The petrogenesis of the Challis 

Volcanic Group is broadly similar to early magmatism from areas of the Cordillera to the 

south (e. g. Colorado River Trough), but contrasts with areas to the north where crustal 

melting apparently dominates (e. g. northern Idaho: Omineca Belt). Thus it is suggested that 

the syn-compression thermal history of the Cordillera, immediately prior to extension and 

early magmatism, varies significantly between southern and northern Idaho. This variation 

correlates spatially with the northern limit of compression within the Laramide Foreland 

Province (. 75 to 45/30 Ma). Compressional deformation within the Laramide Foreland 

Province may be coincident with a period of sub-horizontal subduction and therefore partial 

melting of the mantle lithosphere may be related to the removal of this subducted slab from 

beneath the lithosphere, although this remains poorly constrained. A comparison is made 

between the Challis Volcanic Group and Archaean sanukitoids, to suggest that the Tertiary 

rocks may provide a tectonomagmatic analogue for these particular late Archaean rocks. The 

implications of this comparison for late Archaean tectonics and crustal growth are discussed. 



Acknowledgements 

I am grateful to many people for their help and advice and it is with pleasure that I now 
express my debt of gratitude to: 

Firstly, my supervisors Chris Hawkesworth and Nick Rogers for the opportunity, and all 
their advice and assistance: scientific, editorial and humanitarian. In particular, their ability 
to extract useful constraints from my wild-goose-chase style of research proved invaluable. 

Fran for help in the field and heroically wrestling with the Dodge RAM around the Pacific 
Northwest. Peter Hooper, Peter Larson, Diane Johnson, Charles Knaack, Jitka, Tom, 
Todd, Melissa and George for all their help and hospitality at WSU in Pullman and in the 
field in Idaho. 

Jessica Bartlett, Mabs Gilmour and Peter van Calsteren for all their help in the isotope lab; 
Andy Tindle and Sarah Sherlock for help with the probe; Simon Kelley and Jo Wartho in the 
Ar-Ar lab; John Watson, Kay Green and Brian Ellis for sample preparation; Dick Carlton for 
computer help; and Janet Dryden and Anita Chhabra for the solutions to various problems. 

Many others at the O. U. (whose names I am not going to list because I will forget someone) 
who fall under the headings of house mates, office mates, ultimate players, footie players, 
drinking partners.... basically anyone who helped, gave advice, bought drinks, gave lifts, 
ask how it was going, didn't ask how it was going because the answer was painfully 
obvious, shared the Milton Keynes Experience....! say thanks and I hope I can repay the 
favour someday. 

Older friends, to whom I now have a different answer to' aren't you finished yet, bai ?' 

Liz for sharing the experience and masses of support. 

Finally, to my parents and Ro and Henri for all the support and encouragement I could ever 

wish for; without their help I would never have reached this stage. 



Preface 

In the western United States extension of up to 100% (0=2) or greater (Wernicke, 1992) is 

distributed over a 700 km wide, 800,000 km2 area (Eaton, 1982). This highly extended 

region is commonly referred to as The Basin and Range Province due to the characteristic 

basin and range topography (e. g. Eaton, 1982). Extensional tectonics have been active 

since at least the early Tertiary and they are associated with widespread, voluminous mantle 

derived magmatism (e. g. Armstrong and Ward, 1991). 

However, the Basin and Range Province deviates significantly from other examples of 

continental rifts (e. g. East African Rift) particularly in the nature of the earliest, most 

voluminous, magmatism and in the style of the associated extensional deformation. Early 

magmatism is predominantly intermediate-silicic in composition, commonly explosive and is 

geochemically similar to subduction zone magmatism and not intraplate magmatism (e. g. 

Gans et al., 1989; Bradshaw et al., 1993; Hawkesworth et al., 1995; Hooper et al., 1995). 

In addition it has been suggested that the source region to this voluminous magmatism is the 

continental lithospheric mantle and not the asthenospheric upper mantle (Bradshaw et al., 

1993; Hawkesworth et al., 1995; Lopez & Cameron, 1997). Extension associated with 

early magmatism is accommodated on large scale, low-angle normal faults resulting in the 

exhumation of deeper structural levels as fault bounded 'metamorphic core complexes' (e. g. 

Crittenden et al., 1980; Armstrong, 1982; Lister and Davis, 1989; Wernicke, 1992). 

Identification of these low angle extensional structures has lead to widespread identification 

and re-interpretation of some low angle structures throughout the geological record as 

extensional in origin. 
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McKenzie & Bickle (1988) suggested that'extension of the continental lithosphere generates 

little melt unless 0>2 and the potential temperature (Tp) of the asthenosphere is >1380°C' 

i. e. under conditions of major extension and in the presence of elevated potential 

temperatures. In the western U. S. A. significant volumes of early magmatism pre-date major 

extension (e. g. Gans et al., 1989; Gans & Bohrson, 1998). Therefore it is unlikely that 

earliest magmatism is related to decompression associated with major extension. 

Additionally, it has been argued that the asthenosphere beneath the western U. S. A. is not 

characterised by an elevated potential temperature because the volumes of asthenospherically 

derived magma, despite major extension, are relatively small (<10% of total stratigraphic 

thickness; e. g. Bradshaw, 1991; Davis, 1991) (Bradshaw et al., 1993). Rather in the 

western U. S. A. extension of the lithosphere appears to be associated with significant 

lithospheric mantle melting without elevated potential temperature in the asthenosphere. 

Therefore models attempting to explain the characteristics of extension and early magmatism 

have sought to relate extension and magmatism to tectonic forces. 

Metamorphic core complexes are located within a region which experienced significant 

crustal thickening in the Cretaceous and early Tertiary (Coney & Harms, 1984). Therefore 

the tectonic processes of extensional collapse of overthickened continental crust may be 

significant in Tertiary extension and magmatism (e. g. Coney & Harms, 1984; Sonder et al., 

1987; Axen et al., 1993; Hawkesworth et al., 1995). In particular convective removal of the 

mantle lithosphere due to crustal thickening (e. g. Houseman et al., 1981) would predict an 

association of extension and lithospherically derived magmatism (Hawkesworth et al., 

1995). 

In addition, however, subduction has been continuous at the western edge of continental 

North America up until 29 Ma and the formation of the modern combined subduction zone 

(Cascades) and strike-slip plate boundary (San Andreas) (e. g. Engebretson, 1985; Stewart & 

Crowell, 1992). It has therefore been suggested that tectonic forces arising from plate 

subduction (e. g. changes in the rate of convergence, the angle of subduction and the 

age/structure of the subducting oceanic lithosphere) may be influential in determining the 
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nature of extension and early magmatism (e. g. Coney and Reynolds, 1977; Engebretson et 

al., 1985; Severinghaus & Atwater, 1990; Axen et al., 1993; Humphreys, 1995). In 

particular it has been suggested that one of the Cretaceous compressional orogenies 

(Laramide Orogeny) may have been associated with a period of sub-horizontal subduction 

(e. g. Jordan & Allmendinger, 1988). Consequently models have suggested that extension 

and early magmatism coincide with the removal of this sub-horizontally subducting slab 

from beneath the lithosphere of the western U. S. A. (e. g. Humphreys, 1995). 

Furthermore, extensional collapse and subduction related models are not mutually exclusive 

and some models have suggested that extension and early magmatism are consistent with a 

combined model (e. g. Axen et al., 1993). 

Therefore extension and magmatism in the western U. S. A. may be driven by tectonic forces, 

however there is no consensus at the present time. In particular there is considerable debate 

on how influential the predominantly pre-Tertiary, compressional orogeny was in 

determining the Tertiary record of extension and mantle derived magmatism (e. g. compare 

Axen et al., 1993; Hawkesworth et al., 1995; Humphreys, 1995; Gans & Bohrson, 1998). 

Objective and method 
1. The objective of this thesis is to understand further the tectonic controls on core 

complex extension and early magmatism in the Tertiary of the western U. S. A. and in 

particular the control of pre-extensional compressional orogenesis. 

This was attempted by the following method: 

1. Based on a literature review an example of early magmatism was chosen which 

occupies a suitable location to address the objective of the thesis - The Eocene Challis 

Volcanic Group, Idaho; 

2. Previous work on the field area had focused on extension, stratigraphy and 

geochronology of the magmatism and so this study focuses on the petrogeneis and 

geochronology of the lavas; 
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3. The magmatism is described and interpreted so that changes in the volume and 

composition of mantle-derived magmatism through time can be identified and the 

mantle melting processes may be evaluated. In order to do this the effects of 

differentiation of mantle derived magmas are first identified. 

4. The petrogenetic model is then used in conjunction with previous constraints on the 

amount and timing of extension to assess the relationship between mantle melting and 

extension. 

5. The relationship between extension and magmatism is then used to test between 

tectonic models for the origin of extension and magmatism for the study area. 

Additionally, the record of extension and magmatism for the study area is compared to 

other regions in the Cordillera which have experienced contrasting pre-extension 

compressional histories. 

Thesis Layout 

Chapter One is an introduction reviewing the literature on Tertiary extension and magmatism 

in the western U. S. A. Also reviewed are the Cretaceous and early Tertiary compressional 

orogenesis that preceded Tertiary extension and magmatism. Based on this review a field 

area was chosen and the reasons for this choice are given. 

Chapter Two describes the previous work on the field area, in particular the constraints that 

had been placed on the nature of extension and magmatism. 

Chapter Three is a description of all the geological, petrographical, geochemical and 

geochronological data gathered during this study and how these new observations relate to 

previous studies. 

Chapter Four is an interpretation of the data sub-divided into 1) geochemical variations 

which are interpreted to result from processes of differentiation of parental magmas; and 2) 

the geochemical variations which are interpreted to result from different primary magma 

compositions. Changes in the conditions of partial melting, the composition of the source 

region and/or the depth of melting are then interpreted. Finally, the petrogenetic model is 
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related to the available geochronological constraints so that the nature of magmatism through 

time can be identified. 

Chapter Five investigates the origins of coupled Ta and Ti depletions in the least evolved 

rocks of the Challis Volcanic Group and the implications these anomalies have for the 

petrogenesis of the lavas and that of their source regions. 

Chapter Six uses the available constraints to assess the relationship between extension and 

magmatism in the Challis Volcanic Group, Idaho and the tectonic control on extension and 

magmatism. Also, a comparison to the record of extension and magmatism in other areas of 

the Cordillera attempts to further assess the control of the pre-Tertiary compressional 

orogenesis. 

Chapter Seven deviates from the original objective to use the data gathered in this study to 

suggest that extension associated magmatism in the western U. S. A. may be a previously 

unrecognised potential analogue for a suite of late Archaean (- 2.6-2.7 Ga) rocks of the 

Superior and Slave Provinces known as sanukitoids (Shirey & Hanson, 1984). 

Finally, Chapter Eight summarises the conclusions of this thesis and indicates directions for 

future work. 

Publication of results 
The research described in this thesis has been reported in one published abstract (McKervey 

et al., 1996) but the structure of the thesis is designed to facilitate publishing a number of 

papers. 

By compiling and condensing introductory sections from Chapters One and Two, adding 

descriptions of the data as in Chapter Three and the petrogenetic interpretations of Chapter 

Four and tectonic interpretations of Chapter Six, the main conclusions of this thesis 

concerning the tectonic control on the formation of extension associated early magmatism 
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would be suited for submission to Contributions to Mineralogy and Petrology or Geological 

Society of America Bulletin. 

Chapter Five and Chapter Seven relate to different topics concerning the possible 

implications of coupled Ta and Ti depletions to the petrogenesis of extension associated 

magmatism in the western U. S. A. and processes of mantle enrichment at different stages of 

Earth History and these are written to a certain extent to 'stand on their own' as potential 

papers of broader interest. A shortened version may be suited for submission to Geology. 
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Chapter 1: Tertiary Extension and Magmatism in 
the Basin and Range Province 

1.1 Introduction 

The North American Cordillera is the predominantly mountainous region in the western 

United States that lies adjacent to the northeastern Pacific Basin between the latitudes of 30° 

and 48°N. Although it is important to recognise that the Cordillera is a subset of the entire 

eastern Pacific plate boundary that extends almost from pole to pole, this thesis is concerned 

with the segment that lies within the United States of America and southwestern Canada. 

The Tertiary geological record of this region is characterised by regional extension and 

associated magmatism resulting in the formation of the Basin and Range Province (e. g. 

Eaton, 1982). The objective of this chapter is summarise the literature review that was 

conducted at the start of this thesis and to incorporate any relevant new work published 

since that time. Firstly it presents an introduction to the present day features of the 

Cordillera and then briefly describes the geological events that have shaped the Cordillera 

during the Phanerozoic. The Late Cretaceous and Early Tertiary compressional orogenesis 

that preceded Tertiary extension and magmatism are reviewed in more detail because they 

may have been significant in determining the nature of Tertiary extension and magmatism. 

Tertiary extension and magmatism are then reviewed and finally the reasons for the choice 

of field area are outlined. 

1.2 The Modern Cordillera 
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The plate boundary between the oceanic Pacific and Juan de Fuca plates and continental 

North America is complex involving both convergent and strike-slip tectonics (Figure 1.1). 

The continental region exhibits a diversity of tectonic elements including: a subduction zone 

and its associated volcanic arc (The High Cascades), active continental extension (Basin and 

Range Province), strike-slip deformation (San Andreas Fault), an intra-plate hotspot 

(Yellowstone) and large, relatively undeformed, uplifted regions (Sierra Nevada and 

Colorado Plateau) (Figure 1.1). The San Andreas Fault is characterised by marked and well 

studied seismicity. However, the active subduction zone of the Cascades displays reduced 

seismicity in comparison to subduction zones worldwide and it has a poorly defined 

Wadati-Benioff Zone (e. g. Burchfiel et al., 1992a). Seismicity is distributed throughout the 

Cordillera but nearly all deformation above 1 km in elevation is extensional (Zoback & 

Zoback, 1989 cited in Burchfiel et al., 1992a). 

The Cordillera is characterised by high average surface elevation (1.5-2.2 km) - the highest 

point above sea-level is 4419 m, at Mt. Whitney, in the Sierra Nevada - where the greatest 

concentration of high elevation is in the southern Rocky Mountains of Colorado, New 

Mexico and Idaho (e. g. Braile et al., 1989). In contrast, it also exhibits a highly extended 

continental region presently lying below sea-level at Death Valley in California. 

Geophysical data suggest that the continental crust is 30-35 km in thickness in the extended 

terranes (e. g. Wolf & Cipar, 1993; Zandt et al., 1995) and that increases to 40-50 km 

underneath the Sierra Nevada and Rocky Mountains. The convecting upper mantle lies at 
depths as shallow as 60 km in the highly extended terranes (e. g. Zandt et al., 1995). Heat 

flow is high over much the Cordillera (>60 mW/m-2) and reaches a maximum of -100 

MW/m-2 in the Rio Grande Rift, Snake River Plain and High Cascades (Burchfiel et al., 
1992a). The Basin and Range Province is characterised by average heat flow of 80-90 

MW/m-2 which decreases to -60 MW/m-2 at locations where the upper crust is substantially 

thinned due to extension (Lachenbruch et al., 1994). 
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Figure 1.1: Major present-day tectonic and magmatic elements of the North American Cordillera (adapted 
from Burchfiel et al., 1992b). 

Recent magmatism is distributed throughout the Cordillera but it is concentrated in the 

Pacific Northwest with the stratovolcanoes and related lava fields of the High Cascades. 

Magmatic activity in the north is also centred at Yellowstone National park in northwest 

Wyoming and the lava fields of the Snake River Plain - eg. Craters of the Moon, Idaho - 

which are thought to relate to an intraplate hotspot. The southern Cordillera has less 

voluminous recent activity which is recorded in scattered isolated volcanic fields in the 
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Basin and Range Province and the Rio Grande Rift associated with extensional tectonics 

(e. g. Christiansen & Yeats, 1992). 

1.3 The Cordilleran Orogen 

The Cordillera is characterised by two major geological units (Figure 1.2): 

1. The Accreted Terranes: To the west lies an assemblage of terranes which are largely 

of oceanic affinity and have been added to continental north America through 

processes of accretion (e. g. Coney et al., 1980); 

2. Continental North America: Precambrian and Phanerozoic rocks which can be 

subdivided into cratonic North America and a passive margin sedimentary sequence 

which lies immediately to the west of cratonic North America (Figure 1.2) (e. g. 

Burchfiel et al., 1992b). 

The boundary between the continent and the accreted terranes may be mapped as the so- 

called 0.706 line (Figure 1.2): igneous rocks to the east of the line have an initial strontium 

isotopic ratio of > 0.706, whereas those to the west have compositions < 0.706, and 

commonly < 0.704. Subduction at the contact between oceanic and continental crust has 

persisted for the last 200 m. y. The preservation of oceanic crust in the Pacific basin allows 

reconstructions to be made of the tectonic history of the oceanic crust 

(Farallon/Vancouver/Kula plates) subducted beneath North America during this time (e. g. 

Engebretson et al., 1985; Stock & Molnar, 1988). 

The eastern portion of the Cordillera is underlain by Archaean to mid-Proterozoic rocks 

which consist of an Archaean nucleus (Wyoming and Superior cratons) to the north, 

sutured in the early Proterozoic. Younger tectonic blocks have been added from the south 

throughout the Proterozoic (Hoffmann, 1988) (Figure 1.2). The main structural trend 

within the basement is E or NE, perpendicular to the continental margin and Cordilleran 

structures, and indicating a major rifting event formed the passive margin. A widespread 

extensional event, accompanied by mafic magmatism, in the late Proterozoic (-600 Ma) is 
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Figure 1.2: Major sub-division of the North American Cordilleran Orogen (adapted from Burchfiel et al., 
1992b). 

thought to have resulted in continental separation, ocean floor spreading and the 

development of the passive margin. This is interpreted to mark the beginning of the 

Cordilleran Orogen (Burchfiel et al., 1992b). 

From the latest Proterozoic through to the Devonian the Cordillera records the development 

of a passive margin, although poorly-defined deformations of this age are recorded in 

continental areas of Montana, Arizona and New Mexico (Burchfiel et al., 1992b). All 

known ophiolites in the Cordillera are Phanerozoic in age suggesting that ocean spreading 

began in the earliest Paleozoic (Burchfiel et al., 1992b). The continental margin records 

thick marine continental slope facies (Antler assemblage) of Cambrian to Upper Devonian 

age, outboard of which, in the Sierra Nevada, Klamath Mts. and Cascades, are fragments 

of Ordovician and Silurian oceanic arc and ? marginal basin (Trinity ophiolite) magmatism. 
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Subduction is thought to have been eastwards, but is unclear how far from continental north 

America this oceanic arc activity took place (Burchfiel et al., 1992b). Convergent 

deformation is recorded in the Antler Orogeny (late Devonian and early Mississipian) which 

is associated with relatively little magmatism or metamorphism and may have modem 

analogues in the Alpine system (Royden & Burchfiel, 1989). 

During the Late Paleozoic the closure of a marginal basin and the accretion of island arc 

terranes (Sonomia) to the westernmost edge of the continent is thought to be recorded in the 

Sonomian Orogeny (Permo-Triassic) (Burchfiel et al., 1992b). From the Triassic to the late 

Jurassic continued accretion of arc terranes at the westernmost edge of the continent 

occurred (e. g. the Klamath Mountains and those of the northern Sierra Nevada) west of 

which was a volcanic archipelago and an accretionary prism assemblage (Cache Creek 

assemblage). At its widest, at the latitude of northern California, this activity occurred over 

an area of 400-500 km in width (Burchfiel et al., 1992b). Areas within the continent had 

little relief and are thought to have experienced little tectonism (Burchfiel et al., 1992b). 

Overall therefore the geological record of the Cordillera through much of the Phanerozoic is 

characterised by processes of accretion at the western edge of continental north America 

(e. g. Burchfiel et al., 1992b). The next section examines in more detail the compressional 

orogenesis that occurred during the Cretaceous and early Tertiary which preceded the 

formation of the Basin and Range Province 

1.4 Cretaceous-early Tertiary Orogenesis 

This section subdivides the Cretaceous and early Tertiary into two episodes of 

compressional orogenesis which are distinguished by different styles of deformation and 

magmatism - the Sevier and Laramide Orogenies (e. g. reviews of Allmendinger, 1992; 

Burchfiel et al., 1992b; Cowan & Bruhn, 1992; Miller et al., 1992). 

1.4.1 The Sevier Orogeny (-140-60 Ma) 
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The Sevier Orogeny is a widely used term broadly encompassing the compressional 

tectonic events that occurred in areas of the back-arc from the mid-Jurassic up until the 

Eocene (Figure 1.3) (e. g. Cowan & Bruhn, 1992). The Sevier Orogeny actually refers to 

the compressional tectonic events that occurred, during this interval, in the central part of the 

orogen (Nevada, Utah and California) and although broadly similar geological relations are 

seen in the Cordillera to the north, they should not strictly be termed part of the Sevier 

Orogeny. 

The Sevier Orogeny records primarily compressional deformation within the passive margin 

and cratonic North America where the style of deformation is thick-skinned to the west and 

thin-skinned toward the east (Figure 1.3) (e. g. Allmendinger, 1992). Thin-skinned 

tectonics is recorded in the Cordilleran thrust belt, whereas to the west thick skinned 

tectonics is recorded in the Cordilleran hinterland (Figure 1.3b). 

The Cordilleran thrust belt is one of its most extensively studied regions. Its main feature is 

that it is remarkably consistent throughout the length of the Cordillera, although it has been 

subdivided into three regions from north to south (Figure 1.3a) (Cowan & Bruhn, 1992; 

see also Allmendinger, 1992): 

1. Washington - Montana (pre 100 - 50 Ma); 

2. Idaho- Wyoming (140 - 62 Ma) and 

3. Sevier Belt (140 - 62 Ma). 

Within these regions deformation is characterised by thin-skinned, east vergent thrusts 

younging from west to east where the basal thrust (decollment) lies above the basement 

(Cowan & Bruhn, 1992) and generally steps westwards to the base of the Precambrian 

sedimentary successions. Restored cross-sections from the Idaho-Wyoming belt suggest 

that up to 50% shortening may have occurred (Royse et al., 1975). It is probable that the 

thin-skinned fold and thrust belt was rooted to the west, but relatively little is known about 

the structures in this 'root-zone' (The Cordilleran Hinterland) and their relationship to 
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Figure 1.3: (a): Paleotectonic map of the major magmatic and tectonic elements of the Sevier orogeny 
(-140-60 Ma) (adapted from Burchfiel et al., 1992b); (b) cartoon structural cross-section through the 
hinterland, fold and thrust belt and Laramide foreland Province (after Allmendinger, 1992). 
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magmatism and metamorphism (Miller et al., 1992; Allmendinger, 1992). Attempts to 

reconstruct the late Cretaceous crustal thickness in the hinterland region suggest crustal 

thicknesses of 50-60 km may have existed in the hinterland due to compressional tectonics 

(e. g. Coney & Harms, 1984). It has been argued that there is evidence for syn- 

compressional Cretaceous extension within the hinterland region of the Sevier Orogeny 

throughout the length of the Cordillera, however this is not well established (Wells et al., 

1990; Hodges & Walker, 1992). 

The voluminous granitoid batholiths of the western United States - Sierra Nevada, Idaho 

and Peninsular Ranges (e. g. Figure 1.3) - were emplaced during this interval, and record 

the existence of magmatism along the entire length of the Cordillera. The most long-lived of 

these is the Sierra Nevada Batholith where radiogenic ages ranging from late Jurassic to late 

Cretaceous (-80 Ma) suggests an eastward younging in activity with the predominantly 

granodioritic main phase occurring between 110-80 Ma (Cowan & Bruhn, 1992). This late 

Cretaceous peak in activity coincides with ages of the oldest phases of the Idaho batholith 

and isolated plutons in northern Nevada suggesting that a voluminous magmatic arc 

stretching at least from southern California to central Idaho may have existed in the late 

Cretaceous (e. g. Figure 1.3). However, it had ceased activity by -80 Ma at the latitudes of 

the Sierra Nevada (Cowan & Bruhn, 1992). 

To the west of the late Cretaceous batholiths the Franciscan complex contains a diverse 

assemblage of lithologies cropping out in the coast ranges of California (Figure 1.3) 

(Cowan & Bruhn, 1992). It is best known for the exotic blocks of blueschist and eclogite 

that occur in melanges in the central belt and it is thought to represent the remnants of a 

subduction complex of late Mesozoic - early Tertiary age (Cowan & Bruhn, 1992). Its 

interpretation as a subduction complex relies on the evidence of high-Plow-T mineral 

assemblages and the structural collage of oceanic and continental material, however, critical 

aspects of its tectonics remain unclear. Burchfiel et al. (1992b) suggest that it records the 

initiation of east-dipping subduction in the late Jurassic, but that it developed most 
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significantly during rapid, normal, convergence in the late Cretaceous (120-80 Ma) 

corresponding to the peak in magmatism recorded in the batholiths. 

In summary the association of a subduction complex, calc-alkaline granitoid batholiths and 

crustal thickening in parallel provinces of Cretaceous age is evidence for the existence of a 

magmatic arc throughout the Cordillera at that time. Magmatic activity associated with this 

arc appears to have reached a peak in the Late Cretaceous but subsequently declined and at 

80-70 Ma, and at some locations in the Cordillera it began to migrate eastwards (e. g. Coney 

& Reynolds, 1977). In addition compressional deformation also migrates eastwards at this 

time into regions of cratonic North America which had been stable since the Proterozoic. 

These changes in deformation and magmatism in the late Cretaceous are commonly used to 

define the onset of the Laramide orogeny (e. g. Allmendinger, 1992; Burchfiel et al., 1992; 

Miller et al., 1992). 

The most commonly cited modern analogue for the Sevier Orogeny is the Altiplano/Puna 

region of the Central Andes (e. g. Miller et al., 1992; Allmendinger, 1992). The possible 

presence of extensional tectonics within the hinterland of the Sevier Orogeny (Hodges & 

Walker, 1992) may be explained by overthickening of the crust in this region, which may 

have in turn resulted in isostatically driven uplift and gravitational instability within a region 

of high topography and little internal relief similar to that on the Tibetan and Altiplano/Puna 

Plateaus (Allmendinger, 1992). 

1.4.2 The Laramide Orogeny 

The changes observed in tectonics and magmatism at the end of the Cretaceous are recorded 

in the Laramide Orogeny (-75 - 45/30 Ma) (Burchfiel et al., 1992b; Miller et al., 1992; 

Allmendinger, 1992). Deformation and magmatism associated with the Laramide orogeny 

survive into the Tertiary (-45-30 Ma, depending on latitude) when they are followed by the 

calc-alkaline magmatism and extensional deformation that forms the theme of this thesis. 

The events of the Laramide orogeny discussed in this section are sub-divided into three 

regions: accreted terranes, batholiths and back-arc (Figure 1.4). 
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Figure 1.4: (a): Paleotectonic map of the major magmatic and tectonic elements of the Laramide orogeny 
(70-45/30 Ma) (adapted from Burchfiel et al., 1992b); and (b) cartoon structural cross-section through the 
hinterland, fold and thrust belt and Laramide foreland Province (after Allmendinger, 1992). 
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Accreted Terranes: A significant change in the rate and geometry of subduction at the 

onset of Laramide tectonics may be recorded in the accretionary rocks of the Franciscan 

Complex and in the possibly subduction related Orocopia schists of southern California and 

Arizona. Major shortening of the Great Valley Group and the beginning of voluminous 

accretion of the coastal belt of the Franciscan occurred at 70-60 Ma, and this is interpreted to 

mark the onset of east-vergent tectonic wedging. Such wedging occurred episodically until 

the Eocene (Wakabasyashi & Unruth, 1995) and may reflect increased coupling in the fore 

arc region at the onset of Laramide deformation. Also, high P/lowT metasediments and 

metabasalts - the Orocopia Schists (Miller et al., 1992) - in southern California and Arizona 

that were tectonically underthrust and metamorphosed beneath cratonic strata between 79 

and 60 Ma (Jacobsen et al., 1988) may also mark the onset of increased coupling due to 

shallow subduction (Burchfiel et al., 1992b). However, these rocks are heavily disrupted 

by subsequent extension and strike-slip deformation and their emplacement is controversial 

(Miller et al., 1992). 

Batholiths: Laramide magmatism is sparse, compared to that in the Cretaceous, and it is 

concentrated in three provinces where it is also associated with significant mineralisation 

(Figure 1.4) (Miller et al., 1992). 

1. SW Montana - NW Wyoming: intermediate-acidic plutons and associated volcanic 

rocks (82-62 Ma) represent an eastward continuation from the Cretaceous Idaho- 

Bitterroot Batholith. Associated with this magmatism is the Idaho-Montana porphyry 

belt which consists of a linear belt of 8 known porphyry Cu-Mo deposits stretching 

from central Idaho into Montana (Hutchinson & Albers, 1992). 

2. The Colorado Mineral Belt: intermediate-silicic magmatism of Laramide age is 

recorded in the Colorado Mineral Belt (Stein & Crock, 1990). Laramide age 

magmatism is preserved as alkaline monzonites and syenites of the Laramide 

Monzonite Suite characterised by cNd of -1 to -9.3, (La/Yb)n between 10 and 53 and 

Eu anomalies with Eu/Eu*=0.65 - 0.87 (Stein & Crock, 1990). However, only one 

4OAr/39Ar date (hornblende) at 68.3±0.7 Ma (Shannon et at., 1987 cited in Stein & 
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Crock, 1990) is known and therefore though this magmatism is of Laramide age the 

duration of magmatism is not well established. These intrusions are associated with 

base and precious metal mineralisation (Hutchinson & Albers, 1992). 

3. SE Arizona - SW New Mexico: metaluminous followed by peraluminous granitoids 

formed in the Laramide Orogeny occur in SE Arizona and SW New Mexico. These 

have been interpreted as reflecting a transition from mantle to crustally derived 

magmatism from the Late Cretaceous to the early Tertiary (Miller et al., 1992). 

Mineralisation was widespread in this region where there are numerous productive 

porphyry deposits associated with granitoid intrusions (Hutchinson & Albers, 1992). 

Therefore the key feature of the change in the nature of magmatism from the Sevier Orogeny 

to the Laramide Orogeny is the apparent cessation of magmatism between the latitudes of 

southern Idaho and central Arizona in the major granitoid batholiths (Figure 1.4). 

Back-Arc: the style and locus of compressional deformation in the back-arc region during 

the Laramide orogeny is different to that seen during the Sevier Orogeny. In particular the 

locus of compressional deformation shifts from the Cordilleran hinterland and the fold and 

thrust belt inland to the Rocky Mountains Foreland Province which stretches from southern 

Montana to New Mexico (Figure 1.4). Deformation in this province is on steep (30°-90°) 

reverse faults with, in comparison to Cretaceous structures in the hinterland or fold and 

thrust belt, only modest amounts of shortening and thickening (-. 15%) (Allmendinger, 

1992). Any normal faults recorded in this region are related to the collapse of the upper 

plates of thrust faults (Allmendinger, 1992). Deformation results in a series of steep sided 

basement uplifts with intervening sedimentary basins (Figure 1.4). 

Discussions of the Laramide Orogeny concentrate on processes of deformation within the 

Rocky Mountain Foreland Province and the cessation of arc-magmatism in the calc-alkaline 

batholiths. In contrast, relatively little is known about the hinterland region during this 

interval (-75-40 Ma) and yet the hinterland region is of particular interest in this study 

because Tertiary extension and associated magmatism are located there. It appears as if 
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magmatism of this age is sparse in the hinterland region. Although Leeman & Harry (1993) 

describe 60-40 Ma magmatism in the Great Basin as alkalic to shoshonitic, little is known 

about this magmatism. 

Structural and thermochronological studies in the upper and mid crustal levels exposed in 

the metamorphic core complexes of Nevada suggest that cooling and exhumation occurred 

during this time (63-49 Ma) (e. g. Mueller & Snoke, 1993; McGrew & Snee, 1994). Potter 

et al. (1995) describe extension of early Eocene lacustrine rocks which are overlain by later 

Eocene (< 39 Ma) calc-alkaline magmatism. Therefore it is suggested that at least locally 

extension may have characterised the hinterland region during this interval. Dumitru et al. 

(1991) suggest that significant regional cooling, post-dating peak metamorphic conditions 

which are thought to have been reached between 90 and 75 Ma (Miller & Gans, 1989 and 

references therein), may have occurred in this region between 74 and 45 Ma which appears 

to reflect significant lowering of the geothermal gradient in the upper crust (from -40 to 200 

C/km). Therefore although relatively little is known about deformation and magmatism in 

the hinterland the available data do suggest that processes operating during the Sevier 

orogeny did not continue unchanged during this interval. 

The observed changes in the style and location of tectonics and magmatism during the 

Laramide orogeny are associated with changes in the reconstructed history of the oceanic 

crust subducted during this interval based on plate motion reconstructions of the sea-floor 

spreading record of the Pacific plate (Atwater, 1970; Engebretson et al., 1985; Stock & 

Molnar, 1988; Severinghaus & Atwater, 1990). These studies attempt to reconstruct the 

motions of the now almost entirely subducted Farallon, Vancouver and Kula plates from 

either the global plate circuits, by matching magnetic anomalies, or by using fixed hotspots. 

The results from different methods show rough agreement (Stock & Molnar, 1988). 

Observations from these studies that may correlate with events within the continent are: 

1. Fast (> 100 km/my) convergence of the Farallon plate during the Late Cretaceous and 

early Tertiary (75-40 Ma) (Engebretson et al., 1985); 
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2. A rapid trenchward migration of North America relative to the hotspots during the 

same interval (Engebretson, et al. 1985); 

3. A decrease in age of the subducting lithosphere during the same interval to less than 

30 m. y. at 40 Ma (Engebretson et. al., 1985); 

4. A rapid decrease in rate of convergence at the time of anomalies 24 and 21 (56-50 

Ma), prior to the 43 Ma bend in the Hawaiian-Emperor hotspot track (Stock & 

Molnar, 1988). 

The tectonomagmatic patterns within the continent which define the Laramide orogeny are 

therefore co-incident with rapid convergence and subduction of relatively young oceanic 

lithosphere. However, as Stock & Molnar (1988) discuss, many uncertainties exist in the 

plate reconstructions. For example, the positions of aseismic ridges or oceanic plateau are 

unknown and the exact age of oceanic lithosphere upon subduction is difficult to constrain. 

In particular it is still unclear whether it was the Farallon or Vancouver plate that was 

actually being subducted at the latitude of the Laramide orogeny during the interval 75-40 

Ma (Stock & Molnar, 1988). 

The most common model to explain the Laramide orogeny centres on the inferred presence 

and effects of a segment of sub-horizontally subducted oceanic crust underlying the North 

America lithosphere during the period 75 - 40/30 Ma (e. g. Coney & Reynolds, 1977). The 

evidence cited in support of this model is the eastwards migration of magmatism beginning 

at -75 Ma (Coney & Reynolds, 1977); the coincidence of the timing of the changes in plate 

convergence rates and events within the continent (e. g. Engebretson et al., 1988); and 

comparative studies with the modem Andean subduction zone where segments of inferred 

sub-horizontal subduction are characterised by patterns of deformation and magmatism 

similar to those observed during the Laramide Orogeny (Jordan et al., 1983; Jordan & 

Allmendinger, 1988). These models suggest that due to the rapid convergence of relatively 

young oceanic crust beginning at 75-70 Ma sub-horizontal subduction was initiated locally 

which persisted until convergence rates increased again in the early Tertiary and the sub- 
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horizontal slab steepened (e. g. Coney & Reynolds, 1977). Alternatively, it has been 

suggested that the attempted subduction of an oceanic plateau during this interval caused 

sub-horizontal subduction (Livaccari et al., 1981). 

Sub-horizontally subducting oceanic lithosphere is not common in the present day plate 

tectonic configuration but it is thought to be occurring in at least three locations: the 

Peruvian Andes, the Chilean/Argentinean Andes and the southwest. Honshu-Kyushun 

region of Japan (Sacks, 1983; Jordan et al., 1983). In the case of the Andes, these sub- 

horizontal segments lie at latitudes of 10-15° S (Peruvian Andes) and 29-33° S (Chilean 

Andes) (Figure 1.5). The evidence for sub-horizontal subduction comes primarily from 

seismic studies of these and adjacent 'normal' areas which indicate that the sub-horizontal 

regions display anomalous seismic characteristics (e. g. Sacks, 1983; Cahill and Isacks, 

1992). These data define a Wadati-Benioff zone which dips initially at 25-35° to a depth of 

100 km where a pronounced flattening (dip 5°) is observed which extends 400-500km 

inland before the slab descends into the asthenosphere (Figure 1.5). By contrast 'normal' 

Wadati-Benioff zones dip consistently at about 30° into the convecting upper mantle (Figure 

1.5). 

The seismic characteristics of the segmentation boundaries between 'normal' and flat 

regions can be fitted to a smooth, continuous and contorted surface and therefore do not 

require a discontinuity to be present in the slab but allow the slab to be contorted (Cahill & 

Isacks, 1992). The effect of sub-horizontal subduction on the thermal state of the 

overriding lithosphere is marked as areas of sub-horizontal subduction are characterised by 

low heat flow (-30 MW/m-2) which suggests anomalously low temperatures e. g. 400-500° 

C at depths of 100 km (Sacks, 1981). 

Jordan et al. (1983) showed that the segmentation of the Nazca plate is matched by tectonic 

segmentation of the overriding South American lithosphere, though the causes of this 

segmentation are debated (Jordan et al., 1983; Isacks, 1988; Cahill & Isacks, 1992). The 

sub-horizontal segments therefore display a characteristic structural and topographic cross 

section which contrast with that of the 'normal' segments (Jordan et al., 1983). In particular 
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compressional deformation occurs in the foreland region with uplift of the crystalline 

basement on reverse faults in the Pampaenas Ranges similar to that observed during the 

Laramide Orogeny in the western U. S. A. (Figure 1.5) (Jordan et al., 1983; Jordan & 

Allmendinger, 1986). 

Magmatism at the Andean sub-horizontal subduction segments is characterised by a 

decreased rate of volcanism at the arc front, which eventually results in a cessation of arc- 

front magmatism (Kay et al., 1987). In addition magmatism within the back arc region 

produces compositions distinct from the back arc magmatism in the 'normal' segment (Kay 

& Gordillo, 1994). 

Although the evidence for sub-horizontal subduction in the Andes is strong, there is no 

consensus on the causes of this segmentation in the subducting slab. No consistent 

correlation exists between the age or the rate of subduction of the Nazca plate and its 

segmentation, suggesting that these are minor influences on segmentation (Pilger 1981, 

1984; Cahill & Isacks, 1992). However, in all cases, the subducting lithosphere is young 

(<70 m. y. ) indicating that this may be a pre-requisite for sub-horizontal subduction (Sacks, 

1983). The positions of the flat-slab segments do appear to correlate with the positions of 

two subducting ridges (Nazca Ridge at 15°S; Juan Fernandez Ridge at 34°S) on the Nazca 

plate (Figure 1.5). This may suggest that the subduction of anomalously thick, buoyant, 

young oceanic lithosphere may be significant (Sacks, 1983). However, this correlation 

with anomalously thick oceanic crust is not completely convincing because the projection of 

the subducting ridges does not coincide directly with the seismically defined contortions of 

the Benioff zone, and subduction of the Perdida Ridge at 22°S is not accompanied by an 

obvious flat-slab segment (Figure 1.5)(Cahill & Isacks, 1992). 

An alternative model for the Andean data put forward by Bevis & Isacks (1984), and 

developed by Isacks (1988) and Cahill & Isacks (1992), suggested that the geometry of the 

subducted slab is an accommodation to the shape of the leading edge of the overriding plate. 

In general flat-slab segments are characterised by convex-seaward margins and 'normal' 

segments by concave seawards margins. Indeed this is observed in the Peruvian Andes, 
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but it is less convincing in the Chilean/Argentinean segment where there is much less 

curvature (Figure 1.5). 

In summary, deformation and magmatism associated with the Laramide Orogeny (-75-40 

Ma) is markedly different to that of the Sevier orogeny (e. g. Miller et al., 1992; 

Allmendinger, 1992). Magmatism becomes spatially restricted to areas in Idaho/Montana 

and Arizona/New Mexico with only minor magmatism known from the area in between 

(e. g. Colorado Mineral Belt). The locus of compressional deformation migrates inland to 

the Rocky Mountain Foreland Province where deformation is characterised by uplifted 

basement blocks separated by intervening sedimentary basins (e. g. Miller et al., 1992; 

Allmendinger, 1992). Relatively little is known about events within the hinterland during 

this interval, however significant regional cooling may have occurred after the regional 

metamorphism peaked at (90-75 Ma) (Dumitru et al., 1991). Reconstructions of the Pacific 

plate during this interval suggest that the Laramide Orogeny was coeval with rapid (100 

km/my) convergence of relatively young oceanic lithosphere with a decrease in the rate of 

convergence towards the end of the Laramide Orogeny (Engebretson et al., 1985; Stock & 

Molnar, 1988). 

The most commonly used model to explain the Laramide Orogeny involves a period of sub- 

horizontal subduction during the interval (75-40 Ma) similar to the segment of the Andes 

between 28° and 30° S (e. g. Coney & Reynolds, 1977; Jordan & Allmendinger, 1988). 

However, even in the modern setting of the Andes the causes of sub-horizontal subduction 

are not understood, nor are the controls on changes in deformation and magmatism seen in 

sub-horizontal segments in comparison to 'normal' segments (e. g. Cahill & Isacks, 1992). 

1.5 Tertiary Extension and Magmatism 
Tertiary extension and magmatism has been the focus of much recent research (e. g. Lipman 

& Glazner 1991; Metcalf & Smith, 1995). The orogen-wide parallel provinces of 

deformation and magmatism characteristic of the Sevier and Laramide Orogenies are 

replaced by progressive fragmentation into new provinces whose definition is determined 
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by whether they display significant extension or not. The extensional orogeny can be 

divided into four main provinces which have experienced extension in excess of 10-15% 

(Wernicke, 1992) (Figure 1.6): 

1. Omineca Extended Belt of British Columbia and Washington St.; 

2. Rocky Mountains Basin and Range of Idaho and Montana; 

3. Basin and Range - subdivided into three sub-provinces: Northern: coincident 

with the Great Basin; Central: region at the latitude of Las Vegas, Nevada; and 

Southern: desert regions of California, Arizona and New Mexico and into Mexico ; 

4. Rio Grande Rift: elongate province east and southeast of the Colorado Plateau. 

Areas outside of these either have not experienced significant major extension (e. g. Rocky 

Mountains and Colorado Plateau) or the record of extensional tectonics is poorly known or 

obscured by late Cenozoic events (e. g. the accreted terranes and the Columbia Plateaus) 

(Figure 1.6). The western limit of extensional tectonics is relatively well defined, at most 

latitudes, by the eastern edge of the Mesozoic batholiths whereas the eastern edge is more 

variable, but is generally defined by the eastern limit of Laramide or Sevier deformation 

(Figure 1.6). 

Onto this geographic subdivision of the extensional orogeny is imposed a two-fold temporal 

subdivision of extensional tectonics: 

1. Metamorphic Core Complex extension and early magmatism 

2. Basin and Range extension and magmatism. 

Where evidence for both exists, the Basin and Range style extension is a second, distinct 

event which is superimposed onto earlier core complex structures (e. g. Wernicke, 1992). 

The two events are not therefore thought to be two expressions of the same style of 

extensional tectonics (Burchfiel et al., 1992b). The transition between the two is 

diachronous throughout the Cordillera and no connection between it and reconstructed 
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motions of the Pacific plate has been found (Engebretson et al., 1984). The earlier of these 

two extensional events, core complex extension and magmatism, forms the theme of this 

thesis and will now be discussed in more detail. 
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1.6 Core Complex Extension and Early Magmatism 

1.6.1 Introduction 

In the 1970s and early 1980s studies of low-angle structures from the western United States 

resulted in a new consensus and revolutionised thinking on the nature of continental 

extension (e. g. Crittenden et al. (eds. ), 1980). Prior to this, extensions of 10-15% were 

thought to have been accommodated in the upper crust on widely-spaced, steeply-dipping 

fault planes that characterise the present day Basin and Range style topography. The 

revolution was brought about primarily by field-based studies which indicated that certain 

areas had a longer-lived record of extensional tectonics than previously appreciated. In 

addition, the recognition of low-angle extensional structures capable of accommodating 

significantly greater amounts of extension than the previously inferred limit of 10-15% 

constrained from the geometry of the steeply-dipping faults. This lead to the description of 

a new style of extensional terrane in the Cordilleran Metamorphic Core Complexes (e. g. 

Crittenden et al. (eds. ), 1980; Armstrong, 1982). Since that time the understanding of these 

features in the western United States has grown (e. g. Lister & Davis, 1989; Wernicke, 

1992) and lead to the interpretation, or reinterpretation, of numerous low-angle structures 

within ancient and modern orogenic belts as extensional in origin. 

1.6.2 Extension 

A metamorphic core complex can be described as: 

'an exposure or rocks that were once ductile lower/middle crust, on which shallow brittle 

extensional features have been superimposed' (Armstrong, 1982) 

and they are widely thought to have formed by the exhumation of deeper structural levels 

along normal faults and shear zones which penetrated to 10-15 km, and accommodated tens 

of kms of slip (e. g. Wernicke, 1992). 

They are characterised by an association of three exposed structural elements (Wernicke, 

1992) (Fig 1.7): 
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1. Detachment faults: low-angle (< 30°) normal faults responsible for up to tens of 

kms of movement. The presently exposed detachment fault is the last in a series of 

such faults on which exhumation was accommodated (Lister & Davis, 1989); 

2. Hanging wall imbricate normal faults: A complex network of several 

generations of steeper normal faults which either merge into, or are truncated by, the 

detachment; 

3. Footwall metamorphic ductile tectonites: A subhorizontal 'zone' of 

mylonites - the mylonite front of Lister & Davis (1989) - that yield Tertiary cooling 

ages and have metamorphic assemblages suggestive of pre-extensional depths of 10- 

30 km (Wernicke, 1992 and references therein). 

Metamorphic Core Complex 
in footwall culmination 

Hanging wall imbricate normal faults Detachment Fault 

Mylonitic Granite 

Mylonite Front 

Figure 1.7: The major structural elements of North American metamorphic core complexes (adapted from 
Lister & Davis, 1989). 

After the identification of the detachment fault the greatest controversy surrounded whether 

detachment faults originate as shallow faults, or whether an original steeply dipping fault 

has been rotated (e. g. Burchfiel et al., 1992b). The more recent assessments of this debate 

conclude that there is overwhelming evidence that low angle normal faults form at angles of 

less than 300 which may subsequently undergo rotation and flexure to shallower angles 

(Burchfiel et al., 1992b; Wernicke, 1992; Wernicke, 1995). Indeed, Wernicke (1995) goes 



24 Chapter One 

as far as to suggest a revision of Andersonian fault mechanics to include the rotation of 

stress trajectories at depth to account for the common occurrence of low angle normal faults. 

The magnitude of extension throughout the province is highly variable but it is commonly 

80% across broad domains, within which extension of the upper crust can locally exceed 

300% and the new upper crust contains only a small fraction of the old upper crust 

(Wernicke, 1992). Rapid extension within domains occurs over a period of 10-15 My but 

this is diachronous within these domains and therefore localised rapid displacements of 1-3 

My are common (Wernicke, 1992). In some of the best studied areas integration of the 

amounts and timing of extension reveals spreading rates approaching rates of plate motion 

despite the intra-plate setting (Burchfiel et al., 1992b). 

Seismic profiling across extended domains has revealed that throughout the Cordillera the 

Moho lies at depths of 30±3 km (e. g. Klemperer et al., 1986). The Moho has little 

topography to its surface, and the lower crust is characterised by a prominent set of sub- 

horizontal reflectors which continue across upper crustal extensional domain boundaries 

into stable regions (e. g. Klemperer et al., 1986; Potter et al., 1986; Goodwin & McCarthy, 

1990). Two observations suggest that this reflectivity, though it is not known whether it is 

magmatic, metamorphic or deformational, may be related to extensional tectonics 

(Wernicke, 1992): 

1. The reflectivity has been imaged in the upper crust where core complex tectonites are 

present, suggesting that it may be related to these extensional metamorphic fabrics; 

2. In areas where extension is minimal, and core complexes tectonites are scarce, the 

reflectors are absent. 

Exhumation of core complexes during the Tertiary is diachronous throughout the Cordillera 

starting at 55-50 Ma in the Omineca Belt (Parrish et al., 1988), and followed by two 

migrating sweeps of exhumation from Idaho southwards (from --45 Ma) and New Mexico 

northwards (-35-30 Ma) which converged at the central Basin and Range Province in the 
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late Tertiary (Figure 1.8) (e. g. Armstrong & Ward, 1991; Christiansen & Yeats, 1992; 

Wernicke, 1992). 

1.6.3 Magmatism 

Mantle-derived, calc-alkaline intermediate-silicic lavas and intrusions are associated with 

Tertiary exhumation of the core complexes (Armstrong & Ward, 1991). The volume of 

magma associated with extension (perhaps up to 500,000 km3: Johnson, 1991) is greater 

than that calculated for the Tertiary Columbia River Basalts (170,000 km3: Hooper & 

Hawkesworth, 1993) marking it as a potentially significant crust-mantle and intra-crustal 

differentiation event. 

The magmatism is characterised by the eruption of predominantly high-K calc-alkaline, 

intermediate compositions in two migrating belts of activity, initiating at the margins of the 

extensional orogeny and converging towards the centre (Armstrong & Ward, 1991; 

Christiansen & Yeats, 1992) (Fig 1.8). This correlates broadly with the migrating patterns 

of major extension (Armstrong & Ward, 1991; Wernicke, 1992). 40Ar/39A r 

geochronological studies on a number of volcanic sections suggest that early magmatism 

was erupted rapidly (-1-3 m. y. ) (Janecke & Snee, 1993; Brooks et al., 1995; Gans & 

Bohrson, 1998). Volcanism was associated with widespread early plutonism recorded in 

the metamorphic core complexes, much of which shows evidence of both ductile and brittle 

deformation (e. g. Keith et al., 1980; Wright & Snoke, 1993). Volcanic eruptions were 

both effusive and highly explosive, producing large ash-flow deposits that exceed 50,000 

km3 in the Great Basin alone (Best & Christiansen, 1991) from calderas up to 60 km in 

diameter (Lipman, 1992). 

Magmatism is characterised by high-K calc-alkaline compositions with relatively low 

abundances of High Field Strength Elements (HFSE), with elevated Light Rare Earth 

Element (LREE) and Large Ion Lithophile Element (LILE) contents and enriched radiogenic 

isotope ratios (Gans et al., 1989; Smith et al., 1990, Miller & Miller, 1991; Best & 

Christiansen, 1991; Norman & Mertzman, 1991; Davis & Hawkesworth, 1993,1994; 

Bradshaw et al., 1993; Brooks et al., 1995; Hooper et al., 1995; Hawkesworth et al. , 1995; 
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Figure 1.8: The temporal and spatial evolution of Tertiary calc-alkaline magmatism in the western U. S. A. 
(adapted from Humphreys, 1995 and references therein). 

Lopez & Cameron, 1997). These characteristics are similar to those of subduction related 

magmatic rocks (Hawkesworth et. al., 1995; Hooper et. al., 1995) and not to oceanic 

basalts which suggests a role for subduction related processes in their petrogenesis. 

However, in practice these characteristics have been commonly interpreted to reflect ancient 

NL 
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subduction-modified lithospheric mantle as the source region for early magmatism (Elston, 

1984; Miller & Miller, 1991; Norman & Mertzman, 1991; Davis & Hawkesworth, 1993, 

1994; Bradshaw et al., 1993; Feuerbach et al., 1993; Hawkesworth et al., 1995; Hooper et 

al., 1995; Lopez & Cameron, 1997). 

This distinction between early magmatism and typical oceanic basalts (MORB and OIB) is 

highlighted by the igneous rocks in extended areas where the most recent, often <5 Ma, 

basaltic magmatism - e. g. Lunar Crater Volcanic Field in Nevada - is geochemically similar 

to Ocean Island Basalt compositions (e. g. Lum et al., 1989; Fitton et al., 1991). This is 

interpreted to reflect decompression melting of the upwelling asthenosphere, as a result of 

extension or changing tectonic conditions (Perry et al., 1987; Ormerod et al., 1988; Fitton et 

al., 1991; Kempton et al., 1991; Daley & DePaolo, 1992; Bradshaw et al., 1993; Feuerbach 

et al., 1993; Davis & Hawkesworth, 1995; but see Asmerom et al., 1994 for an exception 

to this in the Death Valley region where the transition is reversed). However, this 

magmatism is small in volume (-5% of total stratigraphic thickness e. g. Bradshaw, 1993; 

Davis, 1991) suggesting that the transition through time observed in the Basin and Range is 

from voluminous calc-alkaline intermediate-silicic magmatism at the peak of extension to 

small volume asthenosphere-derived magmas during minor extension (e. g. Bradshaw et al., 

1993). 

1.6.4 The Relationship between Extension and Magmatism 

Studies which focused on the regional distribution of core complex extension and 

magmatism have demonstrated the regionally coincident nature of major extension and 

magmatism in two migrating belts of activity, and therefore suggest that the two must be 

related (e. g. Armstrong & Ward, 1991). Models of continental rifts and their spatially 

associated lavas are commonly sub-divided into two types: active or passive rifts (e. g. 

Sengör & Burke, 1978). This sub-division is based on determining the role of the 

convecting upper mantle in the rifting process. In active models the asthenosphere upwells 

due to mantle convection/plume activity causing decompression melting, doming of the 

lithosphere and rifting; thus the mantle is the active partner. In active models major 
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volcanism is associated with the onset of extension. In contrast, in passive models the 

continental lithosphere extends which results in mantle upwelling and decompression 

melting; therefore the mantle is passive. In passive models major volcanism is likely to be 

associated with the later stages of rifting. 

Application of these two models to core complex formation and early magmatism in the 

western U. S. A. has been problematic because migrating patterns of extension and 

magmatism have resulted in extension being described as syn-, post- and pre-volcanic 

within individual regions (e. g. Gans et at., 1989; Best & Christiansen, 1991; Axen et al., 

1993). Gans et al. (1989) favoured a broadly passive model because major volcanism 

appeared to pre-date major extension on a regional basis in the northern, central and 

southern Basin and Range Provinces. More recently, with more comprehensive data 

available, Gans & Bohrson (1998) have further suggested that major volcanism consistently 

appears to pre-date major extension in these provinces. In addition, Gans & Bohrson 

(1998) suggest that the onset of periods of major extension are characterised by a marked 

decline in volcanism from peak activity to nearly negligible activity (Figure 1.9). Gans & 

Bohrson (1998) argue that this reflects suppression of volcanism during peak extension 

because of enhanced plutonic activity. 

Other studies have also suggested that peak extension and peak volcanism may be poorly 

correlated but that peak extension and plutonism may be more closely associated. Best & 

Christiansen (1991) suggest that in the northern Basin and Range Province extension during 

peak volcanism was minor. Axen et al. (1993) suggested that most of the large calderas (up 

to 60 km in diameter) in the northern Basin and Range Province formed in, or on the margin 

of, areas where significant extension had occurred. Presumably, large caldera structures 

indicate that large sub-volcanic intrusions have formed and therefore there may be a 

correlation between major extension and plutonism. In addition, Lister & Baldwin (1993) 

suggest that pulses of transient ductile deformation within the mylonitic front in 

metamorphic core complexes may correlate with pulses of sheeted plutonism. 

k 
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Figure 1.9: The relationship between early magmatism and major extension in the Eldorado Mountains, 
Colorado River Trough (adapted from Gans & Bohrson, 1998). 

Therefore it appears as though the debate concerning the relationship between extension and 

early magmatism in the western U. S. A. is dependent on whether extension and volcanism 

or extension and magmatism are being considered. Major extension and peak volcanism 

appear to correlate poorly because peak volcanism appears to pre-date peak extension (Gans 

& Bohrson, 1998). However, it is unlikely that voluminous calc-alkaline magmatsim pre- 

dates the onset of extension as localised extension can pre-date peak volcanism (e. g. Best & 

Christiansen, 1991; Axen et al., 1993; Potter et al., 1995). In contrast peak extension may 

be related to processes of thermal weakening associated with plutonism (e. g. Lister & 

Baldwin, 1993; Gans & Bohrson, 1998). 



30 Chapter One 

1.6.5 Tectonic models 
The nature of the forces responsible for Cordilleran core complex extension and magmatism 

can broadly be viewed in three groups, although no consensus has been reached on their 

relative importance (see Wernicke, 1992 for a review). 

1.6.5.1 Internal 'body' forces of the North American plate 

The inability of plate tectonic models to explain processes of deformation within the 

continents has resulted in models attempting to relate such deformation to internal body 

forces operating in the continental lithosphere (e. g. Sonder et al., 1987; Dewey, 1988; Platt 

& England, 1993; Jones et al., 1996). In particular, internally generated forces resulting in 

gradients in the gravitational potential energy of continental lithosphere have been developed 

to explain extensional deformation within compressional orogenies (e. g. Platt & England, 

1993 and references therein). The formation of metamorphic core complexes and associated 

calc-alkaline magmatism in the Tertiary of the western U. S. A. occurs after the Sevier and 

Laramide compressional orogenies. Therefore internal body forces of the lithosphere may 

be influential in determining the nature of Tertiary extension and magmatism as has been 

advocated by some models (e. g. Coney & Harms, 1984; Sonder et al., 1987; Hawkesworth 

et al., 1995; Jones et al., 1996). 

Reconstructions of Cretaceous and early Tertiary crustal thicknesses suggest that significant 

overthickening of continental crust occurred in the Sevier hinterland, where thickness of 50- 

60 km may have been achieved (Coney & Harms, 1984). In addition, the location of this 

overthickening correlates well with the present exposure of the metamorphic core complexes 

(Coney & Harms, 1984). This suggests that the location of core complexes may be 

controlled by that of Cretaceous-early Tertiary overthickened crust (Coney & Harms, 

1984). However, the timing of maximum crustal thickening and peak regional 

metamorphism is poorly constrained at any latitude (e. g. Snoke & Miller, 1988; Hodges et 

al., 1992). Estimates of the timing of maximum crustal thickening suggest that there may 

be a gap of between 0 and 75 My between maximum crustal thickness and core complex 

extension and magmatism at any particular latitude (Wernicke et al., 1987). It has been 
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suggested that this gap in the Omineca Extended Belt and in Arizona and New Mexico is 

small (<20 My), whereas central areas (e. g. Colorado River Trough) are characterised by a 

larger time gap (>50 My) (Wernicke et al., 1987). This time gap is effectively occupied by 

events of the Laramide Orogeny. 

Further evidence for the role of internal body forces comes from estimates of present day 

gravitational potential energy which correlate well with the present state of stress in areas of 

the south western United States. Areas experiencing active extension show positive 

anomalies in gravitational potential energy (Jones et al., 1996). This suggests that internal 

body forces resulting from processes of crustal thickening in the Cretaceous may still be 

influential in determining the style of deformation today. Therefore this is evidence that the 

extension responsible for core complex extension is probably related to processes of 

orogenic collapse (e. g. Coney & Harms, 1984; Sonder et al., 1987; Axen et al., 1993). 

However, as discussed previously, the effects of thermal weakening of the crust due to 

associated magmatism may also be influential in determining the timing and magnitude of 

core complex extension (Gans & Bohrson, 1998). 

Models relating post compression extension to processes of extensional collapse suggest 

that post-compression extension associated magmatism derived from the lithospheric mantle 

may also be explained by processes related to crustal thickening. Houseman et al. (1981) 

suggested that as a result of crustal thickening the thickened lithospheric root will become 

gravitationally unstable relative to the underlying asthenosphere because of its greater 

density. Therefore the lithosphere may thin due to convective removal of its lowermost 

portion into the asthenosphere. Lithospheric thinning would cause a step in the geotherm in 

the lower lithosphere which would in turn result in partial melting of enriched portions of 

the lithosphere (e. g. Platt & England, 1995 and references therein). Hawkesworth et al. 

(1995) consequently suggested that the association of lithospherically derived magmatsim 

with post-compressional extension in North American core complexes may result from 

processes of convective thinning of the lithosphere as a result of compression during the 

Sevier and Laramide orogenies. 
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In addition to extension and magmatism, surface uplift is an important prediction of 

convective thinning models (e. g. Platt & England, 1995 and references therein). The 

replacement of the denser lower lithosphere with upwelling asthenosphere would cause an 

isostastic response resulting in surface uplift. The amount of surface uplift is difficult to 

constrain but it will be related to the percentage of the lithosphere that is removed (e. g. Platt 

& England, 1995). Tertiary surface uplift in the western U. S. A. has been inferred to have 

occurred on the Colorado Plateau which is though to have experienced uplift of 1-3 km 

(e. g. Nowell, 1993 and references therein; Spencer, 1996). However it is not known 

whether areas that experienced significance extension experienced similar or different 

amounts of surface uplift (e. g. Nowell, 1993). Nowell (1993) suggested that uplift and the 

lithospherically derived potassic minettes of the Navajo Volcanic Field were coeval at -28- 

30 Ma and that uplift and magmatism were related to convective removal of 50-60 km of 

mantle lithosphere from the middle Oligocene to the present. 

In summary, therefore, these is considerable evidence that the location of metamorphic core 

complexes is related to the location of overthickenend crust (e. g. Coney & Harms, 1984). 

Internal body forces of the lithosphere arising from the gravitational instability of 

overthickened crust are probably important in determining the amount and location of core 

complex extension. However as there is increasing evidence that extensional tectonics may 

have characterised the hinterland region during the Sevier and Laramide orogenies (e. g. 

Hodges & Walker, 1990) it is significant to note that core complex extension may be a 

particular episode of major extension within a protracted history of syn-and post- 

compression extension in the hinterland region. 

1.6.5.2 External forces applied to the edge of the North American plate 

A number of plate boundary events may be related to the extensional orogeny in the western 

U. S. A: 

1. Subduction was continuous at the plate boundary until the arrival of the Mendocino 

triple junction at 29 Ma and the formation of a strike-slip plate boundary. 

2. The reduced rate of convergence at 56-50 Ma (Stock & Molnar, 1988); and 
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3. The decreasing age of subducted lithosphere (to less than 30 m. y.. ) at about 40 Ma 

(Engebretson et al, 1985). 

The Mendocino triple junction is thought to have collided with the continent at about 29 Ma 

(Stewart & Crowell, 1992). Thus subduction was continuous throughout the extensional 

orogeny up until 28 Ma, and it has been continuous at latitudes unaffected by the migration 

of the triple junction throughout the entire orogeny. This suggests that the entire orogeny 

should be viewed as a back-arc phenomenon (Burchfiel et al., 1992b) not least since the 

strike-slip plate boundary cannot be responsible for events prior to 29 Ma. Although the 

exact age of the subducting lithosphere is difficult to constrain, the age of subducting 

lithosphere during this orogeny was undoubtedly young (<100 m. y. ) (Engebretson et al., 

1985; Stock & Molnar, 1988; Sevenighaus & Atwater, 1990). This suggests that the 

extensional orogeny is a back-arc phenomenon in response to the subduction of young 

oceanic lithosphere beneath continental crust. 

The slowing of convergence at 56-50 Ma correlates poorly with the onset of core complex 

extension and magmatism suggesting no direct relationship exists between the rate of 

convergence and core complex extension and early magmatism. The exception to this may 

be the Omineca Belt where the onset of core complex extension has been dated at 58-50 Ma 

(Parrish et al., 1988). Constenius (1996) suggests however that an episode of extension in 

the Cordilleran fold and thrust belt from Canada to central Utah may have initiated at -50 
Ma. This may therefore represent a correlation between extension over a considerable 

length of the orogen in the fold and thrust belt, and changes in the rate of convergence along 

the plate margin (Constenius, 1996). 

Overall there is apparently little correlation between the forces applied to the edge of the 

North American plate and core complex formation. However, some tectonic models attempt 

to link core complex extension and magmatism with the removal/steepening of the sub- 

horizontal segment of subducted slab at the end of the Laramide orogeny (e. g. Coney & 

Reynolds, 1977; Best & Christiansen, 1991; Axen et al., 1993; Humphreys, 1995 and 
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references therein). Both the presence of high velocity upper mantle beneath the Cordillera 

(Humphreys, 1995) and tomographic images of the upper mantle beneath the western 

United States (van der Lee & Nolet, 1997) suggest that the lithosphere of the western 

U. S. A. is not underlain by an oceanic slab at present. Thus if the Laramide orogeny was 

characterised by sub-horizontal subduction, the slab must have been removed from beneath 

the North American lithosphere sometime between 45 and 0 Ma. 

These models suggest that the migrating patterns of extension and magmatism represent the 

progressive northward and southward removal of the subducted slab from the margins of 

the Laramide province (e. g. Humphreys, 1995). Such models suggest that early 

magmatism results from decompression melting of the mantle, upwelling to replace the 

descending slab (e. g. Best & Christiansen, 1991; Humphreys, 1995). This however is not 

in agreement with petrogenetic studies which suggest that early magmatsim is derived from 

the lithospheric mantle (e. g. Bradshaw et al., 1993; Davis & Hawkesworth, 1993; Lopez & 

Cameron, 1997). If early magmatism did result from the removal of a sub-horizontal slab 

melt generation from the lithosphere had to be in response to conductive heating of the 

mantle lithosphere. Spencer (1996) suggested that the Oligocene (28-30 Ma) uplift of the 

Colorado Plateau could also be explained by the tectonic removal of 120 km of lithosphere, 

from an initial thickness of 200 km, by sub-horizontal subduction. 

In summary there is little evidence that subduction forces applied at the plate edge were 

significant in controlling core complex extension. However, if the Laramide orogeny was 

characterised by sub-horizontal subduction then the removal of this slab may have played a 

significant role in determining the timing of early magmatism (e. g. Humphreys, 1995). 

However, the petrogenesis of early magmatism suggests that melt generation would have 

been by lithospheric conductive heating, and not asthenospheric decompression as 

suggested by previous models. 

1.6.5.3. Upper mantle forces applied to the base of the North American 

plate 
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Models which attempt to relate extension and early magmatism to forces in the upper mantle 

centre on the possible presence of a mantle plume in the asthenosphere during the Tertiary 

(e. g. Fitton et al., 1991; Parsons et al., 1994). The presence of a mantle plume has been 

suggested in order to explain the excess topography observed in the western United States 

(e. g. Fitton et al., 1991; Parsons et al, 1994). However, an involvement in core complex 

extension and magmatism has been argued against by the relatively small volume of 

asthenosphere derived melts in the extended areas, low melt production rates in comparison 

to intra-plate hotspots (e. g. Hawaii and Columbia River Basalts) and the broadly linear 

distribution of magmatism (Bradshaw et a1., 1993). 

In summary, a considerable variety of tectonic models have been proposed to explain core 

complex formation and early magmatsim.. The available data suggest a number of 

significant influences are known, whereas others are more speculative. There is strong 

evidence that core complex formation is related to the location of overthickened crust in the 

Cordillera (e. g. Coney & Harms, 1984). In addition, as variations in gravitational potential 

energy are significant in determining continental deformation in the modem Cordillera (e. g. 

Jones et al., 1996) then it is probable that variations in potential energy were influential in 

core complex extension. It follows that core complex formation and early magmatism are in 

part due to internal body forces of the continental lithosphere. 

A number of studies have concluded that early magmatism is derived from the lithospheric 

mantle (e. g. Bradshaw et al., 1993; Davis & Hawkesworth, 1993). However, there is no 

consensus on the tectonic control on early magmatism, although the presence of a plume in 

the upper mantle is not thought to be consistent with the data (e. g. Bradshaw et al., 1993; 

Leeman & Harry, 1993). Models have been proposed in which early magmatism is related 

to conductive heating and decompression associated with convective removal of lithospheric 

mantle (e. g. Hawkesworth et al., 1995); decompression melting relating to extension (e. g. 

Leeman & Harry, 1993); the removal of the Laramide sub-horizontally subducted oceanic 

crust from beneath the continental lithosphere (e. g. Humphreys, 1995). 
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1.7 This Study 

Based on the literature review outlined in this chapter, the Eocene extension associated 

magmatism of the Challis Volcanic Group, Idaho (e. g. Figure 1.8) was chosen as the 

location for field study for the following reasons: 

1. Recent work on the Challis Volcanic Group had focused on the age and relationship 

to extension of the lavas (e. g. Janecke, 1992; Janecke & Snee, 1993), whereas little 

was known of their petrogenesis (Norman & Mertzman, 1991). Therefore the 

available constraints could be integrated with a new petrogenetic study to understand 

further the relationship between extension and magmatism at this locality. 

2. Attempts to investigate extension and early magmatism had been focused on the 

southwestern Cordillera (e. g. The Colorado River Trough and the Great Basin) 

whereas the Challis Volcanic Group lies at the northern limit of the southern sweep of 

core complex extension and magmatism (e. g. Figure 1.8). Therefore constraints 

derived from the Challis Volcanic Group could be compared to areas to the south to 

investigate whether the relationship between extension and magmatism were similar 

throughout the regions affected by the Laramide orogeny. 

3. To the north of the Challis Volcanic Group, in northern Idaho, Washington State and 
in the southern Canadian Cordillera, core complex extension is thought to have 

immediately post-dated crustal compression (e. g. Parrish et al., 1988) and not to 

have involved foreland basement deformation immediately prior to extension and 

early magmatism. Therefore similarities and contrasts in the relationship of extension 

and magmatism at Challis and areas to the north might be used to investigate the 

significance of the Laramide Orogeny. 



Chapter 2: The Challis Volcanic Group 

2.1 Introduction 

The objective of this chapter is to review the previous work on extension and magmatism in 

the Eocene Challis Volcanic Group, Idaho. Initially the regional distribution of post- 

Laramide extension and magmatism is reviewed so that the Challis Volcanic Group can be 

viewed in the context of the regional distribution of extension and magmatism. Secondly, 

the previous work on the Challis Volcanic Group is discussed. 

2.2 The Pacific Northwest 

A transition occurred in the Pacific Northwest in the Eocene (-55-50 Ma) from 

compressional tectonics to extension and associated magmatism. The Challis Magmatic Belt 

is the name often given to the area in the Pacific Northwest, within continental North 

America, affected by extension and magmatism after the end of the Laramide Orogeny 

(Figure 2.1: e. g. Armstrong & Ward, 1991; Christiansen & Yeats, 1992). Originally termed 

the Challis Volcanic Arc (Vance, 1975) it has subsequently been renamed because 'normal' 

subduction appears unable to explain its regional characteristics and therefore the term arc 

may be misleading (Moye et al., 1988; Christiansen & Yeats, 1992). 

The name Challis is derived from the most voluminous and widespread Volcanic Group 

within the Pacific Northwest which outcrops in central Idaho around the town of Challis and 

is the focus of this study (Figure 2.1). The Challis Volcanic Group (Fisher et al., 1992) 

comprises a thick sequence (locally up to 2.5 km in stratigraphic thickness) of basalt, 
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andesite, dacite and rhyolite, with eruptions that were both effusive and explosive (e. g. 

McIntyre et al., 1982; Moye et al., 1988; Hardyman, 1989; Janecke & Snee, 1993). The 

Challis Volcanic Group is associated with extension locally estimated to be 0=1.3 (e. g. 

Janecke, 1992; Janecke & Snee, 1993), and the Pioneer Mountains metamorphic core 

complex (Wust, 1986; O'Neill & Pavlis, 1988) crops-out within the outcrop of the volcanics 

(e. g. Figure 2.1). 

40Ar/39Ar geochronology suggests that the Challis Volcanic Group was erupted between -49 

and 44 Ma (Janecke & Snee, 1993). The lavas have Mg#'s and Ni and Cr contents 

indicative of a mantle origin with an absarokite-shoshonite affinity (Norman & Mertzman, 

1991). However, low values of Nb/U and Ce/Pb that are not observed in oceanic basalts 

and radiogenic values of 207Pbf2 Pb and 208Pb/204Pb in the least evolved lavas, suggest 

that these rocks may be derived from the lithospheric mantle and not the asthenosphere 

(Norman & Mertzman, 1991). 

Broadly coeval with magmatism in the Challis Volcanic Group are a number of other Eocene 

magmatic centres in the Pacific Northwest, some of which are also associated with extension 

(Figure 2.1). Approximately 350 km to the east of the Challis Volcanic Group is the 

Absaroka Volcanic Supergroup of northwest Wyoming and southwest Montana (Figure 

2.1). The Absaroka Volcanic Supergroup (AVS) consists of two parallel NW trending belts 

of mafic to intermediate magmatism where volcanism is thought to have migrated 

southwestwards with time (Meen & Eggler, 1987 and references therein). Recent 40Ar/39Ar 

dating on the Independence Volcano, one of the oldest source vents for the Absaroka 

Supergroup, suggests that this structure is Eocene in age (51-48 Ma) (Harlan et al., 1996). 

In contrast to the Challis volcanic field however, the AVS is not obviously associated with 

extension but it does appear largely to post-date compression in the Laramide Foreland 

Province (Harlan et al., 1996). 

Rocks of the Independence Volcano also have high Mg#'s and Ni and Cr contents and are of 

shoshonitic affinity (Meen, 1987; Meen & Eggler, 1987). They are characterised by high 

LILE and REE contents relative to HFSE (e. g. low Ta/La) in comparison to oceanic basalts, 

lk 
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Figure 2.1: Eocene magmatism in the Pacific Northwest (adapted from Moye et al., 1988 and Christiansen 
& Yeats, 1992). 

and also high values of LILE to Th (e. g. Ba/Th - 1,000) (Meen & Eggler, 1987). In 

addition they are characterised by low 87Sr/86Sr (-0.704-0.705) and low 143Nd/144Nd 

(0.5115-0.5119) and are displaced to the left of the mantle array (Meen & Eggler, 1987). 

These characteristics have been interpreted to reflect derivation from ancient LREE enriched 

mantle lithosphere (Meen & Eggler, 1987). 

In the Bitterroot metamorphic core complex, to the north of the Challis Volcanic Group, a 

semi-circle of alkali feldspar granites were emplaced at 50-48 Ma (Criss & Fleck, 1987; 

House et al., 1994) broadly synchronous with the inferred age of extension along the 

Bitterroot mylonite zone (e. g. Hodges & Applegate, 1993; Foster & Fanning, 1997) (Figure 
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2.1). Although little is known about these granites, they are probably derived through 

crustal melting (Lewis & Kiilsgaard, 1991). Therefore in the Bitterroot core complex, 

extension appears to have been associated with crustally derived magmatism. Further to the 

east the Montana Alkalic Province records small-volume, alkalic-ultrapotassic, mafic- 

intermediate magmatism with lesser amounts of carbonatite and kimberlite (e. g. MacDonald 

et al., 1992; O'Brien et al., 1995). These rocks were emplaced between 54 and 47 Ma 

(compilation of O'Brien et al., 1995) indicating that they slightly pre-date the Challis 

Volcanic Group. 

Extension and magmatism in northern Washington and southern British Columbia are 

recorded in the Colville Igneous Complex and the Kettle and Okanogan core complexes of 

the Omineca Extended Belt (Figure 2.1) (e. g. Holder & Holder, 1988; Holder et al., 1990; 

Hooper et al., 1995; Morris & Hooper, 1997). The Colville Igneous Complex consists of 

an older Sanpoil Volcanic Formation of andesites and dacites; the intrusive equivalents of the 

Sanpoil Formation have been dated at between 51.3±0.1 and 54±1 Ma (Morris & Hooper, 

1997 and references therein). Overlying the Sanpoil Formation is the Klondike Mountain 

Formation consisting of basalts, basaltic andesites, andesites and rhyolites and this has been 

dated at 48.8±1 Ma (Morris & Hooper, 1997 and references therein). Morris & Hooper 

(1997) suggest that only the rocks of the Klondike Mountain Formation show evidence of 

mantle derivation. In addition, these rocks are consistent with derivation from the 

asthenospheric mantle because they are fall within the mantle Sr-Nd array and are 

characterised by HFSE/REE ratios within the range of oceanic basalts (Morris & Hooper, 

1997). Therefore in the case of extension and magmatism in the Omineca Belt there is no 

evidence for significant melting in the lithospheric mantle. 

The record of Eocene magmatism to the west of the 0.706 line is more fragmentary but the 

presence of calc-alkaline, basalt-dacite volcanics in the North Cascades suggests that this is 

the most likely site for a magmatic arc of this age (Figure 2.1) (e. g. Christiansen & Yeats, 

1992). The southern inferred extension of this arc is poorly defined but the Clarno 

Formation of central Oregon (Figure 2.1) has a protracted history of Cenozoic magmatism 
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(Walker & Robinson, 1990). Early volcanism within the Clarno Formation may have 

initiated as early as 54-50 Ma (K/Ar data: summarised in Walker & Robinson, 1990) or 

perhaps as late as 43.5 Ma (40Ar/39Ar data; Urbanczyk, 1990). If the later date is more 

accurate, then the Clarno Formation are coeval with the youngest stages of magmatism in the 

Challis Volcanic Group. The Sr isotopic composition of these lavas (0.70327-0.70377: 

Urbanczyk, 1990) suggests a source region within the asthenospheric mantle. 

The outcrop of the Challis Volcanic Group is truncated to the south by the Snake River Plain 

(Figure 2.1) and therefore the southern limit of the Challis Volcanic Group is not known. 

However, to the south of the Snake River Plain in northern Nevada calc-alkaline rocks of the 

Tuscarora Magmatic Belt (Christiansen & Yeats, 1992) have been dated at 42.6 - 39.0 Ma 

(40Ar/39Ar; Brooks et al., 1995) (Figure 2.1). These rocks are therefore younger than the 

Challis Volcanic Group but little is known of their petrogenesis. However these data do 

indicate that calc-alkaline magmatism within the hinterland region did migrate southwards 

into the Great Basin towards the end of magmatism in the Challis Volcanic Group (e. g. 

Armstrong & Ward, 1991). 

Therefore post-Laramide tectonics and magmatism in the Pacific Northwest is characterised 

by extension and magmatism at a number of localities in continental North America, all 

within the hinterland region (e. g. Challis, Colville). Outside of the hinterland region smaller 

volume magmatism is also found but it is not associated with extension (e. g. Absaroka, 

Montana). 

2.3 The Challis Volcanic Group 

2.3.1 Introduction 

The Challis Volcanic Group (Fisher et al., 1992) crops out over 25,000km2 in south-central 

Idaho and represents the largest exposure of Eocene volcanism within the Pacific Northwest 

(e. g. Figure 2.1): Challis magmatism was a brief, voluminous magmatic event which 

resulted in thick accumulations of effusive and explosive volcanics (McIntyre et al., 1982; 

Moye et al., . 1988; Snider & Moye, 1989; Hardyman, 1989; Fisher et al., 1992; Janecke & 
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Snee, 1993; M'Gonigle & Dalrymple, 1993) and two known suites of intrusive rocks 

Lewis & Kiilsgaard, 1991). 

2.3.2 Stratigraphy and Geochronology 

The Challis volcanics were deposited on an irregular pre-volcanic terrane consisting of Pre- 

Cambrian, Palaeozoic and Cretaceous batholithic lithologies where more than 300 m of 

structural and topographic relief was present (Hardyman, 1989). Regional stratigraphic 

correlations have yet to be made primarily because the volcanic sections are heavily disrupted 

by faulting and early effusive volcanism was erupted from vents throughout the area 

(McIntyre et al., 1982). However, it may be possible to establish a regional stratigraphy 

using the distinctive, pyroclastic out-flow units (e. g. Janecke & Snee, 1993). Studies 

throughout the field have revealed that a basic common stratigraphy can be constructed 

(McIntyre et al., 1982; Burton & Blakey, 1988; Moye et al., 1988; Snider & Moye, 1989; 

Hardyman, 1989; Fisher et al., 1992; Janecke & Snee, 1993; M'Gonigle & Dalrymple, 

1993). 

The principal features of this stratigraphy are (Figure 2.2a): 

1. Lower Sequence: Earliest volcanism overlies a basal conglomerate and is 

predominantly mafic-intermediate effusive lavas and breccias with minor acidic 

pyroclastics derived from scattered vents and small dome complexes. 

2. Upper Sequence: earliest volcanism is overlain by multiple explosive eruptions which 

are predominantly acidic and are derived from large, nested caldera complexes (e. g. 

Fisher et al., 1992). 

3. Effusive volcanics similar in character to the early sequence continues throughout the 

explosive eruptions but are greatly reduced in volume. 

4. Late Sequence: the youngest magmatism is bimodal (mafic-acidic) where acidic 

magmatism may dominate (Janecke & Snee, 1993). 

5. The total thickness of the volcanic succession is variable but stratigraphic sections of 
1- 2.5 km have been recorded (Moye et al., 1988; Fisher et al., 1992; Janecke & 

Snee, 1993). Intra-caldera pyroclastic units can exceed 2.5 km in thickness (Fisher et 

k 
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al., 1992) and the total thickness in these structures may be as much as 6 km 

(Handyman, 1989; Fisher et al., 1992). 

51-44 Ma is the commonly cited age-range for the Challis Volcanic Group based on the K/Ar 

method of dating (Moye et al., 1988; Hardyman, 1989; Fisher et al., 1992 and references 

therein). More recently published 40Ar/39Ar studies have confirmed that the age range is 

between 50 and 44 Ma (Snider & Moye, 1989; Snee (1984) cited in Fisher et al., 1992; 

Janecke & Snee, 1993; M'Gonigle & Dalrymple, 1993; Janecke et al., 1997). Janecke & 

Snee (1993) suggested that the 40Ar/39Ar data from the Lost River Range defines two 

temporally and compositionally distinct groups of the Challis Volcanic Group. A 

compilation of 40Ar/39Ar sanidine-biotite-hornblende ages on the Challis Volcanic Group is 

presented in Figure 2.2b and illustrates two peaks at 49-48 Ma and 46-45 Ma. The first peak 

includes rocks of both the lower and upper sequence and therefore the majority of Challis 

volcanism probably occurred prior to -48 Ma. This initial phase was perhaps followed by a 

hiatus in volcanism and may have been followed by a bimodal association of basalt and 

rhyolite at -46 Ma (Janecke & Snee, 1993). 

2.3.3 Geochemistry and Petrogenesis 

Previous geochemical studies on the Challis Volcanic Group indicate that the rocks are 

predominantly intermediate in composition but range from basalt to rhyolite (Moye et al., 

1988). The Challis Volcanic Group have high-K/shoshonitic compositions with Mg#'s and 

Ni and Cr contents indicative of a mantle origin (Norman & Mertzman, 1991). The least 

evolved rocks are olivine+pyroxene phyric and more evolved compositions display a variety 

of phenocrysts phases (pyroxene, amphibole, plagioclase, Fe-Ti oxide, biotite, K-feldspar) 

(e. g. Hackett et al., 1988; Moye et al., 1988; Norman & Mertzman, 1991). Overall the least 

evolved rocks are characterised by low A1203 (-14%), low Ti02 (-1%) and K/Na >1 

(Norman & Mertzman, 1991). 

Incompatible trace element contents are characterised by high LILE abundances (e. g. Ba > 

1000 ppm), LREE enrichment and small negative Eu anomalies (Eu/Eu* =0.8-0.9) (Norman 
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& Mertzman, 1991). HFSE are depleted relative to LILE and REE resulting in HFSE/LILE 

ratios not observed in oceanic basalts but more characteristic of subduction zone magmatism 

(Figure 2.3) (e. g. Nb/U -5, Ce/Pb -5; Norman & Mertzman, 1991). The reported isotopic 

compositions range from 0.70874-0.71410 for 87Sr/86Sr (n=3), 0.51206-0.51208 for 

143Nd/144Nd (n=2) and 18.51-19.12,15.51-15.62 and 38.42-38.95 for 206Pb/204Pb, 

207Pb/204Pb and 208Pb/204Pb respectively (n=26) (Norman & Leeman, 1989; Norman & 

Mertzman, 1991). 
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Figure 2.3: Primitive mantle normalised incompatible elements for selected rocks of the Challis Volcanic 
Group (data from Norman & Mertzman, 1991). 

These data have been interpreted to reflect partial melting of enriched lithospheric mantle 

source regions, though the effect of differentiation from primary compositions has not been 

well established (Norman & Mertzman, 1991). Doyle (1989) suggests that for an intrusive 

suite in the Mackay Peak area, fractional crystallisation of the observed phenocryst phases 

controlled differentiation to more evolved compositions. 

2.3.4 Relationship to Intrusions 



46 Chapter Two 

Eocene magmatism in central Idaho resulted in two suites of intrusive rocks which have been 

termed the qtz-monzodiorite suite and the pink granite suite (Lewis & Kiilsgaard, 1991). 

The two suites are compositionally distinct and the pink granite suite can be seen cross- 

cutting the quartz monzodiorite suite (Lewis & Kiilsgaard, 1991). The available 

geochronology is limited but biotite K/Ar ages on the two suites in the Challis quadrangle 

suggest that the qtz monzodiorite suite (48-46±1.5 Ma) is older than the pink granite suite 

(45-44±1.5 Ma), though there is overlap analytically (compilation of Fisher et al., 1993). 

The quartz monzodiorite suite is very diverse suite of metaluminous to peraluminous 

intrusions containing olivine, pyroxene, amphibole and biotite as mafic phenocrysts. In 

contrast the pink granite suite is peraluminous and more homogenous with only minor 

amounts of biotite and hornblende (<7%, Lewis & Kiilsgaard, 1991). Petrogenetic studies 

have suggested that the two intrusive suites have major and trace element and isotopic 

characteristics suggesting that they are not co-magmatic (Clarke, 1990; Lewis & Kiilsgaard, 

1991). It has been suggested that the qtz monzodiorite suite was probably the intrusive 

equivalents to the Challis Volcanic Group, whereas the pink granite suite may have been 

crustal melts (Clarke, 1990; Lewis & Kiilsgaard, 1991). 

2.3.5 Relationship to Tectonics 

There is evidence that the Challis volcanics are associated with crustal extension and that this 

extension post-dates a period of crustal compression in the Mesozoic (e. g. O'Neill & Pavlis, 

1988; Wust, 1986; Janecke, 1992). However, the complexity of the structural relationships 

and the relatively poor preservation of basement lithologies means that the exact relationships 

are not fully documented. This section summarises the current constraints on the 

relationship between extension and magmatism at a number of localities from the Snake 

River Plain to the Bitterroot core complex in the north (e. g. Figure 2.4). 

Pioneer Mountains: Within the outcrop of the Challis volcanics lies the Pioneer 

metamorphic core complex. This core complex preserves a detachment fault (The Wildhorse 

Detachment) and Cretaceous/Eocene age intrusions which separate a basement of upper 

amphibolite facies Precambrian and Ordovician metasedimentary rocks from a cover of 

Nhh., 
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Figure 2.4: Simplified geological map of south central Idaho to illustrate the exposure of the Challis 
Volcanic Group relative to the metamorphic core complexes and the Trans Challis Fault System (adapted 
from Hyndman, 1983). 

Palaeozoic and Tertiary sediments and volcanics (Dover, 1983; Wust, 1986; Silverberg, 

1986; Wust & Link, 1988). Detachment faulting and mylonitisation have overprinted 
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compressional structures of Mesozoic age (Dover, 1980; Wust, 1986; O'Neill & Pavlis, 

1988; Silverberg, 1990). Extension is thought to be Eocene in age or younger because 

Eocene age intrusions of unknown petrogenesis (42-54 Ma: K-Ar biotite; K-Ar hornblende; 

U-Pb zircon cited in Wust, 1986; see also Pavlis & O'Neill, 1987) in the core, display both 

ductile and brittle deformation (Wust, 1986). Rocks in the core complex have also been 

interpreted to record Eocene (48-45 Ma) and Oligocene (36-33 Ma) cooling (Silverberg, 

1990). Adjacent to the Pioneer Mountains, in the Boulder Mountains, pre-volcanic 

conglomerates were deposited in extensional grabens which may indicate that extensional 

deformation predated volcanism at this locality (Batatian, 1991). 

Lost River Range: Structural, stratigraphic and geochronological studies in the Lost 

River Range (-30 km to the northeast of the Pioneer Mountains) suggest that three episodes 

of extension have effected the area since -50 Ma, the latest of which defines the Basin and 

Range topography seen today (Janecke, 1992). The earliest of these events records NW-SE 

extension on NE striking normal faults on which movement is dated at 49-48 Ma by fault 

relationships to dated volcanic units (Janecke, 1992). This episode of extension is thought 

to have begun and ended during Challis volcanism and the amount of extension during this 

episode has locally been estimated at 30% (Janecke, 1992). However little is known about 

how this episode of extension at the surface may be related to extension at depth in the core 

complex of the Pioneer Mountains (Janecke, 1992). 

Half-grabens with thick Eocene-Oligocene conglomerate deposits which overlie the Challis 

volcanics record a protracted history of extension and sedimentation which post-dates 

magmatism by up to 15 My (Janecke, 1992; 1994). This episode records WSW-ENE 

extension on N-NNW striking, west dipping normal faults. The amount of extension has 

been estimated at -70% during this episode (Janecke, 1992). This second episode of 

extension requires that the direction of extension changed during the waning stages of 

Challis volcanism from NW-SE to WSW-ENE (Janecke, 1992). 

Trans-Challis Fault System: A large regional structural feature known as the Trans- 

Challis Fault System (Bennett, 1986) also appears to influence the nature of Challis 
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magmatism (Figure 2.4). It is a NE trending zone (up to 24 km wide) of numerous, closely- 

spaced, Eocene normal faults. The Trans-Challis Fault System starts in SE Idaho, trends 

across the Challis quadrangle towards the Idaho-Montana border and may be continuous 

with the Great Falls Tectonic Zone in Montana (e. g. Figure 2.1) (O'Neill & Lopez, 1985). 

Situated on this tectonic lineament are the major caldera structures of the Challis Volcanic 

Group, the late stage pink granite Casto pluton, major grabens and numerous late stage dyke 

swarms and significant mineralisation (Bennett, 1986). The Trans Challis Fault System 

appears therefore to have influenced the distribution and eruptive style of Challis volcanism. 

The Trans-Challis Fault System may be continuous with the Great Falls Tectonic Zone 

(O'Neill & Lopez, 1985) and therefore may be significant in regional patterns of tectonics 

and magmatism. The position of this tectonic lineament also appears to mark the present day 

northern limit of Basin and Range style extension and topography suggesting that it may still 

be a significant tectonic feature (Bennett, 1986). 

Bitterroot Core Complex: The Bitterroot core complex lies within the outcrop of the 

Idaho-Bitterroot batholith and plutonic rocks of the basement are separated from the cover 

(Sapphire Tectonic Block) by the Bitterroot mylonite zone and an overlying detachment fault 

(Hyndman, 1980) (Figure 2.4). Initially it was thought that movement on this fault was 

Cretaceous in age (Hyndman, 1980), however displacement of the Bitterroot mylonite has 

now been bracketed between at least 48±1 Ma (U-Pb on deformed granitoids within the 

shear zone) and 46.4±0.8 Ma (40Ar/39Ar on crosscutting acidic dyke) (Hodges & Applegate, 

1993). However, extension is not associated with voluminous intermediate magmatism as in 

central Idaho, but with a ring of alkali-feldspar granite plutons dated at 51-46 Ma (40Ar/39Ar: 

Criss and Fleck, 1987; U-Pb, zircon: House et al., 1993) which define the western border of 

the core complex (Figure 2.4). 

In summary previous work suggests that the Challis Volcanic Group was erupted between 

-49 Ma and 45 Ma with the majority erupted in the first 2 m. y. of activity (Janecke & Snee, 

1993). These eruptions resulted in stratigraphic thicknesses of up to 2.5 km and are 

distributed over an area of -22,500 km2. The rocks define high-K/shoshonitic compositions 
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and are distinct in their incompatible element and radiogenic isotopic composition from 

oceanic basalts (Norman & Mertzman, 1991). The Challis Volcanic Group are associated 

with extension and it is thought that extension of 30% occurred between -49 and 49 Ma, 

broadly synchronous with earliest Challis magmatism (Janecke, 1992). A second episode of 

extension appears to post-date volcanism (Janecke, 1992). 

2.4 This Study 

Figure 2.5 is a map of the exposure of the Challis Volcanic Group in south central Idaho. 

During this study it was hoped to sample the stratigraphy from the type area in the southeast 

corner of the Challis 1° x 2° quadrangle and also the stratigraphy in the Lost River Range 

described by Janecke & Snee (1993). However due to inacessibility only the southeast 

corner of the Challis quadrangle and an area of the Hailey Quadrangle have been sampled 

(Figure 2.5). In addition it was hoped to sample the Eocene intrusions of the Pioneer 

Mountains core complex but this was also not possible due to inacessibility. Therefore the 

samples collected in this study represent the most detailed study of the earliest effusive 

phases of volcanism of the Challis Volcanic Group in the type area but they do not cover the 

entire stratigraphy, in particular the younger acidic pyroclastics are not represented. 
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Chapter 3: The Geology and Geochemistry of the 
effusive lavas of the Challis Volcanic 
Group. 

3.1 Introduction 

The aim of this chapter is to describe the data generated during this study on the rocks 

collected from the Challis Volcanic Group. Firstly, the stratigraphy and geochronology of 

the rocks are discussed together so that estimates of the volume and duration of magmatism 

can be integrated to calculate eruption rates. Secondly, summary petrographic descriptions 

are given and the rocks are subdivided into Groups before their geochemistry is discussed. 

Appendix A contains location maps, grid references and petrographic descriptions of each 

sample. Finally, the mineral compositions and whole-rock compositions are described and 

compositional variations are defined for more detailed petrogenetic modelling in later 

Chapters. 

3.2 Stratigraphy and Geochronology 

Ninety-nine samples of the Challis volcanics were collected in the summer of 1995: 95ID-1 

- 95ID-81 were collected from the type area in the west and south-west of the Challis 1° x 2° 

quadrangle based on the stratigraphic relations of Fisher et al. (1992) and samples 951D-82 - 
95ID-92 were collected from the north-east corner of the Hailey 1° x 2° quadrangle based on 

the stratigraphic relations of Worl et al. (1991). The units sampled in the Hailey quadrangle 

are thought to correlate with units in the Challis quadrangle based on their field 

characteristics (Worl et al., 1991), though exact correlations have not yet been made. The 

IkL 
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stratigraphic relationships of the units sampled from the Challis quadrangle are illustrated in 

Figure 3.1. 
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Figure 3.1: A schematic cross-section through the stratigraphy of the Challis Volcanic Group in the 
southeastern part of the Challis 1°x 2° quadrangle (after Fisher et al., 1992). 

The stratigraphy of the Challis Volcanic Group is not entirely known primarily because of 

the brief duration of magmatism (1-4 m. y. ) (e. g. Janecke & Snee, 1993) and seemingly 

localised volcanic sections. In the southeast corner of the Challis quadrangle alone, 

McIntyre et. al. (1982) suggested that there were at least a dozen eruptive centres for the 

effusive lavas. The names of the stratigraphic units sampled from the Challis 1° x 2° 

quadrangle are after Fisher et al. (1992) and are acronyms, where T stands for Tertiary and 

is followed by b for basalt, for example. The units sampled from oldest to youngest were: 

(Figure 3.1) (Fisher et al., 1992) 

1. Early effusive basic-intermediate localised lava flows (e. g. Thal and Tham). 

2. Predominantly effusive, acidic, dome complexes (e. g. Tdf) and subaqueously 

deposited pyroclastics and volcaniclastics (e. g. Tvs) which can be up to 1,000 m in 

thickness. 

3. The main phase of basic-intermediate effusive lava flows (Ti) which are exposed 

throughout the study area and may be up to 700 m in thickness (Fisher et. al., 1992). 
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Compositions of Ti in the southern part of the Challis quadrangle are more acidic than 

those in the north (Fisher et. al., 1992) and therefore this unit has been sampled both 

from areas in the north, near the town of Challis, and further south along the East 

Fork of the Salmon River (Appendix A). 

4. Finally, one unit (Til) that probably post-dates the main phase of effusive volcanism 

(e. g. Ti) has been sampled but its exact stratigraphic position and thickness are not 

known. The samples of this unit may be intrusive in origin (Fisher et al., 1992). 

The overall stratigraphic relations suggest that earliest magmatism was characterised by both 

localised basic and acidic eruptions, and that these were followed by widespread voluminous 

basic eruptions. The transition to predominantly acidic eruptions followed this main phase 

of basic volcanism (Fisher et al., 1992). This may indicate that the transition to explosive 

acidic eruptions was triggered by the influx of new basic material into pre-existing acidic 

systems. Basic magmatism continued during the acidic pyroclastic activity but it was 

reduced in volume (Fisher et al., 1992). 

Previous geochronological studies in the Challis quadrangle predominantly employed the 

K/Ar technique and indicated an Eocene age for the Challis volcanics with the majority of 

ages falling between 44 - 51 Ma (compilation of Fisher et al., 1992). However, the errors 

on the K/Ar technique (1-2 m. y. ) resulted in considerable overlap in the data which did not 

allow clear definition of the temporal evolution of magmatism. Dating the crystallisation of 

selected Challis rocks was attempted using the 40Ar/39Ar dating technique at the laser probe 
40Ar/39Ar laboratory at the Open University. The details of these experiments are described 

in Appendix B and the results tabulated in Appendix C. Both whole rock and mineral 

separates (biotite and amphibole) were analysed, though mineral separates were only 

obtained from dacitic rocks. The ages were calculated assuming that all 36Ar was 

atmospheric with a 36Ar/40Ar ratio of 0.003384. The only previous 40Ar/39Ar dating from 

the Challis quadrangle indicated that the Tuff of Challis Creek (Tcr: Figure 3.1), which is 

stratigraphically younger than all the samples on which 40Ar/39Ar dating was attempted in 



Geology and Geochemistry 55 

this study, yielded ages of 46.3 ± 0.2 to 45.5 ± 0.3 Ma (sanidine) (Snee (1984) cited in 

Fisher et al., 1992) providing a minimum age for the underlying effusive lavas. 

Multiple analyses were performed on both mineral separates (analysing more than one 

separate for each rock) and whole rocks (analysing different places on the same whole rock 

slab or different slabs from the same rock) and therefore each individual sample yields 

multiple ages. The whole rock samples (n=6) analysed all produced ages younger than the 

Tuff of Challis Creek with large infra-sample variations (e. g. 95-17c: 16.7 ± 2.9 Ma to 38.7 

± 2.1 Ma). On an inverse isotope correlation diagram (not shown) (39Ar/40Ar v 36Ar/39Ar) 

the whole rock samples show little correlation which suggests that they do not lie on a 

mixing line between atmospheric Ar and a radiogenic component, nor do they define an 

excess Ar component. It appears. therefore that the whole rock ages do not reflect 

crystallisation ages. 

Mineral separates yielded ages older than the age of the Tuff of Challis Creek and also older 

than previously reported K/Ar ages for these units (compilation of Fisher et al, 1992). On an 

inverse isotope correlation diagram the reason for these older ages becomes apparent as the 

data do not define mixing lines between an atmospheric component (36Ar/40Ar = 0.003384) 

and a radiogenic component (Figure 3.2). Instead, they define a component with 36Ar/40Ar 

< atmospheric value which is commonly ascribed to the presence of excess Ar in the sample, 

reflecting addition of 40Ar (e. g. Kelley, 1995). These data can be used to obtain an age by 

calculating a least squares fit on an inverse isotope correlation plot from which the value of 

the x-intercept can be calculated to obtain the 39Ar/40Ar ratio of the sample (Figure 3.2). The 

reciprocal of this value (40Ar/39Ar) can then be obtained and used to calculate an age for the 

sample (Table 3.1). Ages calculated by this method for biotite and amphibole separates from 

two samples (95-43 a& b) produce overlapping ages and the more precise biotite ages are in 

good agreement: 49.2 ± 0.5 Ma and 49.3 ± 0.6 Ma (Table 3.1). 

In the Lost River Range, approximately 50 km to the east of the study area (e. g. Figure 2.5), 

40Ar/39Ar dating suggests that the lower sequence of pyroxene andesites and plagioclase 

dacites (lithologically similar to the samples collected in this study but not yet correlated in 
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detail) began erupting prior to 49.2 ± 0.3 Ma and had ceased eruption by - 48 Ma (Janecke 

and Snee, 1993). This indicates that the early effusive lavas of the Challis Volcanic Group 

may have been erupted in as little as 1-2 m. y. 
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Figure 3.2: Ar/Ar isochron plots for biotite mineral separates from the Tdf unit of the Challis Volcanic 
Group: (a): rock 95-43b, (b): rock 95-43a. 
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Table 3.1: 40Ar/39Ar ages for biotite and amphibole mineral separates from the Tdf 

stratigraphic unit. 

Sample 39Ar/4OAr Error 40Ar/39Ar t Age (Ma) t 

95-43(b) Biotite 0.1608 0.0014 6.2189 0.0541 49.2 0.5 

95-43(b) Amph. 0.1668 0.0099 5.9952 0.3558 47.1 2.8 

95-43(a) Biotite 0.1591 0.0019 6.2854 0.0751 49.3 0.6 

95-43(a) Amph. 0.1720 0.0108 5.8140 0.3651 46.1 2.9 

Therefore the main age constraint determined on these samples is that the early dacitic dome 

complexes (unit Tdf) were erupted at - 49.3 ± 0.6 Ma. The overlying tuff of Challis Creek 

is one of the latest eruptive units in the Challis quadrangle and has been dated at 45.5 ± 0.3 

to 46.5 ± 0.2 Ma (Snee (1984) cited in Fisher et al., 1992) indicating that the magmatism 

described in this study had been initiated by 49 Ma and had ended by -46 Ma. This suggests 

a maximum 3-4m. y. interval for effusive volcanism of the Challis Volcanic Group in the 

Challis quadrangle. 

These constraints on stratigraphic thickness and the duration of magmatism can be combined 

to make some estimates on the volume and eruption rates of the Challis Volcanic Group. It 

is clear from the recorded stratigraphic thicknesses of the Challis Volcanic Group (e. g. 2.5 

km total stratigraphic thickness in the Lost River Range (Janecke & Snee, 1993)) and its 

exposure over an area of -. 22,500 km2 (150 x 150 km) in central Idaho, that Eocene Challis 

magmatism is a large volume magmatic event. However, this region has been extending 

episodically since -50 Ma (Janecke, 1992) and therefore the original width is taken to be 100 

km, allowing for average extension of - 50% (Janecke, 1992). If an overall blanket 

thickness of 2 km of lavas is taken as an average then the volume of the erupted lavas is of 

the order of 30,000 km3. The available 40Ar/39Ar geochronology suggests that this volume 

was erupted over 1-3 m. y. which indicates extrusion rates of 0.01 - 0.03 km3 yrI. 



58 Chapter Three 

It has previously been suggested that estimates of eruption rates for Tertiary calc-alkaline 

magmatism in the western United States are significantly lower than estimates for intra-plate 

basaltic provinces, e. g. Hawaii or the Deccan (Bradshaw et al., 1993). However, the 

geochemistry of these rocks has been shown to be similar to that of subduction related 

volcanics (Hawkesworth et al., 1995) rather than intra-plate volcanics, and so a comparison 

with subduction-zone extrusion rates may be more instructive. Subduction zone magmatism 

extrusion rates are typically quoted in terms of volume, per km of arc, per m. y. (km3 km-I 

m. y. -1). The Challis extrusion rates were calculated over an 'arc' length of 150 km (note 

however that the 'arc' is estimated at 100 km wide) and this suggests 'arc' extrusion rates of 

between 67 and 200 km3 km-1 m. y. -1. These values are noticeably higher than those 

reported from, for example, Quaternary arc magmatism of the Cascades where extrusion 

rates varied from 0.21 -6 km3 km-1 yr1 (Sherrod & Smith, 1990). 

3.3 Petrography 
The samples collected commonly show alteration effects. Olivine is partially to completely 

altered, as is amphibole, which is sometimes only observed as hexagonal relicts. 

Plagioclase, pyroxene and biotite are usually fresh. Groundmasses are dominated by fresh 

plagioclase, but significant amounts of secondary carbonate have been observed in the 

groundmass of a number of samples. Based on their petrographic characteristics the rocks 

can be subdivided into three principal rock types. 

Olivine+clinopyroxene basalts/basaltic andesites: These samples are distinguished by the 

highest proportion of olivine phenocrysts and the presence of a glassy groundmass with 

quench crystallisation textures. They have 10-20% phenocrysts of olivine (with inclusions 

of Cr-spinel) ± clinopyroxene set in a groundmass of acicluar/dendritic plagioclase; swallow- 

tail, acicular and sometimes hollow clinopyroxene and glass. This lithology has only been 

sampled from the Tl unit and the presence of magnesian lavas in the Challis quadrangle has 

previously been identified by McIntyre et. al. (1982) and from elsewhere in the volcanic field 

lbhý 
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by Hackett et al. (1988). The exact relationship of these more phenocrystic, mafic samples 

to the main trachyandesite flows was not clear in the field, but they displayed a layered 

texture (1-2 m thick layers) along the Challis Creek Road section which suggests that they 

may have formed by processes of fractionation/accumulation. 

Pyroxene basaltic andesites/trachyandesites: The majority of samples collected tall into this 

Group and have <10%, commonly -5%, phenocrysts of clinopyroxene ± olivine ± 

orthopyroxene ± plagioclase ± Fe-Ti oxide (microphenocrysts). The phenocryst assemblage 

is noticeably dominated by ferromagnesium minerals with plagioclase only rarely observed. 

Sieve textured plagioclase and quartz (<I%), commonly with a corona texture of fine grained 

pyroxene, are sometimes observed and are most likely xenocrysts. The phenocrysts are set 

in a fine grained microcrystalline groundmass dominated by plagioclase with clinopyroxene 

+ Fe-Ti oxides ± biotite ± apatite. These samples come from the basic effusive stratigraphic 

units (Tbal, Tbam, Ti, Til). One sample (95-9), at the base of the Tbam unit, has a 

groundmass dominated by alkali-feldspar and not plagioclase and this indicates a shoshonitic 

affinity for this sample. 

As indicated by Fisher et al. (1993) the TI unit displays contrasting lithologies in the northern 

and southern parts of the Challis quadrangle. Samples from this unit in the northern part of 

the study area are typically aphyric trachyandesites, as described above. Whereas to the 

south samples are more strongly phenocrystic (20-30%) with phenocrysts of clinopyroxene 

± plagioclase ± orthopyroxene ± olivine ± Fe-Ti oxide set in a fine grained plagioclase 

dominated, sometimes glassy, groundmass. Phenocryst phases in these samples commonly 

show evidence for disequilibrium and therefore some crystals may be xenocrystic in origin. 

The phenocrysts are often skeletal with embayed and/or rounded rims and orthopyroxene is 

often seen with a corona of clinopyroxene. 

Plagioclase dacites: Dacitic samples contrast strongly with the trachyandesites in their 

petrography because they are highly porphyritic (20-30%) and the phenocryst assemblage is 

dominated by plagioclase (40-60% of the assemblage). The dacites can be subdivided into 

two groups based on their phenocryst mineralogy: 
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1.2-pyroxene dacites: These samples have 20-30% phenocrysts of plagioclase ± 

orthopyroxene ± clinopyroxene ± biotite ± amphibole ± Fe-Ti oxide set in a fine 

grained microcrystalline/cryptocrystalline groundmass. The phenocryst assemblage is 

dominated by plagioclase, orthopyroxene and clinopyroxene (> 80% of the 

assemblage). Minor amounts of Fe-Ti oxides, biotite and amphibole occur and 

accessory apatite - as inclusions in pyroxene phenocrysts - have been identified by 

electron microprobe in this study. Plagioclase is typically 0.5 - 6.0 mm long, 

subhedral - anhedral, commonly fragmented and it sometimes displays oscillatory 

zoning. Skeletal plagioclase crystals are common and spaces are occupied by glass or 

groundmass; discrete inclusions in plagioclase of pyroxene and Fe-Ti oxides have also 

been observed. Pyroxene phenocrysts are commonly characterised by the presence of 

numerous inclusions of Fe-Ti oxides and orthopyroxene often displays a corona, not 

always complete, of coarse grained clinopyroxene. 

2. Amphibole + biotite dacites: These samples are light coloured, strongly porphyritic 

(up to 30%) trachydacites to rhyolites containing phenocrysts of plagioclase + biotite 

+ amphibole ± clinopyroxene ± alkali-feldspar ± Fe-Ti oxides. In these samples 

plagioclase, amphibole and biotite dominate the phenocryst assemblage (>_ 80%). 

Plagioclase phenocrysts which may be up to 6 mm long are noticeably larger than the 

remainder of the phenocrysts which are commonly < 2.0 mm in length. All of the 

samples collected from the Hailey quadrangle fall into this group. 

The petrography of these rocks suggests that the overall sequence of crystallisation of the 

main silicate phases is olivine+cr-spinel, pyroxene, plagioclase, biotite and amphibole. Fe- 

Ti oxides are present as microphenocrysts in the olivine + pyroxene trachyandesites and 

therefore are likely to have stabilised early in this sequence. 

3.4 Sample Groups 

The rocks were subdivided into a number of Groups to facilitate their description, in 

particular the changes in the composition of magmatism through time (bold type is used to 



Geology and Geochemistry 61 

highlight the abbreviated names for the different Groups). The Groups from oldest to 

youngest are: 

1. Early Trachybasalts and Early Trachyandesites (Early TB and Early TA): These 

Group contain the rocks from the oldest stratigraphic units sampled (Thal and Tham) 

and other samples (some loose blocks and cross-cutting dykes) that have been 

assigned to this Group on the basis of their geochemistry. The early trachybasalts 

contain only two samples, one of which is the only sample (95-9) collected which has 

significant amounts of alkali-feldspar in its groundmass, and therefore may be a 

distinct composition (Early TB: n=2; Early TA: n=12). 

2. Dacites: The Dacitic rocks that predate the main effusive lava flows (Ti) are 

subdivided into two sub-groups based on the most abundant ferromagnesium 

phenocrysts present: 2 pyroxene (units Tdf and Tvs) (2 pyx) and amp+bt dacites 

(amp+bt). Again a number of rocks of unknown stratigraphic position have been 

placed in this Group on the basis of their geochemistry. The amp+bt dacites can be 

further sub-divided into two Groups because they have been collected from both the 

Challis quadrangle (units Tdf and TI) and the Hailey quadrangle (units Tca and Tcd) 

though the exact stratigraphic position of the Hailey rocks is not known (2 pyx: n=13; 

amp+bt: n=16) 

3. Trachyandesites 1(TI) : The samples from the main effusive lava unit (Ti) collected 

in the northern part of the study area and including samples from a number of different 

source vents (n=29). All of the magnesian basalts/basaltic andesites (n=5) belong to 

this Group . 
4. Trachyandesites 2 (T2) : Rocks of the main effusive lava unit (Ti) collected in the 

southern part of the study area which may include samples from different source vents 

(n=18). 

5. Basaltic andesites (BA): Samples from a stratigraphic unit (Til) that probably post- 

dates the main effusive lavas unit (Ti). Basaltic andesites younger than the main 

phases of effusive basic volcanism have been described from elsewhere in the Challis 

volcanic field (Lost River Range (Janecke & Snee, 1992) and the White Knob 
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Mountains (Doyle, 1990)) but no features have been identified in this study that would i 

allow certain correlation with either of these occurrences (n=3). 

3.5 Mineral Chemistry 

3.5.1 Analytical Procedures and Aims 

Electron microprobe analyses of phenocrysts were carried out using a Cameca SX100 at the 

Open University. The data are presented in Appendix C and descriptions of the operating 

conditions of the microprobe are presented in Appendix B. Point analyses were conducted 

in traverses where the phenocrysts were large and well defined, however some of the smaller 

crystal (Cr-spinel and Fe-Ti oxides) were analysed as single points. The traverse data were 

then examined in order to identify zonation patterns within the crystals before the core and 

rim analyses were averaged to produce an overall bulk analysis for each crystal. It is these 

averages that are presented in Appendix B and are described in the following sections. The 

aims of the microprobe work were to obtain representative analyses for the Challis Volcanic 

Group and to investigate the following aspects of the petrogenesis of the samples collected: 

1. To test for processes of accumulation in the Ti magnesian basaltic andesites. 

2. To determine the composition of Cr-spinel inclusions as the composition of Cr-spinel 

can be used as an indicator of the composition of the residual peridotite (e. g. Arai, 

1994). 

3. To compare the compositions of pyroxenes in the poorly phenocrystic trachyandesites 

with the strongly phenocrystic dacites to investigate the petrogenetic relationship 

between the two. Also, to obtain estimates of magmatic temperature from the 

composition of co-existing pyroxenes. 

3.5.2 Olivine 
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Olivine has been analysed in six samples: four of the magnesian basaltic andesite samples 

from the T1 Group, one of the early trachyandesite rocks and one of the basaltic andesites. 

These data are plotted in Figure 3.3a where the whole-rock Mg# is plotted against the Mg# of 

the olivine (Mg* = molar MgO/(MgO+(0.85*FeO*)). Olivines from all samples define a 

range in Mg* in both the cores and rims and all the olivines analysed are normally zoned to 

Fe-rich rims (Figure 3.3a). The overall range in composition is Fo91.66, and the cores range 

from Fo91.73. The magnesian rocks from the Ti Group contain the most magnesian olivines 

and their olivine core compositions correlate with whole rock Mg# (Figure 3.3a). 

Also plotted on Figure 3.3a is the estimated variation in liquidus olivine with changing melt 

composition (curve labelled LO) calculated assuming ((Fe/Mg)ot/(FefMg)melt) = 0.3 (Roeder 

& Emslie, 1970). The trend of the data for the cores parallels that of the modelled curve at 

slightly lower Mg# of olivine for a given whole-rock Mg#, with the exception of the basaltic 

andesite rock (Figure 3.3a). The percentage of olivine phenocrysts also increases with 

increasing whole-rock Mg# (Figure 3.3a) and thus it may be that the T1 rock with the 

highest Mg# (95-45) is accumulative, and those with lower Mg#'s (70-75) are closer to 

actual liquid compositions. Also, the early trachyandesite sample with a Mg# of 70 and -7% 

olivine phenocrysts is probably closest to a liquid composition with an Mg# near to that of a 

primary mantle derived magma. 

3.5.3 Chromium Spinel 
Small (<100 µm) inclusions of Cr-spinel are commonly observed in olivine phenocrysts and 

the composition of the Cr-spinel inclusions has been determined in the same samples in 

which the olivines were analysed. Cr-spinel microprobe data was recalculated for Fe2+ and 

Fe3+ based on the method of Carmichael (1967). These data are presented in Figure 3.3b 

where the Mg# (molar Mg/(Mg+Fe2+)) is plotted against Cr# (molar Cr/(Cr + Al)). The Ti 

and early trachyandesite Groups Cr-spinels are refractory in composition with high 

concentrations of Cr203 (39.8 - 59.5 wt %) and low concentrations of A1203 (5.2 - 13.1 %) 

resulting in high Cr# (0.76-0.88) which correlates negatively with the Mg# (Figure 3.3b). 

In contrast, Cr-spinels from the basaltic andesite Group have distinctly lower Cr# of 
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Figure 3.3: (a): Whole-rock Mg# vs. olivine Mg# for olivine phenocrysts of the Challis Volcanic Group. 
As the rocks with the highest Mg# are characterised by the highest percentage of olivine phenocrysts, 
phenocryst accumulation may have occurred, (b): Mg# vs. Cr# for Cr-spinel inclusions in olivine 
phenocrysts of the Challis Volcanic Group. 

0.49 - 0.54 (Cr203 = 29.2 - 31.6 wt %; A1203 = 17.6 - 22.4 wt %) and also lower Mg# of 

0.24 - 0.34. However, it is difficult to establish the cause of this difference in Cr-spinel 

composition between early TA and T1 Groups and the basaltic andesite Group because the 
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data for the basaltic andesite Group comes from an intrusive rock. The composition of Cr- 

spinel in intrusive rocks is commonly affected by reequilibration with the host olivine (e. g. 

Bedard, 1997 and references therein). Principally, Mg - Fe2+ exchange may occur causing 

the Fee+# of the spinel to increase, but Cr# and Fei+# can also be affected (e. g. Bedard, 

1997 and references therein). 

Figure 3.3b compares these results with the composition of Cr-spinels in MORB (data from 

Allan et al., 1988) which have lower Cr# between 0.2 and 0.5. This illustrates that the 

Challis Cr-spinels, with the exception of the basaltic andesite Group, are more refractory 

than MORB Cr-spinels. Also shown for comparison is the composition of Cr-spinels in 

boninites (fields defined by Crawford et al., 1989). The Cr-spinels in boninites are 

characterised by refractory compositions resulting in high Cr# at a wide variety of Mg#, 

where some of the low Mg# is attributed to sub-solidus re-equilibration of the Cr-spinel with 

the host olivine (Crawford et al., 1989) (Figure 3.3b). Therefore it is suggested that the Ti 

and early trachyandesite Groups of the Challis Volcanic Group are characterised by 

refractory Cr-spinel compositions similar to rocks of the boninite suite. 

The Cr# of Cr-spinel is not thought to be sensitive to the f02 of the melt nor to the pressure 

of differentiation (e. g. Roeder & Reynolds, 1991). Therefore high Cr# spinels such as 

those of the boninite suite and oceanic plateau basalts are commonly interpreted to reflect 

differences in the composition of these lavas in comparison to MORB (e. g. Dick & Bullen, 

1984; Roeder & Reynolds, 1991).. The composition of Cr-spinel in residual mantle 

peridotite, and spatially associated magmas, is thought to be controlled by the degree of 

partial melting (e. g. Dick & Bullen, 1984). For example, Hirose & Kawamoto (1995) 

recorded the composition of Cr-spinels in residues to experimental partial melts - at 1 GPa, 

under H20-undersaturated conditions, on fertile starting composition KLB-1- which ranged 

systematically from Cr# -10 at 10% partial melting to 60-70 at -30% partial melting. 

Therefore a magma derived by high degrees of melting should crystallise refractory Cr-spinel 

compositions. (Note: Experimental studies of KLB-1 are of particular interest to this study 

as KLB-1 is a fertile mantle xenolith from Kilbourne Hole, New Mexico (Takahashi, 1986). 
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Consequently experimental studies of KLB- 1 provide constraints on partial melting of fertile 

mantle in the western U. S. A. and will be used throughout this study as an example of 

experimental mantle melting). 

However, it has been estimated that boninites are derived by 5-10% partial melting of their 

mantle source (e. g. Pearce et al., 1992) and therefore their refractory Cr-spinel compositions 

cannot be entirely related to high degrees of melting during their formation. Instead, 

boninites are thought to be derived from source regions previously depleted by 10-15% 

partial melting prior to the melting event responsible for boninite magmatism (e. g. Crawford 

et al., 1989; Pearce et al., 1992). Therefore the refractory Cr-spinel compositions in 

boninites are ultimately related to the effect of melt extraction, but it is thought to occur in a 

two stage melting process (e. g. Pearce et al., 1992). 

Arai (1994) used the Cr-spinel compositions of various spinel peridotite derived magmas, 

and the compositions of Cr-spinels in residual peridotite, to evaluate the residual peridotites 

of common mantle-derived magmas. Arc-related boninites have the most refractory Cr- 

spinel composition of any magmas investigated and their compositions suggests that the 

residual peridotites are harzburgites and dunites (Arai, 1994). Similarly, Dick & Bullen 

(1984) suggested that basalts with Cr# > 0.6 (Type III) were associated with residual 

peridotites in which clinopyroxene was not present in the residue during melting. Thus it is 

suggested that the refractory Cr-spinel compositions of the early TA and Ti Groups of the 

Challis Volcanic Group may indicate that the residue to partial melting was a depleted 

harzburgite or dunite. It may also be argued that these Cr-spinel compositions are best 

explained by a two stage process involving melting of fertile mantle, and subsequent re- 

melting broadly similar to models for the generation of boninites. However, this 

interpretation is dependant on the degree of melting of the Challis Volcanic Group which will 

be estimated using REE data in section 4.3.2. Hawkesworth et al. (1995) suggested that 

western U. S. A. calc-alkaline magmatism was derived by <5-8 % partial melting of LREE 

enriched mantle peridotite which is in agreement with a two-stage model to explain these Cr- 

spinel compositions. 
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Sub alkaline basalts from the north-east Japan arc have a wide range of Cr# (0.1-0.7) which 

tend to be less refractory than that for arc-related boninites (Arai, 1994). Overall, the arc 

environment has the greatest range in Cr-spinel compositions which probably reflects both 

variations in the composition of the initial mantle-wedge peridotite and variations in the 

conditions of melting (Arai, 1994). This variation in Cr-spinel composition in the arc 

environment has been illustrated within a single volcano by Baker et al. (1994) in a study of 

Quaternary lavas from Mt. Shasta in the Cascades. Primitive magmas ranging from high 

alumina basalts to high Mg# andesite have Cr-spinel compositions ranging from values 

overlapping the boninite field (0.8) to values overlapping the MORB field (0.4) (Figure 

3.3b). Baker et al. (1994) suggested that the high Mg# andesites, with the most refractory 

Cr-spinel compositions were derived by the highest degrees of melting (20-30%). Therefore 

there is seemingly no single control on variations in Cr-spinel composition in the subduction 

zone environment. 

In summary, it is suggested that the Cr-spinel compositions of the Challis Volcanic Group 

are most closely associated with that of arc-related boninites/high Mg# andesites. However, 

estimates of the degree of melting are required (section 4.3.2) in order to investigate further 

the comparison to the two-stage melting model of boninite petrogenesis. In addition, if 

garnet is residual during melting then Cr-spinel data is more difficult to interpret as spinel is 

then not the only residual Al-Cr phase (Arai, 1994) 

3.5.4 Pyroxene 

3.5.4.1 Pyroxene Composition 

Pyroxene is the most common phenocryst phase observed in the Challis rocks and it occurs 

either as clinopyroxene alone or clinopyroxene + orthopyroxene. In trachyandesite rocks, 

pyroxene is either the most abundant phenocryst or occurs in similar proportions to olivine. 

In contrast, in the more strongly phenocrystic dacitic rocks pyroxene is always subordinate 

to plagioclase as the most voluminous phase and sometimes also subordinate to amphibole 

and biotite as the most voluminous ferromagnesian phase. Pyroxene has been analysed from 
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all Groups except the amp+bt dacites (n=9 for cpx; n=3 for opx) and the results are plotted in 

Figure 3.4 (a-d) in terms of the compositional end members Wo, En and Fs. 

Clinopyroxene phenocrysts from all Groups plot near to the diopside-salite-augite field 

boundary (Figure 3.4a-d). The most Mg-rich compositions occur in the Ti, early 

trachyandesite and basaltic andesite Groups and these contain <10% Fs and are therefore 

diopsides and endiopsides (Figure 3.4a-c) with Mg#'s as high as 91. However, the majority 

of analyses in these groups contain >10% Fs and are classified as augites (Figure 3.4a-c). 

Clinopyroxenes in the 2-pyroxene dacites are more Fe-rich and can contain up to 20% Fs 

and all analyses plot as augites (Figure 3.4d). Overall, the Wo component is restricted and 

lies between 40 and 45% (Figure 3.4a-d). Only normal zonation has been observed in the 

basaltic andesite (< 7%, En end-member), early trachyandesite (< 4%, En end-member) and 

one T1 Group rock (homogenous, 1-2% difference). Whereas both normal and reverse 

zonation has been observed in the remainder of T1, T2 and 2-pyroxene dacite rocks. Core- 

rim variations are commonly 1-5% of the En end-member and the largest variation has been 

observed in T2 sample 95-74 where normal zonation of up to 9% En and reverse up to 2% 

En occurs. Orthopyroxene has been analysed in the T2 and 2-pyroxene dacite Groups and 

these analyses are plotted in Figure 3.4c&d. Orthopyroxene (bronzite) in T2 is more Mg- 

rich than those in the 2-pyroxene dacites (hypersthene). T2 orthopyroxenes have Mg#'s up 

to 77.4, whereas 2-pyroxene dacite orthopyroxenes have Mg# up to 70.8. Normal and 

reverse zonation patterns have been observed from both units though the variations are 

small, <2% of the En end-member. 

The clinopyroxene compositions in the 2-pyroxene dacites are more Fe-rich than those in the 

trachyandesites suggesting that the 2-pyroxene dacites may be derived from trachyandesite 

parental magmas (Figure 3.4d). Overall, the Challis clinopyroxenes are characterised by low 

Ti02 contents (< 0.75 wt%, majority < 0.5 wt%) and A1203 (< 4wt%, majority <3 wt%) 

(Figure 3.5a&b). When these minor components (Ti02 and A1203) are compared, the 

milk, 
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clinopyroxenes in the dacites define different trends with decreasing Mg# (Figure 3.5a&b). 

There is an apparent inflexion in the trend between the trachyandesite Groups and the 2- 

pyroxene dacites (Figure 3.5a&b). 

D T2 
A1203   Ti 

4f 2pyx 
dacites 

3° 
Early TA 

2   v 
D 

f 

1  

0 
TiO2 

0.75 

0.50 
  ý!;   

0.25 

0.00 
90 80 70 

Mg# 
60 

Figure 3.5: (a): Mg# vs. A1203 for clinopyroxene phenocrysts of the Challis Volcanic Group, (b): Mg# 
vs. Ti02 for clinopyroxene phenocrysts of the Challis Volcanic Group. 

The trend of increasing A1203 and Ti02 with decreasing MgO in the trachyandesites 

clinopyroxenes suggests that these clinopyroxenes crystallised from magmas characterised 

by increasing A1203 and Ti02. This perhaps suggests that plagioclase and Fe-Ti oxide were 

relatively minor components in the fractionating assemblage and that differentiation may have 

been controlled by olivine and pyroxene. In contrast, the clinopyroxenes in the 2-pyroxene 

likk 
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dacites appear to have crystallised from magmas characterised by decreasing A1203 and 

Ti02. Therefore if the 2-pyroxene dacites were derived from, for example, T1 

trachyandesite parental magmas, the conditions of differentiation may have changed during 

differentiation in order to produce decreasing A1203 and Ti02 in residual liquids. It is not 

clear what was responsible for these changes in clinopyroxene composition between the 

trachyandesite and 2-pyroxene dacite Groups as a variety of factors - e. g. increasing 

pressure and increasing XH2O - can be influential in determining the stability of plagioclase 

and Fe-Ti oxides (e. g. Grove & Kinzler, 1986; Sisson & Grove, 1993). 

The clinopyroxene compositions can be used to investigate two of the most characteristic 

features of extension-associated magmatism in the western U. S. A: the calc-alkaline 

differentiation trend and depletions in HFSE (Nb, Ta and Ti) over LILE and LREE of similar 

incompatibility (e. g. Hawkesworth et al., 1995). Numerous models have been proposed to 

explain the origin of calc-alkaline differentiation trends (e. g. Grove & Kinzler, 1986). 

Grove & Baker (1984) suggested that calc-alkaline differentiation trends result when olivine, 

pyroxene and plagioclase crystallise in roughly equal proportions; in contrast, a tholeiitic 

trend results when plagioclase and olivine dominate the assemblage. The increasing A1203 

content of clinopyroxene with decreasing Mg# in the trachyandesite Groups in the Challis 

Volcanic Group may suggest that plagioclase does not dominate the crystallising assemblage, 

in broad agreement with petrographic observations and consistent with talc-alkaline 

differentiation trends controlled by fractional crystallisation (Grove & Baker, 1984). 

The rocks of the Challis Volcanic Group are characterised by significant depletions in Ti over 

REE of similar incompatibility on mantle-normalised diagrams (section 3.3.2.2). In order to 

identify whether these Ti depletions characterise primary magma compositions, the role of 

Fe-Ti oxides during differentiation needs to be established. The composition of 

clinopyroxenes in the trachyandesite Groups indicates that Ti02 increases with decreasing 

Mg#, whereas dacitic rocks are characterised by decreasing Ti02 in clinopyroxene. This 

suggests that, even though Fe-Ti oxides are found as microphenocrysts in the trachyandesite 
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samples, Ti behaved as an incompatible element during differentiation of the least evolved 

rocks in the Challis Volcanic Group. 

3.5.4.2 Pyroxene Thermometry 

Estimates of magmatic temperature have been derived from the two-pyroxene thermometer of 

Lindsay (1983). Clinopyroxene-orthopyroxene pairs have only been analysed from the 2- 

pyroxene dacites and T2 Groups, and so the temperatures for the remaining units were 

calculated from clinopyroxene data alone. One pyroxene temperature estimates by this 

method should be viewed as minima (Lindsay, 1983). Only core compositions were used in 

the calculations as they are most likely to record the pre-eruptive temperatures of the magma. 

Temperatures were calculated at 1 atm. and 10 kbar to consider the effect of pressure, and 

the effect is small with the 10 kbar results being 0-50 °C higher than the corresponding result 

at 1 atm. The results of the pyroxene thermometry are presented in Table 3.2 and all have an 

associated error oft 50° C (Lindsay, 1983). 

The T1 Group clinopyroxenes yield temperatures between 925 °C and 1100 °C at I atm with 

the highest temperature recorded in the most magnesian rock (95-45). A single T2 sample 

gives 2-pyroxene temperatures in good agreement at 1000° C at 1 atm. Two 2-pyroxene 

dacites also give good agreement on 2-pyroxene results with temperatures of 875-900 °C at 1 

atm. A single early trachyandesite sample suggests temperatures of 875 °C at 1 atm and 925 

°C at 10 Kbar which are noticeably low for a relatively unevolved olivine+pyroxene phyric 

sample. The basaltic andesite Group, again on a single sample, suggest temperatures similar 

to the main Ti group of 1125 °C at 1 atm. 

Overall, therefore, the most magnesian sample of the T1 group (95-45) suggests a minimum 

magmatic temperature of 1100 ± 50° C. However, the early trachyandesites may be 

characterised by lower eruptive temperatures, possibly as low as 900 ± 50° C similar to 

values obtained for substantially more evolved dacites. The 2-pyroxene dacites pyroxene 

compositions indicate temperatures 100-200° C lower than the main Ti trachyandesites 

which is consistent with the more evolved composition of these samples. 

mbký 
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Table 3.2: Pyroxene Thermometry results (Lindsay, 1983) 

Sample Mineral Recalculated Composition 
(Wo, En, Fs) 

W-R Mg# T °C 
1 atm. 

T °C 
10 kbar 

Ti (Average) ± 50°C 
95-45 cpx (n=5) (0.37,0.49,0.13) 80 1100 1125 
95-33 cpx (n=3) (0.4,0.54,0.06) 75 1100 1100 
95-32 cpx (n=5) (0.41,0.48,0.11) 73 925 975 
95-34a cpx (n=6) (0.41,0.48,0.11) 72 925 975 
95-63 cpx (n=8) (0.38,0.49,0.13) 60 1050 1075 

T2 
95-74 cpx (n=8) (0.39,0.48,0.13) 67 1000 1025 
95-74 opx (n=4) (0.03,0.71,0.26) 67 1000 1000 

Early trachyandesites 
95-17c cpx (n=2) (0.43,0.5,0.07) 70 875 925 

2-pyx dacites 
95-15 cpx(n=12) (0.41,0.4,0.19) 59 875 875 
95-15 opx(n=11) (0.03,0.58,0.39) 59 900 850 
95-43b cpx (n=4) (0.4,0.42,0.18) 58 900 925 
95-43b opx (n=6) (0.03,0.6,0.37) 58 875 900 

Basaltic andesites 
95-4 cpx (n=6) (0.36,0.53,0.11) 67 1125 1150 

3.5.5 Plagioclase 

Plagioclase has been analysed in samples (n=4) from both dacite groups and from one of the 

trachyandesite groups (T2) where it commonly displays disequilibrium textures. The 

composition of plagioclase analysed ranges from An70 to An34 with the majority between 

An60 and An40 (Figure 3.6a). Plagioclase in T2 and the 2-pyroxene dacites, where it is 

associated with pyroxene, is more An-rich than in the amp+bt dacites from the Hailey 

quadrangle. Normal and reverse zoning occurs in all samples where the range in 

composition is <15% An component and commonly < 10%. 

3.5.6 Fe-Ti oxides 
Fe-Ti oxides are found sometimes as microphenocrysts and always within the groundmass 

of the Challis rocks. They are commonly < 10% of the phenocryst assemblage and are most 

abundant in the 2-pyroxene dacites where they are commonly found included in, or 
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associated with, pyroxene phenocrysts. The microprobe analyses were recalculated for Fe2+ 

and Fe3+ based on the method of Carmichael (1967). Samples analysed from the basaltic 

andesite, 2-pyroxene dacite and T2 trachyandesite Groups contain co-existing Ti-magnetite 

and ilmenite, whereas samples from the early trachyandesites contained only Ti-magnetite 

(Figure 3.6b). However only a limited amount of data has been gathered. 

3.6 Whole-rock Compositions 

3.6.1 Analytical Procedures 

All samples (n=99) were analysed for whole rock major element oxides (wt% Si02, A1203, 

Ti02, FeO*(total Fe expressed as FeO), MnO, CaO, MgO, K20, Na20 and P205) and certain 

trace elements (ppm Ni, Cr, Sc, V, Ba, Rb, Sr, Zr, Y, Nb, Ga, Cu, Zn, Pb, La, Ce and Th) 

by X-ray spectrometry (XRF) on an automated Rigaku 3370 at the GeoAnalytical laboratory 

at Washington State University based on the method of Hooper et al. (1993). Selected 

samples (n=41) were further analysed, in two batches, for 25 additional trace elements (ppm 

Rare Earth Elements La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu; and Ba, 

Rb, Y, Nb, Cs, Hf, Ta, Pb, Th, U and Sr) by inductively coupled plasma source mass 

spectrometry (ICP-MS) at Washington State University based on the method of Knaack et 

al. (1994). Descriptions of the analytical procedures for major element, trace element and 

L. O. I. analyses are presented in Appendix B, and the data are tabulated in Appendix C. 

The major element analyses were normalised to 100% anhydrous before they are presented. 

However, some of the major element analyses have low unnormalised totals (i. e. 94-97%) 

which suggests a relatively high volatile content in these samples which may be due to 

alteration processes. L. O. I. (wt%) was determined on all sample powders at the Open 

University so that the affects of alteration could be assessed, in particular the effects of 

secondary carbonate which has been identified petrographically. 

3.6.2 Alteration 

All the samples were first sub-divided into two Groups based on petrographic observations. 

Group 1 are those which are mostly fresh with only minor alteration observed. Group 2 are 
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those which show more significant alteration of phenocrysts, and their groundmass may 

contain significant amounts of secondary carbonate (0-15%). 

The L. O. I. of these two Groups is plotted against CaO in Figure 3.7a which reveals that 

Group 2 rocks have higher L. O. I. than Group 1 though there is some overlap. Also, Group 

2 show scattered positive correlations of increasing CaO with L. O. I. which suggests that 

these analyses are recording variable proportions of secondary carbonate. The majority of 

Group 2 samples have L. O. I. >3 wt % and therefore this was chosen as a subdivision of 

high (> 3 wt %) and low (< 3 wt%) L. O. I. samples. Three exceptions were made to this 

(95-45,95-78,95-80) which, although they have L. O. I. >3 wt %, are fresh samples 

petrographically with a high percentage of glass in their groundmass. This is a more likely 

explanation for their high L. O. I. and these are therefore included in the low L. O. I. Group. 

When both high and low L. O. I. Groups are plotted on a MgO vs. CaO plot (Figure 3.7b) it 

can be seen that many of the high L. O. I. group have relatively high CaO concentrations 

which do not appear to follow the trend defined by the low L. O. I. rocks. However, when 

another oxide (e. g. A1203) is plotted for these Groups against MgO (Figure 3.7c) the high 

L. O. I data do not cause any noticeable additional scatter to the overall trend. It is inferred 

therefore that the high L. O. I. group contains samples variably affected by the addition of 

secondary carbonate to the original compositions. 

The trace element compositions of samples from these two Groups (high and low L. O. I) are 

examined in Figure 3.8a-d. Firstly, fluid-immobile trace elements are plotted (Zr and Nb). 

It is apparent from Figure 3.8a that the high L. O. I. Group are not responsible for any 

additional scatter that was not already present in the low L. O. I. Group and so the fluid- 

immobile trace element contents of these samples appear to have been unaffected by 

alteration processes. However, when fluid-mobile trace element are considered this is not 

the case (Fig 3.8b&c). High L. O. I samples do cause scatter towards low Rb and perhaps 

high Sr contents. Therefore there is evidence that the fluid-mobile elements in these samples 

are unreliable. Also plotted is La because LREE may be' susceptible to alteration whereas 

MREE and HREE are more reliably fluid-immobile (e. g. Green, 1994). The high L. O. I. 
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Figure 3.7: (a): L. O. I. vs. CaO, (b): MgO vs. CaO, and (c): MgO vs. A1203 for all rocks analysed of the 
Challis Volcanic Group. 
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samples do not appear to be responsible for any additional scatter on Nb vs. La and therefore 

it seems reasonable to infer that their REE compositions have been unaffected. 

In summary, a group of high L. O. I., low XRF-total, samples has been analysed in this 

study and there is evidence that alteration has affected these samples. These samples remain 

in the database but their CaO, and fluid-mobile trace element contents (Sr, Ba, K, Rb and U, 

Pb, Cs and 87Sr/86Sr where analysed) will not be considered further. Two exceptions are 

made to this (95-5 and 95-9), not because they can be shown to have been unaffected by 

alteration processes, but because these two samples are the only two samples of the early 

trachybasalts Group. Their mantle normalised diagrams do record some anomalous LILE 

concentrations which are most probably due to alteration, but they still contain useful 

petrogenetic information about these distinctive samples. 

3.6.3 Major Element Composition 

The major element composition of the Challis Volcanic Group is characterised by 

intermediate compositions (majority are between 52 and 65 wt% 5i02) with A1203 between 

10 and 18 wt%, FeO* and CaO < --9 wt% and MgO between -1 and 19 wt% (majority 

between 2 and 8 wt%). Minor elements are characterised by low Ti02 (<_ 1.5 wt%), 

moderate to high P205 (0.2 - 0.6 wt%), moderate Na20 (2 - 5wt%) and moderate to high 

K20(1-5wt%). 

On the total alkalis versus silica (TAS) classification diagram of Le Maitre et al. (1989) the 

Challis Volcanic Group are predominantly basaltic trachyandesites, trachyandesites and 

dacites (Figure 3.9a). They plot on the boundary between sub-alkaline and alkaline magma 

series suggesting a transitional character, neither a well-defined alkaline series nor sub- 

alkaline series. On a Plot of Si02 vs. K2O used to discriminate between various sub-alkaline 

magmas series the Challis rocks plot predominantly in the high-K calc-alkaline field (Figure 

3.9b). However, it is apparent from this plot that the Challis Volcanic Group is not well- 

classified by this method because the samples do not define a single differentiation trend 

parallel to the series boundaries, instead they tend to scatter across the boundaries. 

Therefore the Challis Volcanic Group is perhaps best classified as a transitional sub-alkaline 
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magmas series with high-K/shoshonitic affinities. This classification of the Challis Volcanic 

Group illustrates one of the characteristic features of Tertiary magmatism in the western 

United States: the generation of large volumes of high-K calc-alkaline magmatism in a 

tectonic setting of continental extension (e. g. Elston, 1984). 
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boundaries from Rollinson (1992) and with the sub-alkaline/alkalic magmas series sub-division of Miyashiro 
(1978)), and (b): SiO2 vs. K20 (calc-alkaline series sub-divisions from Gill, 1981). 
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The normative compositions of the Challis samples were determined using the computer 

program CIPWnorm 3.1 (Mason, 1990) and they are tabulated in Appendix C. Considering 

the relatively high Si02 contents of the Challis volcanics, the norms were calculated using 

different Fe3+/Fe2+ (Rollinson, 1992) but they were not found to be sensitive to this for 

values between 0.15 and 0.35. The normative compositions described here were calculated 

with Fe3+/Fe2+ = 0.15. The lower Si02 samples are ol-normative with 0-35 % olivine and 

commonly have diopside > hypersthene. Only three samples have nepheline in the norm, the 

two early trachybasalts (95-5: 7.4 % Ne; 95-9: 3.7 % Ne) and the most magnesian of the T1 

Group (95-45: 0.2 % Ne). More evolved samples are more commonly quartz-normative 

with 1-30 % quartz in the norm and typically with normative hypersthene > diopside. The 

majority of the Challis Volcanic Group are therefore either saturated or oversaturated with 

respect to silica and show a trend towards increasing oversaturation with increasing Si02. 

Figure 3.10 plots Si02 vs. Mg# for all the Groups of the Challis Volcanic Group and is used 

to examine the composition of the least evolved rocks in each Group, whether they are near 

to primary liquid compositions and the differentiation trends in the more evolved rocks. 

Partial melts in equilibrium with mantle olivine (Mg# of 90) will have a Mg# of -73. 

Therefore a first indication of a primary liquid is an Mg# of -- 73. Some of the least evolved 

rocks in the Challis Volcanic Group from the early TB, Ti, Early TA and T2 Groups have 

Mg#'s of 70-75 thereby suggesting that they might be near primary liquid compositions 

(Figure 3.10). 

The early TB rocks contain -10-15% phenocrysts and therefore may be close to liquid 

compositions. The most magnesian T1 rock (95-45) has an Mg# of -80 and it is thought 

that this may relate to accumulation of olivine in this sample (section 3.5.1). The Ti rocks 

which do plot with Mg#'s of 70-75 are probably nearer to liquid compositions but also 

probably in part accumulative in origin (section 3.5.1). The early TA rocks are perhaps the 

closest to primary liquids as they contain < 10% phenocrysts, magnesian olivine (section 

3.5.1) and an Mg# - 70 (Figure 3.10). In contrast the high Mg# of the T2 Group is unlikely 

to represent near primary liquid compositions because they are strongly porphyritic (10- 
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25%). Therefore the evidence for a primary liquid composition from the presence of high 

Mg#'s is equivocal, with the early trachyandesites being perhaps closest to a primary liquid 

composition. 
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Figure 3.10: Si02 vs. Mg# for the Challis Volcanic Group. 

On Figure 3.10 the Challis data do not define a single well-defined differentiation trend as 

there is both inter-group variations in Si02 and Mg#, and intra-group scatter. The T1 Group 

is the best defined Group and has a steep trend with little enrichment in Si02 but a more 

marked decline in Mg# (Figure 3.10). The T2 Group does not define a differentiation trend 

on Figure 3.10, and the data plots more as a field. The field is displaced to higher Si02 at 

similar Mg# to the T1 Group and may suggest that a different differentiation trend, or 

different primary magma composition characterises the T2 Group. The early trachyandesites 

do not define a trend on Figure 3.10 but are scattered. The early TB and the basaltic andesite 

Groups do not contain enough samples to establish a differentiation trend, but Figure 3.10 

suggests that these Groups are characterised by lower Si02 contents at a similar Mg# to the 

Ti and T2 Groups. 

The Dacitic Groups are characterised by higher Si02 than the trachyandesite Groups but not 

markedly lower Mg#'s (Figure 3.10). This suggests that if the dacitic Group were derived 
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from, for example, Ti parental magmas, differentiation resulted in enrichment in Si02 but 

little reduction in Mg#. However, the 2-pyroxene dacites are restricted in composition (Si02 

-64% and Mg#-55) and therefore do not provide a particularly well-defined differentiation 

trend. The amphibole+biotite dacites are more scattered and could be derived from either T1 

or T2 parental rocks but show, broadly, Si02 enrichment with only a minor decrease in Mg# 

(Figure 3.10). 

Figure 3.10 suggests that the trachyandesite Groups are characterised by little Si02 

enrichment during differentiation, whereas Si02 enrichment is significant in the dacitic 

Groups. In view of this, MgO was chosen as the index of differentiation because it allows 

the differentiation trend in the least evolved rocks to be more clearly seen. Consequently 

however, the dacitic groups may become compressed on the following major element 

diagrams: MgO vs. A1203 , FeO, Ti02 and P205 (Figure 3.11). These plots illustrate the 

characteristic features of differentiation in the Challis rocks, with MgO contents ranging from 

1 to 19 wt %, and the majority lying between 2 and 8 wt% (Figure 3.11). Only T1 and T2 

contain enough variation in MgO to define trends on such major element diagrams. The 

major element descriptions are therefore based initially on the variations in T1 and T2. Any 

variations observed in other trachyandesite Groups, and how the plagioclase-phyric dacites 

relate to T1 and T2 trends, is then described relative to the main lava sequence. The early TB 

and basaltic andesite Groups are not plotted as there is not enough data to define 

differentiation trends. 

T1 displays the greatest range in MgO content (3 to 19 wt %) but the majority lie between 4 

and 8 wt % (Figure 3.11). Ti exhibits negative correlations against A1203, a buffered trend 

against Ti02 and P205 and a positive correlation against FeO* which is flatter in the high 

MgO samples (Figure 3.11). T2 samples have a smaller range in MgO contents than T1 (4-8 

wt %). Decreasing MgO is characterised by a scattered correlation against A1203, little 

change in Ti02 or P205 and shallow positive correlations against FeO* similar to Ti (Figure 

3.11). However, in comparison to Ti, at similar MgO content, T2 has higher Si02, lower 

Ti02 and FeO* and can clearly be distinguished in its major element composition (Figure 
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3.11). The FeO vs. MgO plot highlights the calc-alkaline differentiation trend in these rocks 

as there is no evidence for Fe-enrichment with decreasing MgO. 

The early trachyandesites are broadly similar to the T1 Group but they are characterised by 

higher Na20, P205 and Ti02 contents at similar MgO suggesting that they differ in some of 

the minor elements (Figure 3.11). The basaltic andesite Group does vary in major elements 

relative to the T1 and T2 groups in that, at similar MgO, they are characterised by lower 

Si02, and higher Ti02, A1203 and FeO*. The dacitic groups have higher Si02 (62-70 wt%) 

and lower MgO (< 4 %) than the trachyandesites (Figure 3.11). This differentiation to 

higher Si02 is characterised by a decrease in A1203, FeO*, Ti02 and P205 (Figure 3.11). As 

P205 is lower in the dacites than it is in the trachyandesites this may indicate that apatite 

plays a role in differentiation to dacitic compositions. In high-K calc-alkaline dacitic (-65% 

Si02) rocks apatite saturation occurs at -900 °C with -0.25% P205 in the melt (Green & 

Watson, 1982). The Challis dacites contain -0.3 % P205 at 65 % Si02 with magmatic 

temperatures estimated at -900° C and therefore apatite saturation is predicted in these dacitic 

rocks. 

Differentiation trends and possible mineralogical control by fractional crystallisation are 

illustrated in Figure 3.12, where representative core compositions of phenocryst phases have 

been plotted along with whole-rock compositions. The vectors for fractional crystallisation 

of different phases on Figure 3.12b are schematic only. The Challis data appear to be 

divisible into two main differentiation trends (Figure 3.12). Trend 1 involves increasing 

A1203 with decreasing CaO and characterises both the T1 and T2 Groups. Broadly, trend 1 

is perhaps consistent with fractional crystallisation controlled by clinopyroxene. However, 

TI and T2 can be distinguished as the main body of the T2 Group defines a field of 

compositions not found in the Ti Group. An alternative model of magma mixing between 

the T1 high MgO rocks and more evolved dacitic rocks may also be able to explain the main 
body of the T2 data (Figure 3.12). 
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A second trend involving the dacitic rocks results in decreasing A1203 and CaO and produces 

an apparent inflexion in the data (Figure 3.12). Broadly, this trend would be in agreement 

with fractional crystallisation of an assemblage involving plagioclase t amphibole ± 

clinopyroxene. This apparent inflexion occurs at -4-5 wt% MgO and it is also characterised 
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by decreasing FeO*, Ti02 and P205 suggesting that Fe-Ti oxide and apatite fractionation 

may be more significant in the more evolved rocks. 

In summary, the major element composition of the Challis Volcanic Group is characterised 

by intermediate rocks (majority are > 52% Si02), and the least evolved rocks display 

relatively low FeO* (< 9 %) and Ti02 (< 1.5 %) for mantle derived rocks and high-K (2 - 

4%) compositions. As there is no evidence for Fe-enrichment with decreasing MgO the 

Challis Volcanic Group define a calc-alkaline differentiation trend, (e. g. Miyashiro, 1978). 

The least evolved rocks also have high Mg#'s (-60-70) near to that expected for magmas in 

equilibrium with mantle peridotite. Trachyandesite Groups are characterised by increasing 

A1203 and decreasing CaO with decreasing MgO suggesting that pyroxene and not 

plagioclase is the dominant fractionating phase broadly in agreement with clinopyroxene 

phenocryst compositions. Dacitic rocks show a contrasting differentiation trend with 

significant Si02 enrichment and decreasing A1203, FeO*, Ti02 and P205 suggesting that 

plagioclase and Fe-Ti oxides fractionation may be more significant in the more evolved 

rocks. 

3.6.4 Trace Element Composition 
The concentration of trace elements measured in the Challis Volcanic Group are described 

under two headings, compatible and incompatible trace elements. The incompatible elements 

are further subdivided into three groups: large ion lithophile elements (LILE) including U 

and Th, high field strength elements (HFSE) and rare earth elements (REE) which roughly 

correspond to subdivisions based on the charge/size ratio (e. g. Rollinson, 1993) with the 

charge/size ratio of the HFSE>REE>LILE. 

3.6.4.1 Compatible Trace Elements 

The compatible trace elements Ni, Cr, V and Sc have been analysed by XRF but the Sc 

results are not discussed because Sc is predominantly < 30 ppm in these rocks, and Sc is 

only semi-quantative below 30 ppm by this XRF method (Hooper et al., 1993). The plot of 

MgO vs. Cr is not shown, but it shows a similar distribution to Ni. The T1 Group has low 

concentrations of compatible elements with Ni < 30 ppm, Cr < 150 ppm and V< 200 ppm. 
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V shows a flat array against MgO with an inflexion at -6 MgO when V contents begin to fall 

(Figure 3.13b). The Ti high MgO rocks have higher Ni and Cr with 150 - 500 ppm Ni, 700 

-1500 ppm Cr but not in V (Figure 3.13 a&b). In comparison, T2 has higher Ni (-100-150 

ppm) and Cr (-250-500 ppm) and lower V than Ti rocks at similar MgO contents (Figure 

3.13 a&b). 
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Figure 3.13: Compatible trace element variation diagrams for the Challis Volcanic Group. (a): MgO vs. Ni 
with modelled curves for partial melting of mantle peridotite and fractional crystallisation of olivine as 
discussed in text, and (b): MgO vs. V. 

The early trachyandesites have Ni and Cr concentrations intermediate between T1 and T2 (Ni 

~50-100 ppm) and V similar to T2, lower than T1 (Figure 3.13). The two ne-norm early 

trachybasalts have contrasting compatible element contents with 225 ppm Ni and 826 ppm 

Cr in 95-5 and 36 ppm Ni and 376 ppm Cr in 95-9 (not shown). The dacitic groups have 

ikkk 
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low concentrations of Ni and Cr and they both have significantly lower V (50 - 100 ppm) 

contents than the trachyandesites which gives the overall trend of the data an apparent 

inflexion at -4 wt % MgO (Figure 3.13 b). This decrease in V is similar to that previously 

observed in FeO* and Ti02 and further suggests that Fe-Ti oxide fractionation may only 

result in compatible behaviour of these element in differentiation to dacitic compositions. 

A modelled melting (F=0.05) curve for primary liquids of a mantle source with 70% olivine 

and containing 2300 ppm Ni is plotted on Figure 3.13a after the method of Hart and Davis 

(1978). The most magnesian T1 rock (95-45) plots close to the position for primary liquids 

but it has already been suggested that this composition may be accumulative in origin and is 

unlikely to represent a liquid. The other magnesian Ti rocks fall along an olivine 

fractionation line (Figure 3.13a) (-10-20% fractionation, assuming KFe-Mg (olivine-melt) = 

0.3 (Roeder & Emslie, 1970)) suggesting that these compositions are more evolved than 

primary magmas and that olivine is a fractionating/accumulating phase in these rocks. The 

low Ni contents of the reminder of the Ti rocks and the other Groups, suggests that olivine 

fractionation of primary magmas occurred in all Groups. Thus the early trachyandesites, 

which it was previously suggested are the closest in composition to primary liquids (section 

3.5.1; 3.6.3), have probably experienced - 20% olivine fractionation. 

3.6.4.2 Incompatible Trace Elements 

The incompatible elements abundances of Tertiary high-K calc-alkaline rocks from the 

western United States are a critical aspect of their petrogenesis. In particular, relative 

depletions in HFSE elements with respect to other elements of similar incompatibility, 

resulting in high LILE/HFSE (e. g. Ba/Nb) and LREE/HFSE (e. g. La/Nb) ratios, 

distinguishes them from oceanic basalts and highlights their similarity to subduction related 

basalts (e. g. Gans et al., 1989; Feeley & Grunder, 1991; Best & Christiansen, 1991; 

Bradshaw et al., 1993; Davis & Hawkesworth, 1994; Hawkesworth et al., 1995). 

The Challis samples all contain high concentrations of the large ion lithophile elements (Rb, 

Ba, Sr, Pb, Cs - LILE - and U and Th) with Rb -50 - 150 ppm, Ba -300 - 1500 ppm, Sr 

-400 - 800 ppm, Th -3 - 12 ppm, Pb -3 - 18 ppm and U -< 1 to 4 ppm. Cs contents are 
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high -1 -9 ppm but do not correlate well with other incompatible trace elements and are 

therefore probably unreliable due to alteration and will not be considered further. High field 

strength elements (Nb, Ta , Zr, Hf and Y) abundances in the Challis samples are low to 

moderate with Nb -10 - 25 ppm, Zr -100 - 270 ppm, Ta -0.4 - 1.5 ppm, Hf -2 to 7 ppm 

and Y -16 - 32 ppm. The Rare Earth Element data are presented normalised to Sun & 

McDonough's (1989) C1 chondrite and the subscript� indicates a normalised concentration. 

Overall the Challis samples are characterised by LREE enriched compositions with (La)n 

-80-200 and (Yb)� -8-20 producing moderately fractionated LREE/HREE ratios e. g. 

(La/Yb)� of -7- 20, and with small negative Eu anomalies (Eu/Eu* -0.96 - 0.8: where 

Eu/Eu* = (En)n//(Sm)n*(Gd)n after Taylor & McLennan, 1985). 

Incompatible trace elements concentrations heave been normalised to Sun & McDonough's 

(1989) primitive mantle composition so that the concentration of incompatible elements in 

these samples may be compared to a primitive mantle source and also to oceanic basalts 

which display characteristic smooth patterns on mantle-normalised diagrams (e. g. reviews of 

Sun & McDonough, 1989; Hofmann, 1997). Only a selection of trace elements are plotted, 

ranging from the highly incompatible LILE to the moderately compatible HREE from left to 

right. The order of incompatibility is after Sun & McDonough (1989) and Hoffman (1997) 

except for Pb, U and K which are presented to the left of Nb so that they may be compared 

more easily with the other LILE. Hoffman (1997) places U between Nb and La and Pb 

between Ce and Nd because their compatibility during MORB and OIB generation may be 

closer to the LREE rather than the LILE. Similarly, K is sometimes placed between Ta and 

La on mantle normalised diagrams (Sun & McDonough, 1989), but not here. 

Mantle normalised diagrams, with the corresponding chondrite normalised plot for the REE, 

are illustrated in Figure 3.14a-e. Figure 3.14a shows the trace element characteristics of the 

TI Group in a range of samples from -2.5 to 18 wt % MgO. The T1 rocks display 

enrichment of all trace elements over primitive mantle values ranging from 90-200 x mantle 
for the LILE down to 5-10 x mantle for the HREE (Figure 3.14a). This overall decrease in 

the relative enrichment from left to right is disrupted by anomalies in certain elements: in 
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particular, large negative anomalies in Nb, Ta and Ti, small negative anomalies in Th and 

small positive anomalies in Sr. The Ti Group REE data (Figure 3.14a) reveals the LREE 

enriched character of these rocks with (LREE)n = 80-200 and the (HREE)n from -10-20. 

A selection of samples from the other Groups are also illustrated in Figure 3.14. Plotted on 

each of these diagrams is a sample from the Ti Group - the Ti rock is always the closed 

symbol on Figure 3.14b-e - so that differences between Ti and the other Groups can be 

identified. The sample chosen from the T1 Group varies from plot to plot, so that rocks of 

similar MgO are being compared. 

T2 rocks are characterised by higher LILE abundances, with lower Rb and K relative to 

other LILE (Figure 3.14b). In contrast to this LILE enrichment, many of the other 

incompatible element are more depleted in T2 samples, in particular the HREE (Figure 

3.14b). The 2-pyroxene dacites are compared to one of the more evolved T1 samples in 

Figure 3.14c. The LILE are more enriched in the 2-pyroxene dacites and the remainder of 

trace elements are almost universally lower relative to the T1 sample (Figure 3.14c). 

However the overall pattern is broadly similar between the 2-pyroxene dacites and the T1 

rock (Figure 3.14c). 

The early trachybasalts and trachyandesites are compared to a T1 trachyandesite of similar 

MgO in Figure 3.14d. It is again noted that the two early trachybasalts are high L. O. I 

samples but their trace element analyses are plotted because the group is defined by these two 

samples alone. Their mantle normalised diagrams display some anomalous LILE variations, 

in particular 95-9 (Figure 3.14d). 95-9 is characterised by large depletions in Rb and K 

relative to the other LILE, despite its other LILE abundances being some of the highest of 

any rock analysed. Although these variations are consistent with alteration it is noteworthy 

that similar, but much smaller, relative depletions in Rb and K were also observed in T2 

rocks (Figure 3.14b). The second early trachybasalt sample (95-5) also has a more irregular 

LILE pattern than the T1 rock. 
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number after the sample name is the MgO content (wt%) of the rock. 

Other aspects of 95-9's fluid-immobile trace element abundances mark it as a distinctive 

rock. In particular, it is the most trace element enriched of any sample with (LREE)n -- 100 

x mantle, a slight depletion in Zr and Hf relative to REE and more fractionated HREE 

abundances than any other sample (Figure 3.14d). Therefore this sample is unusual in 

having the highest incompatible trace element trace element concentrations in a relatively 

magnesian rock. This extreme enrichment in trace elements suggests it may have been 
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Ce Nd Eu Tb Ho Tm Lu 
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derived by smaller degrees of melting than the Ti Group. In contrast, the other early 

trachybasalt sample is similar to the main units as it has more similar abundances, a 

significant positive Sr anomaly, no depletion of Zr or Hf and less fractionated HREE (Figure 

3.14d). Thus these two early trachybasalt rocks are different, but they are distinguished 

from the other Groups by their ne-normative character. Also plotted on Figure 3.14d is an 

early trachyandesite rock which has a similar overall pattern to the Ti Group but can be 

distinguished as it is more LREE enriched and HREE depleted at similar MgO contents 

(Figure 3.14d) further suggesting that the earliest magmatism was different from the main 

phase. 

Finally, the basaltic andesite Group is shown in Figure 3.14e. In detail these samples differ 

from all others but are characterised by the same overall LILE and LREE enrichment. In 

particular, the negative Nb and Ti anomalies so characteristic of the other Groups are less 

well developed in these samples, and the Th and Sr anomalies are not present (Figure 3.14. 

These samples also show small positive Rb anomalies that are not seen in any other Group. 

As the highest trace element abundances are found in the most magnesian rock of the basaltic 

andesite Group then the parallel variations that are present in these three samples are unlikely 

to be the result of different amounts of fractional crystallisation. 

Mantle normalised patterns such as these from the Challis Volcanic Group are a ubiquitous 

feature of early calc-alkaline, intermediate magmatism from the western United States (e. g. 

Gans et al., 1989; Feeley & Grunder, 1991; Best & Christiansen, 1991; Bradshaw et al., 

1993; Davis & Hawkesworth, 1994; Hawkesworth et al., 1995). An assessment of whether 

HFSE depletions characterised the primary magma compositions or result through processes 

of increasing magmatic differentiation is particularly important in the large volume magmatic 

fields such as the Challis Volcanic Group because the majority of the volcanic products are 

relatively evolved. 

Figure 3.15a-d illustrates a variety of these trace element characteristics plotted against MgO. 

The Nb anomaly is quantified using the ratio Nb/La, whereas the Ti anomaly is calculated 

using the ratio TifFi*, which is analogous to the more commonly calculated Eu/Eu* ratio. 
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Ti/Ti* is the chondrite normalised measured value of Ti divided by the value interpolated 

between the two adjacent REE of similar incompatibility (Ti*). Ti/Ti* is rarely calculated for 

volcanic rocks but more commonly in studies of mantle xenoliths where a number of 

calculation methods have been used depending on which REE were available (e. g. Salters & 

Shimizu, 1988). The method used here to calculate the Ti/Ti* ratio is after Salters & Shimizu 

(1988) where Ti/Ti* = Tin/ ((Eu* + (Tb)�)/2) (where Eu* = 4((Sm)n * (Gd)n), Taylor & 

McLennan, 1985). Eu* is employed so that any fractionation of Eu from the other REE does 

not affect the calculation and Tb is employed, even though Ti is commonly placed between 

Eu and Gd on mantle normalised diagrams, because it is more frequently analysed. The 

Zr/Zr* and Sr/Sr* ratios are calculated in a similar fashion with Sm and Eu* as the 

neighbouring REE for Zr and Nd and Sm are used for Sr. 

Figure 3.15a&b provides evidence that neither Nb/La nor Ti/Ti* is greatly affected by 

increasing magmatic differentiation. In particular the T1 Group shows very little variation in 

these ratios in rocks ranging from -2 to 18% MgO (Figure 3.15). The TiTTi* ratio would be 

extremely susceptible to fractionation of Fe-Ti oxides. For example, 10% fractional 

crystallisation of either ilmenite or magnetite would reduce Ti/Ti* from 1 to - 0.5 (based on 

fractional crystallisation modelling described in Chapter Five). Thus the lack of variation in 

Ti/Ti* with increasing magmatic differentiation is in agreement with previous data that 

suggests that significant Fe-Ti oxide fractionation may be restricted to the dacitic rocks. 

Also, the data indicates that there may be a correlation between Nb/La and Ti/Ti* in the least 

evolved rocks. That is: the lowest Nb/La recorded (95-9: one of the early trachybasalts) also 

records the lowest Ti/Ti* (Figure 3.15 a&b), and both T2 and the early trachyandesites have 

Nb/La and Ti/Ti* <T1 and 95-5 (the other early trachybasalt) which are < basaltic andesites. 

Overall Figure 3.15 (a&b) reveals that Nb (Ta) and Ti depletions are not correlated with an 

index of fractionation and that they are therefore likely to be characteristic of parental 

magmas of all groups, with small inter-group variations in the Nb/La and Ti/Ti* of parental 

magmas. The basaltic andesite Group can be distinguished from the rest of the data based on 
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its high and variable Nb/La ratios (Figure 3.15a) and therefore this Group will be referred to 

as the high Nb/La Group from now on. 

In contrast to the Nb and Ti anomalies the Sr and Zr (Hf) anomalies do show variations 

which appear to be related to increasing magmatic differentiation (Figure 3.15c&d). Sr/Sr* 

decreases with differentiation in rocks with -< 6wt% MgO which may be due to increased 

proportions of plagioclase fractionation or perhaps crustal assimilation. However, because 

the highest Sr/Sr* (-2) occurs in the least evolved rocks of the T1 Group this suggest that 

significant positive Sr anomalies may have characterised the primary magmas of this Group. 

Furthermore, the rock with the highest Sr/Sr* (95-45, one of the magnesian Ti rocks) has 

one of the lowest A1203 contents and does not has plagioclase phenocrysts and thus its high 

Sr/Sr* cannot relate to plagioclase accumulation. 

The least evolved rocks of the Ti Group also have negative Th anomalies relative to other 

LILE (e. g. Figure 3.14a) which results in high Srfl'h and Ba/Th ratios (e. g. Sr/Th = 155; 

Ba/Th = 170 in 95-45). Most recent work on subduction zone volcanics interprets primitive 

rocks displaying Nb depletions and high Sr/Th and BafTh ratios as indicating an involvement 

of fluid-related metasomatism (where the fluid transports Ba, Sr and other LILE but 

negligible Th and Nb) in their petrogenesis (e. g. Turner et al., 1996; Elliott et al., 1997). 

The T1 Group of the Challis Volcanic Group may therefore be displaying evidence for fluid- 

related processes in the development of its source regions. 

Zr/Zr* ranges from 1-1.75 with the higher values occurring in the evolved rocks (Figure 

3.16c). This suggest that the parental magmas are not characterised by any significant 

fractionation of Zr from adjacent REE. 95-9, the distinct early trachybasalt, is an exception 

to this as it is characterised by Zr/Zr* <1 (Figure 3.15c). Therefore although HFSE 

elements such as Nb and Ti are strongly depleted relative to similarly incompatible elements 

Zr is not, except in one ne-norm early trachybasalt. 

The previous discussion on the chondrite normalised diagrams for the Challis rocks noted 

fractionation of REE ratios between the different Groups. Plots of (La/Sm)n, (Gd/Yb)n and 
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Eu/Eu* against MgO are illustrated in Figure 3.16. (La/Sm)n remains roughly constant at -3 

in samples with > 4% MgO with the exception of the T2 Group, but becomes increasingly 

more fractionated in samples with < 4wt% MgO (Figure 3.16a). As apatite fractionation has 

already been implicated by decreasing P205 concentrations such fractionation to higher 

(La/Sm)n would also be consistent with apatite fractionation. Apatite is known to have very 

high partition coefficients for the REE (>10), which peak at Sm, and so fractionation of 

sufficient apatite will deplete a melt in Sm faster than La resulting in higher (La/Sm)n in 

residual liquids (e. g. Watson & Green, 1981; Fujimalci, 1986). 

In contrast, the HREE ratios are independent of fractionation with the exception of the T2 

unit which shows a slight decrease (Gd/Yb)n with decreasing MgO (Figure 3.16b). 

Broadly, all the data can be sub-divided into two main Groups based on their HREE ratios: 

high (Gd/Yb)n (early trachyandesites) and low (Gd/Yb)n (Ti) with some Groups scattering 

between the two (early TB and T2). In general the earliest Groups are therefore 

characterised by larger HREE fractionation than the younger Groups but this is not a clear 

subdivision as one of the early TB rocks (95-5) has (Gd/Yb)n similar to the younger 

Groups. As these HREE fractionations are independent of differentiation they are most 

likely to reflect variation in the parental magma compositions and may therefore indicate 

variations in (Gd/Yb)n in the primary magmas. The most likely cause of HREE fractionation 

in mantle derived magmas is partial melting in the presence of residual garnet which is 

known to retain preferentially the HREE, resulting in magmas with HREE ratios which are 

substantially more fractionated than that of their source. Moreover, such fractionations 

cannot be achieved by partial melting in the spinel facies alone (e. g. Thirwall et al., 1994). 

Modelling of REE data of LREE enriched and low Nb/La basalts (Group Two and Three of 

Bradshaw, 1991) associated with extension in the Colorado River Trough suggested that 

resdiual garnet during partial melting is required to explain the REE fractionations (Bradshaw 

et al., 1993). 

There is little change in Eu/Eu* with differentiation with the majority of samples having 

Eu/Eu* between 0.9 and 0.8 and this perhaps points to the limited role for plagioclase 
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fractionation in the trachyandesites (Figure 3.16c). Both the early units - trachybasalts and 

trachyandesites - are characterised by distinctive Eu/Eu* values. The early trachybasalts 

have the smaller anomalies and, as their Eu/Eu* is > 0.95, they can be interpreted as having 

no significant Eu anomaly. In contrast the early trachyandesites have Eu/Eu*=0.9 and show 

an apparent increase in Eu/Eu* with differentiation (Figure 3.16c) which is not observed in 

the other Groups. 
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In summary, the trace element compositions of the Challis Volcanic Group further emphasise 

the distinctive subduction-like character of high-K calc-alkaline magmatism in the western 

United States (e. g. Elston, 1984; Gans et al., 1989; Hawkesworth et al., 1995). In 

particular the data presented here suggest that parental magmas are characterised by relative 

depletions in Nb, Ta and Ti and that these are not greatly affected during transport to the 

surface. The older volcanics are characterised by more fractionated HREE abundances and 

suggest a possible role for residual garnet during the earlier stages of melting. 

3.6.5 Radiogenic Isotope Geochemistry 

The isotopic composition of Sr and Nd were measured on selected samples at the Open 

University and the description of the laboratory and analytical procedures are presented in 

Appendix B and the data are tabulated in Appendix C. All measured ratios were recalculated 

to their initial isotope ratios at 48 Ma and these are plotted in the figures. Previous isotopic 

work on the Challis Volcanic Group is limited but it indicates that the rocks are characterised 

by a considerable range in 87Sr/86Sr (0.70874-0.71410 (n=3)), a limited range of 
143Nd/144Nd (0.51206-0.51208 (n=2)) and a range in the composition of Pb (206Pb/204Pb 

= 17.7-19.1; 207Pb/204Pb=15.5-15.6; 208Pb/204Pb=38.4-39.0 (n=26)) (Norman & 

Leeman, 1989; Norman & Mertzman, 1991). 

Initial 87Sr/86Sr ratios measured in this study range from 0.70673 - 0.71135 thereby 

expanding the measured range of Sr isotopic compositions for the Challis Volcanic Group. 

A range of T1 Group rocks from -4 to -- 19 MgO were analysed but they do not fall along a 

single differentiation trend for 87Sr/86Sr (Figure 3.17a). The Ti Group may be sub-divided 
into two groups: those with low 87Sr/86Sr -0.708 and those with high 87Sr/86Sr -0.71 
(Figure 3.17 a). However, the low 87Sr/86Sr Group contains only two samples which were 

not erupted from the same source vent. Although the T1 Group often shows good 

correlation of major and trace element composition against MgO these isotopic results 

suggests that the T1 Group may not have been derived from a single parental magma, and 
that at least two distinct parental magmas may have been required. 
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Figure 3.17: Radiogenic isotope ratio variation diagrams for the Challis Volcanic Group. (a): MgO vs. 
87Sr/86Sr, and (b): MgO vs. 143Nd/1 4Nd. 

T2 rocks have 87Sr/86Sr ratios similar to the high-87Sr/86Sr Ti Group, at --0.71 (Figure 

3.17a). Both the early and high Nb/La Groups display lower values between -0.707 and 

0.708 at similar MgO contents to T1 (Figure 3.17a). One 2-pyroxene sample has an 

87Sr/86Sr value corresponding to the low 87Sr/86Sr T1 Group at -0.708, whereas a broad 

trend towards higher 87Sr/86Sr is apparent in the amp+bt dacite Group (Figure 3.17a). 

These data correspond to eSr values (at 48 Ma) of between 30 and 95. 
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Initial 143Nd/144Nd measured in this study - which are for the same rocks as for 87Sr/86Sr 

except for one T2 rock and two amp+bt dacites for which only 87Sr/86Sr data was obtained - 

ranges from 0.51151 - 0.51234 and significantly increases the measured range of Nd 

isotopic values for the Challis Volcanic Group. The T1 low 87Sr/86Sr Group shows 

decreasing 143Nd/144Nd with decreasing MgO whereas the high 87Sr/86Sr Group suggests 

an initial decrease followed by an increase (Figure 3.17b). This apparent inflexion in the 

high 87Sr/86Sr Group may indicate that these samples are not all co-magmatic, as an increase 

in 143Nd/144Nd with differentiation is an unusual result. Crustal contamination of mantle 

derived rocks almost invariably results in a decrease in 143Nd/144Nd. 

The T2 Group has values of 143Nd/144Nd similar to the Ti Group and define a flat 

correlation (Figure 3.17b). In contrast, the early and high Nb/La Groups show distinctive 

143Nd/144Nd compositions in comparison to the Ti and T2 Groups. The early 

trachyandesites have lower 143Nd/144Nd (0.51151 to 0.51154) which varies little in the 

samples analysed, and the ne-norm early trachybasalts have values similar to, or higher, than 

the T1 group (Figure 3.17b). All high Nb/La basaltic andesites are characterised by higher 

143Nd/144Nd at similar MgO to Ti. Broadly therefore, there may be a shift to higher 

143Nd/144Nd through time as the high Nb/La Group are probably younger then the Ti 

Group. The dacitic rocks analysed have 143Nd/144Nd either similar to, or lower than, the 

main Ti group (Figure 3.1). These data correspond to CNd (calculated at 48 Ma) values of 

-4.3 to -7.1 (high Nb/La), -7.4 to . 46.9 (Ti, T2 and dacites) and --20.3 (Early 

trachyandesites). Nd model ages calculated from these data range from 0.7 - 2.2 Ga 

(CHUR) and 1.5 - 2.3 Ga (DM). 

These isotopic results further reinforce the lithospheric isotopic character of the Challis 

Volcanic Group (e. g. Norman & Mertzman, 1991) and also indicate that there is that is 

considerable Sr and Nd isotopic variability in the lavas of the Challis Volcanic Group. 

Figure 3.18 plots the sample locations of the Ti, T2, Early TA & TB and high Nb/La to 

further investigate the origin of the isotopic variability of these rocks. Figure 3.18 is not 

drawn to scale and it corresponds to an area - 50 km (x-axis) by 100 km (y-axis). Figure 
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3.18 suggests that the two Ti rocks with low 87Sr/86Sr are geographically distinct from the 

Ti high 87Sr/86Sr rocks. This allows a crude, broadly north-south, 0.709 line to be drawn 

through the Ti and T2 data. However, the two Ti low 87Sr/86Sr rocks are collected -30 km 

from each other and the T1 high 87Sr/86Sr rocks are collected -5-15 km from each other. 

McIntyre et al. (1982) suggest that effusive eruptions in the Challis Volcanic Group are 

commonly restricted to within -8 km of their source vent. Therefore the isotopic variability 

in the Ti Group may be related to the sampling of different source vents. 
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Figure 3.18: Sample locations for certain Groups of the Challis Volcanic Group with the proposed position 
of an isotopic boundary (0.709 line) between sub-groups of the Ti Group. Not to scale. 

The data from the early Groups and the high Nb/La Group are not however in accord with 

this inferred 0.709 line. Both early and high Nb/La Groups, which are characterised by 

87Sr/86Sr <0.708, were collected nearer to the high 87Sr/86Sr Ti Group (Figure 3.18). 

Therefore if this inferred 0.709 line is related to a geographical variation in source regions 

composition then it is restricted to the source of the T1 Group. Alternatively, these may 

relate to processes of crustal contamination. 
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These Sr and Nd isotopic results indicate that the least evolved rocks plot in the bottom right 

quadrant of an 87Sr/86Sr versus 143Nd/144Nd isotope correlation diagram, which is in 

agreement with other studies of the Challis Volcanic Group and also of early calc-alkaline 

magmatism from elsewhere in the western United States (Figure 3.19) (e. g. Davis & 

Hawkesworth, 1993). The Challis rocks reveal some of the highest 87Sr/86Sr and lowest 

143Nd/144Nd in relatively primitive mantle-derived rocks in the western US and this 

probably reflects the proximity of the Challis Volcanic Group to the Archaean Wyoming 

Craton where extreme isotopic signatures are found within both the mantle and crustal 

portions of the lithosphere (e. g. Leeman et al., 1985; Carlson & Irving, 1994). 

On Figure 3.19a the Challis data can broadly be sub-divided into two trends. The majority 

of the data define a negative correlation which is parallel to the mantle array (trend 1), and 

some of the early Groups define a second trend towards lower 143Nd/144Nd at a near 

constant 87Sr/86Sr (trend 2). The first trend probably represents mixing between mantle 

derived magmas with lithospheric signatures (-0.707 and -0.5122) and perhaps crustal 

contaminants with higher 87Sr/86Sr and lower 143Nd/144Nd. However, it is noted that the 

highest 87Sr/86Sr in the T1 Group is found in some of the more primitive rocks (e. g. Figure 

3.17) and therefore trend 1 may also be related to variations in the composition of the mantle 

source region. As trend 2 is defined by inter-Group variations it is suggested that it is more 

likely to be related to the variable composition of the mantle derived magmas. 

Figure 3.19b compares the Sr and Nd isotopic composition of the Challis Volcanic Group to 

other examples of Eocene magmatism from the Pacific Northwest discussed in Chapter Two 

(see Figure 2.1), late Tertiary (<14 Ma) basalts of the Snake River Plain (Lum et al., 1989) 

and also to younger (1-4 Ma) lavas of the Cascades volcanic arc (Leeman et at., 1989). The 

data from primitive minettes and latites of the Highwood Mts. and Bearpaw Mts. from the 

Montana Alkalic Province (-54-47 Ma) (MacDonald et. al, 1990; O'Brien et al., 1992) 

display similarly enriched signatures to the Challis volcanics (Figure 3.19b). The Highwood 

minettes and associated lavas showing lower eNd than the Bearpaw minettes (Figure 3.19b) 

but both do overlap with the Challis data. In contrast, the data for basaltic andesites and 
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associated dacites from the Independence Volcano (48-50 Ma) in the Absaroka Mountains 

(Meen & Eggler, 1987) are displaced to lower cSr at similar eNd to the Challis data (Figure 

3.19b). 

A Norman & Leem; 
1989 

143Nd f144Nd(48Ma) + high Nb/La 
A Dacites (amp+bt) 

0.5132 
` " Ti 

Mantle Arral 13 T2 

0 5128 
I\ A Dacites(2-pyx) 

. 
-- Bulk Earth- ------ -- 

0 Early TB 

0.5124 
" Early TA 

0.512 AAA 1 
" 

0.5116 I` 0 
2 (a) 

0.5112 

0.702 0.705 0.708 0.711 
87Sr/86Sr(48Ma) 

cNd 
H 

Cascades 

-Bulk Earth---------------- 
Snake River Plain 

0 
Absaroka 

I Bearpaw Mts. 
Highwood Mts. 

-10 

-20 

-30 
-40 

0 40 80 120 ESr 

(b) 

Figure 3.19: (a): Sr and Nd isotope correlation diagram for the Challis Volcanic Group. Data from this 
study and Norman and Leeman (1989). The mantle array is defined from Hofmann (1997) and Bulk Earth has 
87Sr/86Sr=0.7047 and 143Nd/144Nd = 0.51262, (b): eSr vs. tNd for the Challis Volcanic Group and 
selected examples of Eocene and later Tertiary magmatism from the Pacific Northwest (see text for sources). 
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Overall, Eocene mantle-derived magmatism in the Pacific Northwest erupted within regions 

of cratonic North America displays a common isotopic characteristic of high 87Sr/86Sr and 

low 143Nd/144Nd which allows them to be distinguished from subduction-related rocks of 

the Cascades volcanic arc (Figure 3.19b). In addition, however the Montana Alkalic 

Province also contains kimberlitic rocks which have an isotopic signature indistinguishable 

from oceanic basalts (MacDonald et al., 1992). Thus enriched isotopic compositions are 

found in a diverse set of rocks from small volume ultrapotassic minettes in Montana to the 

large volumes of trachyandesites and dacites of the Challis Volcanic Group. Neither of the 

Montana or Absaroka magmatic fields are associated with extension and thus melting can 

occur in the absence of extension but it appears to results in relatively small volumes of 

magma in comparison to the Challis Volcanic Group. 

3.7 Summary 

This chapter has described and provided initial interpretations of the geology and 

geochemistry of the effusive lavas of the Challis Volcanic Group from the Challis 

quadrangle. Broadly it is argued: 

1. These results are in agreement with previous work on the Challis Volcanic Group 

(e. g. Hackett et al., 1988; Norman & Mertzman, 1991) but have expanded the 

compositional range and the number of samples now analysed for their major element, 

trace element and radiogenic isotope composition. 

2. The composition of the Challis Volcanic Group is broadly similar to previous studies 

of extension-associated, calc-alkaline magmatism from the western U. S. (e. g. Elston, 

1984; Gans et al., 1989; Feeley & Grunder, 1991; Best & Christiansen, 1991; 

Bradshaw et al., 1993; Davis & Hawkesworth, 1994; Hawkesworth et al., 1995). 

The rocks are calc-alkaline with a high-K/shoshonitic affinity, variably HFSE depleted 

relative to LILE and REE, LREE enriched with high 87Sr/86Sr (? 0.70673) and low 
143Nd/144Nd (5 0.51234) in relatively primitive mantle-derived rocks. 
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Finally this chapter presents summary descriptions of each Group and the broad petrogenetic 

implications of these data which will be modelled in Chapter Four and Five. 

Ti Group: The T1 Group is the best defined Group with rocks ranging from -1 to 19 

wt% MgO. The differentiation trend is characterised by decreasing Mg# with little Si02 

enrichment in which A1203 increases and CaO decreases, suggesting clinopyroxene and not 

plagioclase control. The high MgO (> lOwt%) rocks in this Group may be in part 

accumulative in origin. The Nb and Ti anomalies in this Group are independent of 

fractionation, whereas the positive Zr anomaly develops with differentiation and the positive 

Sr anomaly decreases with differentiation. The Ti Group is characterised by the lowest 

(Gd/Yb)� ratios (- 2) which is also independent of differentiation. The rocks in this Group 

were collected from a number of different source vents and define isotopic variability 

suggesting that each source vents is characterised by similar, yet distinct, compositions. The 

isotopic variations suggest open system conditions during fractional crystallisation or 

isotopically distinct primary magma. 

T2 Group: The T2 rocks contain rocks ranging from 4-8% MgO which define high Mg# 

(-70) intermediate compositions (-55-58 Si02) which are distinct from the T1 trend. T2 

rocks are characterised by higher LILE and lower HREE abundances relative to T1. The 

widespread petrographic evidence for crystal-liquid disequilibria in this Group may point to a 

role for magma mixing in their petrogenesis. Sr isotopic variation has been found in this 

Group and therefore open system fractional crystallisation or magma mixing may have 

occurred. 

Early Trachyandesites: This Group contains rocks ranging from 2 to 8% MgO but does 

not define a good differentiation trend. Some of the least evolved samples in this Group are 

closes to primary magma compositions as they are aphyric rocks with magnesian olivine and 

high Mg#'s (-70), however their Ni contents (- 60 ppm) suggest that perhaps -- 20% olivine 

fractionation may have occurred. This Group is distinct from all other rocks because of its 

low 143NdJ144Nd compositions (0.51151-0.51154) which may relate to distinct primary 

magma compositions or open system differentiation. 
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Early Trachybasalts: This Group comprises two relatively unevolved (8-9% MgO) ne- 

norm rocks with different trace element compositions. However they can be distinguished 

from the rest of the rocks because they are both ne-norm and are characterised by no 

detectable Eu anomaly (Eu/Eu* - 0.95 to 0.96). One of these rocks (95-9) in particular is 

distinct from all other rocks because of its extreme incompatible element contents and small 

negative Zr depletion relative to the REE. 

High NbfLa basaltic andesites: A Group which probably post-dates the T1 and T2 

Groups and has distinct compositions. This Group is characterised by the smallest Nb-Ti 

depletions, no positive Sr anomaly and the highest 143Nd/144Nd. These characterised may 

suggest a role for asthenospherically derived magmas in the petrogenesis of this Group. 

Previous studies from the western U. S. A. have suggested that mixing between 

asthenospheric and lithospheric derived magmas occurs after the main phases of lithospheric 

magmatism and results in increasing Nb/La and 143Nd/1'Nd through time (e. g. Davis & 

Hawkesworth, 1995) 

2-pyroxene dacites: These rocks are characterised by a low percentage of hydrous 

phenocrysts and a restricted major element composition (-64 to 65% Si02). Relative to the 

trachyandesites this Group is enriched in Si02 but depleted in FeO*, Ti02, P205, V and Zr. 

These characteristics suggest that Fe-Ti oxides and accessory phases (apatite, zircon) may 

have played an important role if these rocks are related to the trachyandesite Groups by 

fractional crystallisation. Only one sample from this Group has been analysed for its 

isotopic composition and it is not known whether any intra-Group isotopic variation exists. 

Amp+bt dacites: The amp+bt dacites define a broader compositional range than the 2-pyx 

dacites and are also characterised by higher Si02 and lower FeO*, Ti02, P205 and Zr in 

comparison to the trachyandesite Groups. If processes of fractional crystallisation control 

the differentiation in these rocks then accessory phases and Fe-Ti oxides are probably 
involved. 87Sr/86Sr increases with decreasing MgO in these rocks suggesting that fractional 

crystallisation must have occurred under open system conditions, or that mixing of 
isotopically distinct magmas has occurred. 

Ikk 



Chapter 4: Petrogenesis of the Challis Volcanic 
Group. 

4.1 Introduction 
The aim of this Chapter is to investigate the petrogenesis of the rocks described in Chapter 

Three. The petrogenetic model can then be used to investigate the relationship to extension 

and tectonic models for, extension and magmatism in Chapter Six. Firstly, as the samples 

collected in this study do not represent primary magma compositions the effects of 

differentiation on parental compositions are examined and whether the inferred processes can 

provide constraints on the physical conditions (e. g. P, XH20, f02) of differentiation. 

Secondly, variations in parental magma compositions are investigated to constrain the nature 

of the source region and any changes in the partial melting processes through time. 

4.2 Differentiation of Parental Magmas 
The T1 Group is considered first and taken as the 'baseline' because it offers the largest 

compositional range and is the best defined Group. The other Groups (T2, Early TA and 

dacitic Groups) are then considered relative to T1. The early trachybasalts (n=2) and high 

Nb/La basaltic andesites (n=3) are not discussed in this section because they are relatively 

unevolved rocks and do not define differentiation trends due to the number of samples 

collected. The modelling used to investigate the differentiation of parental magmas consists 

of two stages: 
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1. Least squares modelling (Mason, 1988) using the whole rock and phenocryst major 

element compositions described in Chapter 3 (see Appendix D for a table of the 

mineral compositions used). The aim of this is to estimate best fit fractionation 

assemblages for the whole-rock major element variations. 

2. The results of least squares modelling are then tested by modelling the proposed 

fractionation assemblage using a selection of trace elements. Where possible, samples 

analysed by ICP-MS were chosen for modelling but sometimes only XRF data were 

available. Partition co-efficients (D neraUmelt) were compiled from the literature (see 

Appendix D) and chosen to be representative of values for intermediate composition 

liquids because most of the differentiation took place in rocks of > 52% Si02. 

4.2.1 T1 Group 

The Ti Group rocks range from -2 to 18% MgO, the majority of samples have < 8% MgO 

and only five samples have > 8% MgO (Figure 4.1). Modelling of the T1 Group was 

conducted in three stages (Figure 4.1). The first stage (95-33 to 95-34b) involved modelling 

two of the magnesian samples which are probably related by a process of accumulation and 

not fractionation (Chapter 3). The main body of the Ti data was modelled in two further 

stages (95-26 to 95-36; 95-36 to 95-41) because of an apparent inflexion in the data at - 5% 

MgO (Figure 4.1). The samples chosen for modelling the main body of the Ti Group are all 
from the same road section and were probably derived from the same source vent. 

Stage One (95-33 to 95-34b): Good least squares fits can be achieved for these rocks with I 

r2 (sum of the squares of the residuals) = 0.16 for assemblages of olivine and pyroxene 

alone (Table 4.1). The modelling suggests that these two samples may be related by - 9% 

accumulation of 55% olivine + 45% clinopyroxene (Table 4.1). If either plagioclase or an 

oxide phase are added to the model the best fit is improved to Zr2 = 0.02 and Zr2 = 0.14 

respectively, but this improvement does not seem to require either of these phases to have 

been present. The trace element composition of the daughter rock (95-34b) is in good 

agreement with the composition the model produces by 9% fractionation of 95-33 (Figure 

4.2 a). 
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Figure 4.1: MgO vs. A1203 for the Ti Group. Rocks used in the modelling are highlighted. 
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Unfortunately, these high MgO samples do not appear to be simply related to the lower MgO 

Ti rocks. In particular, the high MgO rocks with - 10-12% MgO have higher K20 contents 

than the Ti rocks with -7% MgO and so they do not define a co-magmatic trend. Also, 

though the magnesian rocks are characterised by similar isotopic signatures to the lower 

MgO TI rocks, no clear differentiation trend is observed (section 3.6.5). Therefore, 

although these magnesian rocks do suggest that high MgO, probably low A1203 (< 12%), 

and variable K20 primary magmas do occur, they do not appear to be exactly parental to the 

more evolved rocks of the T1 Group. For this reason no modelling has been carried out 

between the magnesian samples and the more evolved Ti trachyandesites. 

Stage Two (95-26 to 95-36): Least squares modelling of the second stage of the Ti trend 

produces a best fit (jr2=0.28) with 26% fractionation of an assemblage of roughly equal 

proportions of clinopyroxene, orthopyroxene and plagioclase with a small amount of 

magnetite (3%) (Table 4.1). This modelling therefore suggests that plagioclase is present in 

the assemblage (-35%) but that it is subordinate to pyroxene (-60%). Also, an Fe-Ti 

oxideis present in this assemblage, but the relatively small amount is because Ti remained 
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Figure 4.2: Primitive mantle normalised graphs for selected incompatible trace elements for rocks of the Ti 
Group compared with the results of the trace element modelling: (a): Model 1: 95-33 to 95-34b, (b) Model 
2: 95-26 to 95-36, and (c) Model 3: 95-36 to 95-41. 
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incompatible during differentiation (i. e. the parent rock (96-26) has 0.96% Ti02, whereas 

the daughter rock (95-36) has 1.06% Ti02). The trace element composition of the daughter 

rock is in reasonable agreement with the composition produced by 26% fractionation of the 

parent rock, 95-26 (Figure 4.2b). In detail, the modelled composition has higher 

concentrations of most elements, with Ba the most significantly enriched in the model 

composition over the daughter rock composition (Figure 4.2b). 

Stage Three (95-36 to 95-41): The results of the least squares modelling are noticeably 

different for this stage of the differentiation trend. The best fit (1r2 = 0.13) is achieved by 

30% fractionation of an assemblage dominated by clinopyroxene (44%) and amphibole 

(30%), with lesser plagioclase (20%) and magnetite (6%) (Table 4.1). In comparison to 

Stage Two therefore, amphibole has replaced orthopyroxene and the ratio of plagioclase to 

ferromagnesian silicates has been slightly reduced. The amount of Fe-Ti oxide in the 

assemblage, though it has doubled from stage two, is still small. Although Ti02 decreases 

between the parent rock (95-36: 1.06%) to the daughter rock (95-41: 0.95%), and so the 

bulk DTi is > 1, that is in part due to the presence of amphibole. If apatite is included in the 

model then the best fit can be slightly improved (from Fr2 = 0.13 to 7, r2 = 0.08). The 

P205 content of the parent rock (95-36: 0.39%) and the daughter rock (95-41: 0.4%) are 

almost identical and so the bulk DP must be - 1. As an assemblage of cpx + amp + plag + 

mag is unlikely to result in a bulk D1' of -1 this suggests that the fractionation of apatite may 

also have occurred. 

The trace element modelling for this stage again produces reasonable agreement between the 

rock and the model (Figure 4.2c). The calculated composition is enriched in most elements 

over the observed abundances, but the overall shape of the pattern is similar. In particular, V 

is compatible in the model, as observed in the rock, and Sm is fractionated from Zr resulting 

in increasingly positive Zr anomalies (Figure 4.2c). If a small amount of apatite (1%) is 

added to the assemblage, at the expense of clinopyroxene, then the agreement between the 

rock and the model is better, primarily because of the increased compatibility of the REE 

(Figure 4.2c). 

mftký 
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Conclusions on modelling of the Ti Group: 

1. The major and trace element data from this group seem to be consistent with a 

differentiation history controlled by crystal-liquid fractionation. 

2. The high MgO T1 rocks can be related by olivine + clinopyroxene accumulation. 

However, these high MgO rocks appear to preserve evidence for liquid compositions 

with higher MgO than the main body of the Ti trachyandesites because the high MgO 

rocks contain magnesian olivines of F085-91 (section 3.5.1). 

3. The earliest stage of differentiation in the main body of the T1 Group is suggested to 

have been controlled by pyroxene fractionation with a plagioclase to pyroxene ratio of 

- 0.5. A later stage of differentiation appears to have involved a significant proportion 

of amphibole and a greater percentage of magnetite. The combined effects of 

amphibole and Fe-Ti oxide fractionation results in compatible behaviour for Ti and V 

only during this last stage. Small amounts of apatite in the assemblages produces 

better fits to the models. 

4. To test further the models developed here the differentiation trends of individual 

source vents for the Ti Group need to be better established. 

4.2.2 T2 Group 

The T2 Group, which were collected from the same stratigraphic unit as the TI Group but 

further to the south, have compositions distinct from the Ti rocks (Chapter 3). Figure 4.3a 

is a plot of MgO vs. A1203 and illustrates that the T2 Group does define a similar negative 

trend to the T1 Group but over a more restricted range in MgO. However, three T2 rocks 

are displaced to lower A1203 (Figure 4.3a). Figure 4.3a suggests that the T2 Group may 

define a differentiation trend which is characterised by either increasing or decreasing A1203. 

A trend of decreasing A1203 might imply a greater involvement for plagioclase than the T1 

Group. However, the T2 rocks which indicate a decrease in A1203 with decreasing MgO on 

Figure 4.3a are characterised by higher Sr abundances than the other T2 rocks. Therefore it 

is unlikely that these low A1203 T2 rocks result from fractionation from higher MgO T2 

parents involving plagioclase. 
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Figure 4.3: (a): MgO vs. A1203 for the TI and T2 Groups, (b): MgO vs. Zr for the TI and T2 Groups 
illustrating the sub-division of the T2 Group. 

The contrast between the trace element content of the majority of the T2 Group and these 

three low A1203 rocks is further illustrated in Figure 4.3b. The main body of the T2 data 

defines a flat correlation with Zr < 200ppm, distinct from the T1 trend. In contrast the low 

A1203 T2 rocks can be distinguished from the remainder of the T2 data by their higher Zr 

contents (Figure 4.3b). These low A1203 T2 rocks do not define a differentiation trend due 

to the limited compositional range in MgO. However, the low A1203 T2 rocks appear to 



Petrogenesis 1 117 

result from either a different differentiation history to the main body of the T2, or a different 

parental magma composition. The three low A1203 T2 rocks were collected at two localities 

-10-15 km away from most of the T2 rocks and so they may have been erupted from 

different source vents. These three low A1203 rocks are therefore defined as a sub-group: 

low A1203 T2. 

If the low A1203 T2 rocks are not differentiated from the other T2 rocks this suggest that the 

T2 differentiation trend on MgO vs. A1203 is a positive correlation broadly similar to the Ti 

Group (e. g. Figure 4.3a). In order to model this apparent trend two samples were chosen 

from either end of the main body of the T2 data: 95-64 (parent) and 95-51 (daughter) 

(Figure 4.3a). Least squares modelling using the observed phenocryst phases in these 

samples can produce good fits (E r2 = 0.05) but only with some of the phases in negative 

quantities i. e. suggesting phenocryst accumulation (Table 4.1). Differentiation from 95-64 

to 95-51 could be achieved by 5% fractionation of an assemblage dominated by olivine but 

only if plagioclase, clinopyroxene, orthopyroxene and magnetite were subtracted from the 

composition of 95-64 (Table 4.1). This may indicate that the higher MgO samples of this 

group may be partly accumulative in origin. Trace element modelling of this assemblage 

produces a reasonable fit between the daughter rock and the calculated composition with the 

model consistently having higher trace element abundances than the actual rock composition 

(Figure 4.4a). This suggests that the compositional range observed in the T2 rocks may be 

related to processes of fractional crystallisation of olivine and accumulation of pyroxene and 

plagioclase. However such a model would not be able to explain the horizontal trend for Zr 

of the T2 rocks with decreasing MgO (e. g. Figure 4.3). 

The petrography of the T2 Group is different to that of the T1 Group (section 3.3). In 

particular, T2 rocks are characterised by, on average, a higher percentage of phenocrysts 

(15-30%) which commonly show evidence for crystal-liquid disequilibrium. Therefore a 

mixing model has been tested for the T2 Group on diagrams of V/Zr vs. 1/Zr and Ni/Zr vs. 

V/Zr shown in Figure 4.4b&c. As Zr is the denominator to both axes on these plots mixing 

is a straight line. The T1 Group defines a curve of decreasing V/Zr with decreasing 1/Zr 
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Figure 4.4: (a): Primitive mantle normalised graph illustrating the results of fractionation modelling for the T2 Group, (b): V/Zr vs. 1/Zr illustrating a mixing model for the T2 Group, and (c): V/Zr vs. Ni/Zr also illustrating a mixing model for the T2 Group. 



Petrogenesis 1 119 

because Zr remains incompatible during differentiation of this Group, whereas V becomes 

increasingly compatible as the amount of Fe-Ti oxide and amphibole increases in the 

assemblage (Figure 4.4b). In contrast, the T2 Group do not define a curve and the main 

body of the T2 data plot as a field which is displaced to higher 1/Zr at a similar V/Zr to Ti 

(Figure 4.4b). The second mixing diagram produces a similar result with the T2 rocks 

displaced to higher Ni/Zr (Figure 4.4c). 

On both diagrams the T2 field can be modelled as a mixture (-25-50% mixing) of a high 

MgO Ti rock and an amp + bt dacite (Figure 4.4b&c) (mixing calculated by the method of 

Langmuir et al., 1978). The low A1203 T2 rocks are not explained by this mixing model, 

but instead may be consistent with a differentiation trend broadly similar to the T1 rocks 

(Figure 4.4b&c). One other T2 rock (95-51) is distanced from the main body of the T2 data 

on Figure 4.4b&c. As this rock was collected -15 km from the main body of the T2 rocks, 

it may be derived from a different source vent and may therefore have experienced a different 

differentiation history to the main body of the T2 data. 

In summary it is argued therefore that modelling of the T2 rocks indicates a differentiation 

history different from the Ti Group for the majority of the T2 data. Least squares and trace 

element modelling suggests that the main body of the T2 data can be explained by 

fractionation of the observed phenocryst phases only if significant phenocryst accumulation 

has also occurred. However, mixing diagrams suggest that the composition of the T2 rocks 

may have resulted from magma mixing between a high MgO magma and a more evolved 

amp+bt dacite magma. The mixing model for the T2 Group is further examined in section 

4.2.4 when the dacitic Groups are considered. Three low A1203 T2 rocks define distinct 

compositions whose differentiation history is not well established but may be similar to the 

T1 Group. 

4.2.3 Early Trachyandesites 
The early trachyandesite Group contains rocks ranging from -2 to 8 wt% MgO, however the 

low L. O. I. rocks in this Group define a much more restricted compositional range (-5 to 8 

MgO). This precludes any major element modelling because the CaO contents of the high 
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L. O. I. samples are unreliable, and to perform major element modelling of clinopyroxene- 

phyric rocks without considering CaO is unlikely to provide useful constraints. Therefore 

this group is discussed just in terms of its trace element composition in this section. 

The early trachyandesites are distinguished from the Ti and T2 by higher (Gd/Yb)� ratios, 

which appear to be independent of fractionation, and by their lower 143Nd/144Nd (-0.5115) 

ratios (section 3.6.4.2; 3.6.5). Therefore a key issue with regard to this Group is whether 

these compositional characteristics result from differences in parental magmas, or whether 

they result from crustal contamination. The early trachyandesite Group is also characterised 

by the highest Ti/Y ratios which allow them to be distinguished from the Ti and T2 Groups 

(Figure 4.5a). 

In addition, Figure 4.5a suggests that the early trachyandesite rocks cannot all have been 

derived from a single parental magma as the data plots in two sub-groups: early TA and early 

TA-high Ti/Y. The early TA sub-group suggests that the Ti/Y ratio is independent of 

fractionation in rocks from -4 to 8 wt% MgO, whereas the early TA-high Ti/Y sub-group is 

defined by a restricted range of more evolved rocks. These variations in Ti/Y suggest that 

the early trachyandesite Group is characterised by higher Ti/Y ratios than either Ti or T2 

Groups which probably relates to differentiation from higher Ti/Y parental magmas. (Note: 

The early TA sub-group is known to be stratigraphically older than the Ti and T2 Groups 

(Chapter Three), but the relative stratigraphic position of rocks of the early TA-high Ti/Y 

sub-group are not known. In addition, 143Nd/1'Nd has not been measured for the early 

TA- high Ti/Y sub-group and therefore it has not been established whether the low 

143Nd/144Nd signature (-0.5115) characterises the early TA high Ti/Y sub-group). 

Figure 4.5b is a plot of Ti/Y against Zr/Y to illustrate that the early TA sub-groups are also 

characterised by generally higher Zr/Y ratios in comparison to the T1 and T2 Groups. The 

higher Zr/Y ratios in the early TA rocks occur because they have both higher Zr contents and 
lower Y contents at similar MgO to the T1 rocks for example (e. g. Figure 3.14d). Plotted on 
Figure 4.5b are granitoids from the Idaho batholith which are characterised by high Sr and 
low HREE compositions interpreted to result from partial melting in the lower crust in the 
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Figure 4.5: (a): MgO vs. Ti/Y illustrating the sub-division of the early trachyandesite Group, (b): Zr/Y vs. 
Ti/Y illustrating the high Ti/Y and Zr/Y composition of the early trachyandesite Group, (c): An isochron 
plot of 147Sm/144Nd 

vs. 143Nd/144Nd to illustrate the low 143Nd/144Nd composition of the early 
trachyandesite Group. 
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presence of residual garnet (Clarke, 1990). These granitoids are not suitable contaminants to 

explain the low 143Nd/144Nd (-0.5115) of the early trachyandesites because their 

143Nd/144Nd ratios are too high (-0.512: Figure 4.5c) (Clarke, 1990). However, as they 

are examples of low HREE granitoids they broadly indicate the vector on Figure 4.5b for 

contamination of mantle derived magmas by low HREE granitoids. 

The Ti and T2 Groups are characterised by a negative correlation which, in the case of the 

Ti Group, suggests that fractional crystallisation results in decreasing Ti/Y and increasing 

Zr/Y (Figure 4.5b). In contrast, the early trachyandesites are displaced to higher Ti/Y and 

Zr/Y (Figure 4.5b). This suggests that the early trachyandesite Group is characterised by 

higher Ti/Y and higher Zr/Y parental magmas (Figure 4.5b). The positive trend of the early 

TA Group on Figure 4.5b is away from the field for the Idaho batholith suggesting that the 

higher Zr/Y of the early trachyandesites, relative to the Ti and T2 Groups, is not related to 

assimilation of rocks such as the granitoids of the Idaho batholith. 

It is argued therefore that the early trachyandesites Group appears to require distinct parental 

magmas compositions characterised by higher Ti/Y and Zr/Y than the T1 and T2 Groups. 

The higher Ti/Y and Zr/Y ratios of the early trachyandesites may indicate that these rocks are 

derived by smaller degrees of melting of similar sources to the Ti or T2 Groups. However, 

the lower 143Nd/144Nd of the early TA sub-group also suggests that source heterogeneity 

may be significant. 

Figure 4.5c is an isochron plot of 147Sm/144Nd vs. 143Nd/144Nd to investigate the low 

143Nd/144Nd composition of the early TA sub-group. The early trachyandesite sub-group 

is characterised by the lowest 143Nd/144Nd and the lowest 147Sm/144Nd of all the Challis 

rocks (Figure 4.5c). Overall, the Challis data do not plot along an isochron as they tend to 

fall between the 1.5 Ga and 2.4 Ga reference lines through a depleted mantle composition. 

This suggests that the low 143Nd/144Nd of the early trachyandesites is related to the presence 

of an older, LREE-enriched component in these rocks relative to T1 and T2, and not to 

differences in the Sm/Nd ratio of a component of the same age (Figure 4.5c). 
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Representative data for granitoids of the Idaho Batholith are also plotted (Clarke, 1990) and 

they illustrate, as previously suggested, that these granitoids do not have a suitable isotopic 

composition to explain the low 143Nd/144Nd in the early trachyandesites by processes of 

crustal contamination of local granitoid magma (Figure 4.5c). However, intermediate to 

felsic granulite xenoliths from southern Idaho (Leeman et al., 1988) have wide ranging, low 

143Nd/144Nd (0.51023 - 0.51148) which would appear to provide suitably low 

143Nd/144Nd crustal rocks (Figure 4.5c). Average values for Ti/Y and Zr/Y for intermediate 

granulite xenoliths are 211 and 5.5 respectively, and for average felsic granulite xenoliths 

they are 136 and 5.6 respectively (Rudnick & Fountain, 1995). It is unlikely therefore that 

assimilation of granulite facies material by Ti or T2 magmas will result in an increase to the 

Ti/Y (-250) and Zr/Y (-10) of the early TA sub-group, or to the more extreme values (Ti/Y 

-350; Zr/Y -12) of the early TA-high Ti/Y sub-group. Therefore it is suggested that 

assimilation of granulite facies rocks with low 143Nd/144Nd is probably not responsible for 

the composition of the early TA or early TA-Hi Ti/Y sub-groups. 

Also plotted on Figure 4.5c are coeval (50-48 Ma) basaltic andesites, andesites and dacites 

from the Absaroka Mountains, situated approximately 350 km to the east of the Challis 

Volcanic Group (Meen & Eggler, 1987; Harlan et al., 1996). Meen & Eggler (1987) 

described two isotopically distinct volcanic series from the Absaroka Mountains with low 

143Nd/144Nd (HATS-0.5119 and HAB-0.5115) (Figure 4.5c), which they related to source 
heterogeneity associated with mantle enrichment events with CHUR model ages of 1.5-2.0 

Ga (HAB) and 1.3-1.4 Ga (HATS). These two series from the Absaroka Mountains have 

similar 143Nd/144Nd ratios to the Challis Volcanic Group but with lower 147SmJ144Nd 

(Figure 4.5c). This similarity in 143Nd/144Nd between rocks of the Challis Volcanic Group 

and the Absaroka Mountains may further suggest that this low 143Nd/144Nd signature in the 

Challis Volcanic Group is related to the REE composition of enriched source regions and not 

processes of crustal contamination. However, the Absaroka magmas have lower 87Sr/86Sr 

(section 3.6.5) and less radiogenic Pb isotopic composition (Norman & Mertzman, 1989) to 

the Challis Volcanic Group. 
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In summary it is argued that the early trachyandesite Group defines compositions which 

require distinct parental magma compositions. In particular the higher Ti/Y, Zr/Y and 

(Gd/Yb)� ratios do not appear to be explained by processes of magmatic differentiation. The 

low 143Nd/144Nd of the early TA sub-group appears to relate to source heterogeneity and not 

crustal contamination. It is concluded therefore that the early TA sub-Group defines 

variations which relate to the mantle source regions and will be considered further in section 

4.3. However, the early TA-high Ti/Y sub-group only contains evolved rocks (<_ 4% MgO) 

and therefore this sub-group is not considered in section 4.3. 

4.2.4 Dacitic Groups 

There are two Groups of dacitic lavas: the 2-pyroxene dacites (2-pyx) and the 

amphibole+biotite (amp+bt) dacites. In addition, the amp+bt Group can be subdivided into 

two sub-groups: Challis amp+bt and Hailey amp+bt as rocks of this type have been 

collected from each quadrangle but it is not known whether they are correlated 

stratigraphically. What is most striking about the dacitic rocks is that in contrast to the 

trachyandesites, plagioclase is the most abundant phenocryst phase. The dacitic Groups are 

examined using Si02 as an index of differentiation because SiO2 allows a better definition of 

the differentiation trends. The 2-pyroxene dacites are restricted in major element 

composition with -15-16% A1203 and -65% Si02 (Figure 4.6a). In contrast both amp+bt 

sub-groups have a wider compositional range which define shallow trends of broadly 

constant A1203 with increasing Si02 (Figure 4.6a). These shallow trends appear to initiate 

from the main field of the trachyandesite rocks and do not appear to be continuations of the 

T1 trend. One Challis amp+bt sample (95-40) is enriched in A1203 and, as this sample also 

has an high Eu/Eu* (--1) relative to the other dacitic rocks, it may be plagioclase 

accumulative. 

One of the most characteristic features of all the dacitic groups is decreasing Zr content with 
increasing Si02 (Figure 4.6b). This is in contrast to the T1 Group, but is broadly similar to 

the T2 Group (Figure 4.6b). In detail, both of the amp+bt dacite sub-groups have 

decreasing Zr with increasing Si02, whereas the 2-pyx Group is restricted in composition 
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and does not define a trend (Figure 4.6b). Zr should behave as an incompatible element 

(D<1) in all of the phenocryst phases identified in the dacitic rocks and therefore fractional 
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Figure 4.6: Graphs illustrating the composition of dacitic Groups relative to trachyandesite Groups (a): 
Si02 vs. A1203, (b): Si02 vs. Zr, and (c): Si02 vs. Ba. 

crystallisation of these phases cannot be responsible for decreasing Zr contents. However, 

fractionation of accessory zircon would have a significant affect on Zr content considering 
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the high partition co-efficients estimated for Zr in zircon (-1000, assuming DZ' = DHf, 

Fujimaki, 1986). Accessory zircon has not been identified in the dacitic rocks in this study 

but it has been reported from intrusive complexes thought to be the intrusive equivalents to 

the Challis Volcanic Group (Lewis & Kiilsgaard, 1991). Alternatively, the decreasing Zr in 

the dacitic rocks may indicate a role for low Zr crustal contaminants. Indeed, Bradshaw 

(1991) argued that decreasing Zr with increasing Si02 in extension associated magmatism 

from the Colorado River Trough region was associated with mixing with low Zr crustal 

melts. 

Possible relationships between trachyandesite Groups and dacitic Groups are illustrated in 

Figure 4.6c. The concentration of Ba in the dacitic Groups suggests that the Challis amp+bt 

dacites and the 2-pyroxene dacites are most probably related to the Ti trachyandesite Group 

as they appear to follow the Ti trend on Figure 4.6c. In contrast, the Hailey amp+bt dacites 

have higher Ba contents and could be related to either Ti or T2 trachyandesites. The T2 

Group are found in the southern part of the Challis quadrangle and therefore they crop out 

close to the Hailey amp+bt dacites. (Note: The two lowest Si02 Hailey amp+bt dacites are 

high L. O. I. rocks and therefore they are not plotted on Figure 4.6c, as are two of the Challis 

amp+bt dacites). 

The Plot of Si02 vs. Ba implies that the 2-pyx and Challis amp+bt dacites may lie along the 

Ti differentiation trend. However, when Si02 vs. K20 is viewed this relationship is not so 

clearly defined (Figure 4.7a). Both the Challis amp+bt dacites and the 2-pyx dacites have 

K20 lower than the T1 differentiation trend, with the 2-pyx dacites defining a near vertical 

trend (Figure 4.7a). Therefore to test whether these dacitic compositions could be produced 

by fractionation of the observed phenocrysts, the T1 rock (95-26) used to model T1 

differentiation, was taken as the parent and examples of the high-K (95-20) and low-K (95- 

47) 2-pyx dacites were taken as daughters (Figure 4.7a). 

If K20 is included in the modelling then good fits are not achieved (I r2 - 2) because the 

model produces K20 in the parental rocks of - 1- to 1.5% which is much lower than that 

observed in 95-26. However, if the same model is re-run excluding K20, then good fits can 

kk 
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Figure 4.7: (a): Si02 vs. K20 illustrating the relationship between the TI Group and dacitic Groups, (b): 
Primitive mantle normalised graph illustrating the results of modelling for the 2-pyroxene dacites, and (c): 
Primitive mantle normalised graph illustrating the results of modelling for the Hailey amp+bt dacite Group. 
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be achieved with I r2: 5 0.01 irrespective of whether the daughter is a high or low K dacite 

(Table 4.1). The main feature of these least squares fits is that plagioclase is now the 

dominant phenocryst phase, accounting for - 50% of the assemblage, and that the modal 

proportions are similar to petrographic observations. Furthermore, when ilmenite is used as 

the Fe-Ti oxide phase instead of magnetite, and when small amounts (< 1%) of apatite are 

included, the best fits are obtained. However, the amount of fractionation required is 

significantly larger (> 75%) than that required to model the Ti trend (-55%) over a similar 

range in Si02. 

Not surprisingly, considering the poor fits when K20 is included in the major element 

model, the incompatible element abundances of the model and daughter rock do not agree 

well (Model 1: Figure 4.7b). The model consistently overestimates the abundances of the 

trace elements, though the overall shape, with noticeable exceptions at Sr and Eu, is broadly 

maintained. The partition co-efficients used for Sr and Eu were 2.15 and 1.3 respectively. 

The value for Sr was calculated using the equation of Blundy & Wood (1993) using the most 

Anorthitic-rich composition (An70) measured from plagioclase phenocrysts in the 2-pyx 

dacites. The value for the REE were chosen from Rollinison (1993) and the DEu is an order 

of magnitude higher than the values for the other REE in plagioclase. Therefore the partition 

co-efficients for the REE suggest relatively reducing conditions, which is in agreement with 

the presence of ilmenite in these rocks. It seems unlikely that this poor fit in Sr and Eu 

between the model and the rock is due to the choice of partition co-efficients. Furthermore, 

K-feldspar has not been identified as a phenocryst phase in the 2-pyroxene dacites, whereas 

plagioclase is the most abundant phenocryst phase, and thus it does not seem likely that 
fractional crystallisation of K-feldspar was significant in these rocks. Therefore, although 

good fits can be obtained for the major element data ,a fractional crystallisation model is not 

supported by the trace element data, suggesting that the 2-pyroxene dacites are not derived 

from the most likely trachyandesite Group (Ti Group) by processes of fractional 

crystallisation. 
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The Ba content of the 2-pyroxene dacites suggest that the T1 Group is the most suitable 

parent magmas (e. g. Figure 4.6c). In addition, the fractional crystallisation model for the Ti 

Group suggests that amphibole is an important phenocryst phase in the latest stages of 

differentiation. However, the 2-pyroxene dacites are characterised by the absence of 

hydrous phenocrysts (<10%, modal abundance). It is possible therefore that a model of 

dehydration re-melting of TI rocks could explain the 2-pyx dacite compositions. This model 

has been tested by taking an average composition of the T1 Group (n=14) and modelling 

partial melting involving the breakdown of amphibole. 

The source mineralogy used was opx: cpx: plag: ilm: amp: apa = 0.2: 0.23: 0.32: 0.02: 0.22: 

0.01, with melt modes of 0.2: 0.23: 0.25: 0.01: 0.3: 0.01 respectively and the partition co- 

efficients were the same as those used for the fractionation model. The results of this 

modelling are illustrated on Figure 4.7b (Model 2). The modelled composition is broadly 

successful at reproducing the pattern of the 2-pyx dacites, and in particular Sr and Eu are 

consistent (Figure 4.7b). The melt fraction which produces the best fit (F=0.5) is probably 

too high to be realistic. However, the 2-pyx dacites are significantly phenocrystic (20-30%) 

and therefore in this model the whole-rock composition may be a mixture of melt+restite. 

This could explain the unrealistically high melt fraction required. Only one 2-pyx dacite has 

been analysed for its isotopic composition but it is within the range for the Ti rocks (section 

3.6.5) which is broadly consistent with this model. 

In summary although the petrogenesis of the 2-pyroxene dacites has not been well 

established it is suggested that a fractional crystallisation model from the most suitable 

trachyandesite Group (T1 Group) does not readily explain the data and that crustal re-melting 

of Ti rocks perhaps better explains the data. 

On a plot of Si02 vs. A1203 the amp+bt dacites are characterised by slightly scattered, flat 

trends which is best seen in the Hailey amp+bt dacites (e. g. Figure 4.6a). Unfortunately, 

the two lowest Si02 Hailey amp+bt dacites are high L. O. I. rocks and therefore not suitable 

for modelling. Least squares modelling has been performed on some of the more evolved 

Hailey amp+bt dacites in order to test whether this flat trend can be reproduced by 
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fractionation of the observed phenocryst phases. The best fit (ßr2 = 0.01) is achieved with 

33% fractionation between 95-87 as parent and 95-85 as the daughter rock (Figure 4.6a) 

with amphibole (49%), K-feldspar (27%) and plagioclase (18%) the dominant phases (Table 

4.1). This model was tested using the trace element composition of these samples and the 

agreement between the model and the rock is reasonably good except that the model is unable 

to explain the decreasing Zr contents (Model 1: Figure 4.7c). 

As has been previously discussed the decreasing Zr content in the amp+bt dacites suggests 

that zircon may be required during fractionation. Therefore the same trace element model 

was run including 1% zircon at the expense of amphibole and the result is plotted on Figure 

4.7c (Model 2). The presence of 1% zircon reduces the fit as the model has significantly 

lower Zr than the rock (Figure 4.7c). The only other element affected by the presence of a 

small amount of zircon in the model is Y and this does not change significantly (Figure 

4.7c). Thus much of the major element and trace element data of the Hailey amp+bt dacites 

can be broadly reproduced by a fractional crystallisation model as long as «1% zircon is 

used in the modelling. Furthermore, the amp+bt dacites are characterised by decreasing 

P205 with increasing Si02 as well as the decreasing Zr. Thus fractionation of apatite may 

also be involved in these rocks. 

It has already been suggested that the Hailey amp+bt dacites are most closely associated with 

the T2 trachyandesites, though no obvious relationship between the two was found (e. g. 

Si02 v Ba: Figure 4.6c). The previous discussion on the petrogeneis of the T2 

trachyandesites suggested that magma mixing had occurred, and that the 2-pyx dacites may 

be a suitable high Si02 end-member for this mixing process because of their low Zr 

contents. Figure 4.8a is a plot of P205 vs. Zr and this further examines the relationship 

between the T2 Group and the amp+bt dacites. The Hailey amp+bt dacites are characterised 

by a shallow positive correlation indicating that the low Zr and low P205 character of these 

rocks is correlated. However, this is not as clearly observed in the Challis amp+bt dacites 

(Figure 4.8a). Also, Figure 4.8a suggests that the P205 and Zr composition of the amp+bt 
dacites can not fully explain the T2 mixing model because they do not provide a end- 
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member with sufficiently low Zr. Therefore an alternative high Si02 end-member is 

required. 
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Plotted on Figure 4.8a are rocks of the Challis pink granite suite (Criss & Fleck, 1987; 

Clarke, 1990; Lewis & Kiilsgaard, 1991). The pink granites are a suite of peraluminous 

plutons associated with the Challis Volcanic Group which are thought to be derived by 

processes of crustal melting (Clarke, 1990; Lewis & Kiilsgaard, 1991). Figure 4.8a 

illustrates that the pink granites are characterised by low P205 contents and variable Zr 

contents which could provide a suitable end-member for T2 mixing model. Also, the most 

suitable mafic end-member for the T2 mixing model are the low A1203 T2 rocks as they have 

sufficiently high P205 contents whereas the majority of the Ti rocks do not (Figure 4.8a). 

As the Hailey Amp+bt dacites also trend towards the field for the pink granite suite then a 

mixing model may also explain the decreasing Zr content with increasing Si02. 

Such a mixing model is examined on a mixing diagram (1/Zr vs. P/Zr) in Figure 4.8b. The 

Hailey amp+bt dacites do define a good mixing line between the low A1203 T2 rocks and the 

pink granites, whereas the Challis amp+bt dacites do not (Figure 4.8b). The T2 

trachyandesites do not define a good mixing line but their position on the diagram is 

consistent with a mixing model. This is in agreement with the previous mixing diagrams 

used to investigate the T2 rocks which could reproduce the position of the T2 rocks but did 

not reveal good mixing trends (e. g. Figure 4.4). Furthermore, Figure 4.8b suggests that the 

T2 rocks and the Hailey amp+bt dacites may result from broadly similar, yet in detail 

different, mixing processes as the composition of the inferred high Si02 end-member 

appears to be different in each case (Figure 4.8b). In addition, the products of the mixing 

processes are different as the T2 rocks are restricted in composition, whereas the Hailey 

amp+bt dacite define a range of compositions along a mixing line (Figure 4.8b). 

Mixing lines have been calculated between a low A1203 T2 rock and two pink granite rocks 
(Figure 4.8b). Addition of pink granite with high 1/Zr (-0.0012) to low A1203 T2 rocks 

requires > 25% but < 75% mixing to reproduce the composition of the T2 data (Figure 

4.8b). In contrast addition of low 1/Zr (-0.005) pink granite to low A1203 T2 rocks requires 

>75% mixing to reproduce the amp+bt dacites rocks (Figure 4.8b). Therefore it may be 

more reasonable to suggest that the amp+bt rocks may be rocks of the pink granite suite that 
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have mixed with < 25% of the T2 end-member. This contrast in the gradient of the mixing 

lines between low A1203 T2 and high and low Zr pink granites may therefore explain why 

the amp+bt dacites define a good mixing line, whereas the T2 rocks are restricted in 

composition. 

The available Sr isotopic data for these rocks are broadly consistent with this model. 

However, it has not been fully tested as the low A1203 T2 rocks have not been analysed for 

their isotopic compositions nor have enough samples been analysed across the Hailey 

amp+bt dacite trend (Figure 4.8c). However, the low P/Zr component in both the T2 and 

amp+bt dacites is characterised by the highest 87Sr/86Sr, and these compositions are within 

the known range in 87Sr/86Sr for the pink granite suite (Clarke, 1990) (Figure 4.8c). 

In summary the 2-pyx dacites appear to be most closely related to the T1 trachyandesites but 

fractionation models using a T1 parent are not successful. A model involving re-melting of 

amphibole-bearing T1 rocks in the crust is more successful at broadly reproducing the 2-pyx 

dacite compositions. Fractional crystallisation models for the Hailey amp+bt dacites are 

more successful but must involve zircon («1%) and apatite to account for decreasing Zr and 

P205 with increasing Si02. However a mixing model involving Challis pink granite 

compositions is also broadly consistent with the data. It has previously been suggested 

(section 4.2.2) that the amp+bt dacites provided a suitable end-member for the T2 mixing 

model. However this would now appear to be incorrect, and instead the T2 Group has 

experienced mixing with crustal melts similar to rocks of the pink granite suite. 

4.2.5 Conditions of Differentiation. 

Petrogenetic modelling has suggested that only the T1 Group has evolved from more mafic 

parental magmas through processes of fractional crystallisation. The modelling of the other 

Groups suggests that mixing with crustal melts, or perhaps the re-melting of T1 rocks, 

contributed significantly in processes of magmatic differentiation. The T1 Group therefore 

appears to provide rocks in which fractional crystallisation is the most important 

differentiation mechanism and permits a discussion of the physical conditions of crystal- 

liquid differentiation. 



134 Chapter Four 

The T1 Group contains rocks ranging from 2-18% MgO, with the majority between 2 and 

8% MgO. A significant feature of the Ti Group is their moderate-high K content (1-4%, 

majority 2-4%). High K20 contents during magmatic differentiation are thought to have a 

similar effect to high H2O contents as they expand the phase field for olivine at the expense 

of pyroxene and plagioclase, and also hypersthene replaces pigeonite as the low-Ca 

pyroxene (Meen, 1990). The experimental studies of Meen (1987; 1990) and Baker & 

Eggler (1987) were conducted on a starting composition of sufficiently high K20 to be 

broadly applicable to the Ti Group (0.82 - 3.34 %, 0.48 - 2.56 % and 0.52 - 2.47 % 

respectively). The results of Meen (1987; 1990) may be of particular interest as these relate 

to Eocene magmatism of the Absaroka Mountains (50-48 Ma), situated -350 km to the east 

of the Challis Volcanic Group. 

The main body of the Ti data (55-60% Si02) was modelled in two stages of fractional 

crystallisation because of an apparent inflexion in the differentiation trend: 

1.35% plag + 31% cpx + 31% opx + 3% mag (26% fractionation) 

2: 44% cpx + 30% amp + 20% plag + 6% mag (30% fractionation) 

This suggests that differentiation in this Group is consistent with the POAM 

(plag+opx/ol+augite+mag) crystallisation model thought to be important in producing 

andesitic composition from less evolved parental magmas by fractional crystallisation (e. g. 

Gill, 1981). In addition, the modelling suggested that amphibole becomes an important 

phase in the latest stages of differentiation. The presence of amphibole indicates that 

significant amounts of dissolved H2O were present in the later stages of differentiation (> 3 

wt%, e. g. Gill, 1981). The Ti Group has been modelled by 55% fractionation from the 

least evolved trachyandesite to the most evolved, amphibole-phyric dacite. If the dacite must 

have contained >3 wt% H2O, and it is assumed that H2O is perfectly incompatible, then the 

least evolved rocks may have contained -1.5 wt% H2O. 

The presence of sufficient H2O to stabilise amphibole in these magmas means that the 

experimental results of Meen (1987; 1990) are not directly applicable. The phase relations 
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determined in those studies relate only to conditions where the H2O contents are sufficiently 

low as not to affect phase relations. The experiments of Baker & Eggler (1987) were 

conducted on high alumina basalts and andesites from the Aleutian and Marianas island arcs. 

Experiments were performed at 1 atm. and 8kbar (anhydrous) and 2 and 5kbar (hydrous - 
2wt% H2O) pressures. Both hydrous and anhydrous experiments produced melt 

compositions defining fields for plag, aug, of and opx separated by liquid lines of multiple 

saturation (LLMS) when projected onto pseudoternary phase diagrams (Baker & Eggler, 

1987). Under all of these conditions olivine reacts with the melt to produce orthopyroxene 

(Baker & Eggler, 1987). The effect of increasing pressure on phase relations is to increase 

the phase volume for augite relative to olivine, whereas the effect of increasing H2O is to 

reduce the plagioclase phase volume relative to ferromagnesian silicates (Baker & Eggler, 

1987). 

The LLMS 'of Baker & Eggler (1987) are plotted on Figure 4.9 in two pseudoternary 

projections from diopside+mag (Figure 4.9a) and from plagioclase+mag (Figure 4.9b). 

Broadly, the two projections are useful at indicating contrasting controls on phase relations. 

The diopside+mag projection is sensitive to variations in the pressure of differentiation. 

Increasing pressure causes the plag+ol+aug LLMS and plag+ol+opx LLMS to shift towards 

the olivine apex (Figure 4.9). Increasing H2O has the opposite effect on the plag+ol+opx 
LLMS, but the effect is smaller than that of pressure (Baker & Eggler, 1987). The 

plag+mag projection is more sensitive to variations in the H2O content of the magma. With 

increasing dissolved H2O the plag+aug+opx LLMS shifts towards the plagioclase apex due 

to the reduction of the plagioclase phase volume (Figure 4.9). Broadly therefore the 

diopside+mag projection can be viewed as a geobarometer and the plag+mag projection as a 

geohygrometer (Baker & Eggler, 1987). 

The TI Group has been recalculated after the method of Baker & Eggler (1983) and 

projected onto the pseudoternary phase diagrams (Figure 4.9). The highest Si02 samples of 

the Ti Group which are amphibole-phyric are not plotted as the crystallisation of amphibole 
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will significantly change the position of the LLMS (Baker & Eggler, 1987). The T1 Group 

defines a field on Figure 4.9 which does not correspond obviously to any of the LLMS 
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of Baker and Eggler (1987). This suggests that the exact conditions of differentiation of the 

TI Group are not reproduced by these experimental results. However a number of broad 

observations can be made. On the diopside+mag projection the Ti Group fall closer to the 

lower pressure LLMS and are displaced towards the plagioclase apex relative to 1 atm 

anhydrous LLMS (Figure 4.9a). This may suggest that dissolved H2O contents were high 

enough to cause a reduction in the plagioclase phase volume relative to anhydrous 

experimental results seemingly in accord with the presence of amphibole in the T1 Group. 

On the plag+mag projection the Ti Group are displaced towards the diopside apex which 

probably points to a relatively low pressures of differentiation. Perhaps closer to the 1 atm - 
5 kbar LLMS rather than the 8 kbar LLMS (Figure 4.9b). 

It is concluded therefore that the experimental results of Baker & Eggler (1987) are probably 

the most applicable to the Challis Volcanic Group. It is suggested that the phase relations of 

the T1 Group may show evidence for relatively low pressures of differentiation (probably 

closer to 2-5 kbar than 8 kbar) and sufficiently high dissolved H2O to cause a noticeable 

reduction in the plagioclase phase volume relative to anhydrous conditions. 

It was suggested earlier that the anhydrous phase relations determined by Meen (1987) on 

the Absaroka Volcanic Group were not applicable to the Challis Volcanic Group. This 

suggests that rocks of the Absaroka Volcanic Group may be characterised by lower 

dissolved H2O contents. Figure 4.10 is a plot of Si02 vs. K20 to compare the 

differentiation trend of the T1 Group and that of the HATS and HAB series of the Absaroka 

Volcanic Group (Meen & Eggler, 1987). The HATS and HAB series of the Absaroka 

Volcanic Group are characterised by strong K20 enrichment associated with only minor 

Si02 enrichment, a trend which cross-cuts the positive correlation of K20 and SiO2 

characteristic of calc-alkaline magma series (Figure 4.10). The T1 Group of the Challis 

Volcanic Group is characterised by a more scattered, shallower trend (Figure 4.10). In 

addition the T1 Group appears to be characterised by higher K20 at similar Si02 than both 

the HATS and HAB series (Figure 4.10). 
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The HATS series of the Absaroka Volcanic Group has been interpreted as the result of 

anhydrous fractional crystallisation at high pressures (closer to 10 kbar than latm. ) (Meen, 
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1987). The anhydrous conditions are in agreement with the modelled fractional 

crystallisation assemblage which is characterised by a high proportion of plagioclase (65%) 

(Meen & Eggler, 1987 and reference therein). Therefore the differences in the differentiation 
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trend between the HATS series of the Absaroka Volcanic Group and the Ti Group of the 

Challis Volcanic Group are attributed to the lower K20 contents, perhaps lower H2O 

contents and higher pressures of differentiation of the HATS series. 

4.2.6 Summary 

The processes of magmatic differentiation of parental magmas for the Challis Volcanic 

Group are summarised in Figure 4.10b. Figure 4.10b is a plot of Si02 vs FeO*/MgO which 

is commonly used to distinguish between tholeiitic and calc-alkaline differentiation trends 

(Miyashiro, 1978). Tholeiitic trends are characterised by Fe-enrichment in the earliest stages 

of differentiation producing steep trends on Figure 4.10 as exemplified by the trend of 

Thingmuli Volcano of Iceland (Carmichael, 1964). The trend for Thingmuli flattens out 

once magnetite joins the fractionating assemblage (Carmichael, 1964) (Figure 4.1Ob). In 

contrast, calc-alkaline rocks are characterised by flatter trend indicative of suppressed Fe- 

enrichment during differentiation. The calc-alkaline trend is commonly observed in rocks 

associated with subduction, however both tholeiitic and calc-alkaline trends do occur in the 

subduction zone environment (e. g. Gill, 1981). 

The Groups defined in this study broadly define two trends on Figure 4.10b. A steeper 

trend defined by the TI Group and more shallow trends defined by the T2 and the Hailey 

amp+bt dacite Groups (Figure 4.10b). Modelling of the Ti Group suggests that fractional 

crystallisation is the major control on Si02 enrichment in this Group and the trend is 

shallower than that of the initial stages of differentiation of Thingmuli Volcano, and more 

similar once magnetite has entered the Thingmuli assemblage (Figure 4.10b). It is suggested 

that the control on this shallower calc-alkaline trend is probably the relatively low percentage 

of plagioclase in the assemblage (< 35%) and the small amount of magnetite (3-6%) which 

combine to suppress significant Fe-enrichment (e. g. Grove & Baker, 1984). In contrast 

magma mixing with crustal melts, and possibly re-melting of Ti rocks, controls the calc- 

alkaline trends in the other Groups (Figure 4.10b). This is illustrated in Figure 4.10b with a 

mixing line between a Ti rock and a pink granite crustal melt. The mixing line is curved 
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which indicates that up to 75% of a crustal melt can be added without significant Fe- 

enrichment. 

4.3 Partial Melting and the Mantle Source Regions 

The section aims to investigate variations in the composition of the least evolved samples 

which may provide constraints on the composition of the primary magmas. Additionally, any 

variations in the composition of primary magmas through time which can be used to infer 

changes in the conditions of partial melting and/or the mantle source regions, would provide 

significant constraints on regional tectonic models. On some diagrams only a subset of data 

- samples with > 6% MgO - are plotted to minimise the effects of differentiation from 

parental compositions. Although the T2 Group has samples with > 6% MgO they are not 

plotted because they are thought to have mixed with crustal melts. Two Groups discussed in 

this section are defined by only a few samples - early trachybasalts (n=2) and the high Nb/La 

basaltic andesites (n=3); and as all samples from these Groups are relatively unevolved (> 

5% MgO) they are included even though their differentiation trends are not well established. 

4.3.1 Major Elements 

Figure 4.11a is a plot of Si02 vs. Mg# to investigate the composition of primary magmas of 

the Challis Volcanic Group. An Mg# of 73 has been chosen to represent the composition of 

a primary mantle derived magmas because a magma with an Mg# of 73 is in equilibrium with 

mantle olivine of Fo90. Rocks from the early TA, early TB, T1 and T2 Groups all have 

Mg#'s near to 73 (Figure 4.11 a). Unfortunately none of these rocks can be clearly shown to 

be primary liquids as they all have >_10% phenocrysts, nor are their Ni contents high enough 

to indicate primary liquid compositions (majority < 150 ppm). 

The most magnesian compositions with <10% phenocrysts are the least evolved early TA 

rocks (Mg# -70) and the least evolved of the main body of the Ti Group (Mg# -- 60) (Figure 

4.11a). Both Groups have Ni contents <100 ppm and therefore are more evolved than 

primary liquid compositions. If it is assumed that the early fractionation assemblage in these 

Groups is dominated by olivine, broad estimates can be made of the approximate Si02 
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Figure 4.11 (a): Si02 vs. Mg# for trachyandesite Groups to investigate the composition of primary 
magmas, and (b): histogram of wt% MgO calculated for liquids in equilibrium with the most magnesian 
olivines and clinopyroxenes. 

content of magmas with Mg# of 73 (Figure 4.11 a). Broadly, this assumption suggests that 

primary magmas to these Groups had Si02 contents of - 50-52% similar to the composition 

of the early trachybasalts (Figure 4.11 a). 
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Although the high MgO T1 rocks have been interpreted to be in part accumulative in origin, 

the olivines in these rocks are the most magnesian (cores: Fo85-91) of any rock analysed 

(section 3.5.1). The olivines may be used therefore to estimate the magnesium content of 

magmas from which they crystallised. The wt % MgO of the liquid in equilibrium with 

olivines (assuming KdFe-Mg = 0.3, Roeder & Emslie, 1970) and clinopyroxene (assuming 

KdFe-Mg = 0.26, Sisson & Grove, 1993) have been calculated assuming that the FeO* in the 

liquid =9 wt%. The results are presented in Figure 4.1 lb. Clinopyroxenes appear to be 

equilibrium with liquids ranging from 4-12% MgO with the majority at -6-8% MgO (Figure 

4.1 lb). Olivines appear to be in equilibrium with liquids ranging from 6-20 % MgO with 

the majority at - 10-12% MgO (Figure 4.1 lb). Although the amount of data does not allow 

for any quantative estimate of the MgO contents, it appears to suggest that these phenocrysts 

crystallised from liquids with MgO of perhaps z 10-12%. 

In summary it is argued that the Challis Volcanic Group are clearly mantle-derived magmas 

considering their high Mg#'s. However the data do not clearly allow constraints to be placed 

on the major element composition of primary magmas. It is suggested that the Ti and early 

trachyandesite Groups may be derived from primary liquids with -50-52% Si02 and >10% 

MgO assuming that early fractionation of primary magmas is dominated by olivine. These 

inferred compositions may be broadly similar, in major element composition, to the primary 

magmas of the early trachybasalt Group. The mixing model developed for the T2 Group 

suggests that rocks with high Mg#'s (-70) and high Si02 contents (>55%) are the products 

of increasing magmatic differentiation and are not high Si02 primary magmas. 

Rogers et al (1995) suggested that basaltic suites from the south-western USA which had 

incompatible element and radiogenic isotope characteristics indicative of a lithospheric source 

(i. e. low Nb/La) also have a distinct major element composition in comparison to basaltic 

suites with asthenospheric incompatible trace element and radiogenic isotopic signatures. In 

particular the 'lithospheric' basalts have lower FeO* and higher Si02 (Rogers et al., 1995) 

Figure 4.12a. 
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Figure 4.12 (a): Feg vs. Sig for rocks of the Ti Group compared to the composition of basaltic suites from 
the southwestern U. S. A. (see Rogers et al., 1995), and (b): FeO* vs. Si02 for the least evolved rocks of the 
early trachybasalt, early trachyandesite and Ti Groups compared with results of experimental anhydrous 
partial melts of KLB-1 (see Hirose & Kushiro, 1993). 

The data are plotted as Feg and Sig which represent the abundance of these major elements at 

an MgO of 8 wt %, calculated by linear regression in a manner similar to the method of Klein 

& Langmuir (1986). The calculation of major elements at 8% MgO allows different basaltic 

suites to be compared at a common, relatively unevolved, level of differentiation. Basaltic 

suites with 'lithospheric' signatures (i. e. low Nb/La) are characterised by lower. Feg in 

particular, and higher Sig compositions (Figure 4.12a). Pressure is an important control of 
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any co-variation in FeO* and Si02 in basaltic magmas, because partial melts derived from 

greater pressures are characterised by higher FeO* and lower Si02 (Hirose & Kushiro, 

1993). However, Rogers et al. (1995) suggested that pressure alone could not explain the 

variations observed in the western U. S. A. because the inferred pressure of segregation for 

the 'lithospheric' basalts were unreasonably low (i. e. at crustal depths of < 50 km). Instead, 

Rogers et al. (1995) suggested that the low Feg and high Sig probably reflected the controls 

of source fertility and the conditions of melting, in addition to any differences in the pressure 

of segregation between asthenospheric and lithospheric derived magmas in the southwestern 

U. S. A. 

The data for the T1 Group has been calculated in similar manner and the results are plotted 

on Figure 4.12a. Only the Ti Group has been used because it is the only Group which 

defines a differentiation trend suitable for a linear regression. The regression was carried out 

only on rocks between 3 and 8 wt% MgO so that high and low MgO rocks were not 

influential. The Feg and Sig of the Ti Group is broadly consistent with the data of Rogers et 

al. (1995): rocks with lithospheric incompatible trace element and radiogenic isotopic 

signatures display low Feg and high Sig composition in comparison to asthenospheric basalts 

from the western USA (Figure 4.12a). The low Feg signature appears to be particularly 

diagnostic between the lithospheric and asthenospheric magmas (Figure 4.12a). 

Although the exact reasons for these variations are not clear, low FeO* and high Si02 

compositions appear to be consistent with the interpretation that the low Nb/La and low 

143Nd/144Nd mantle derived magmas result from partial melting of depleted, hydrous 

lithospheric mantle peridotite (Rogers et al., 1995). 

Figure 4.12b compares the major element composition of the Challis Volcanic Group with 

results from experimental studies on the partial melting of mantle peridotite. The 

experimental results plotted are from Hirose & Kushiro (1993) and are anhydrous partial 

melts generated between 10 and 30 kbar. The peridotite used was KLB-1, which is a spinel 

peridotite from Kilbourne Hole, New Mexico, and is a relatively fertile composition with 
58% olivine, 25% orthopyroxene, 15% clinopyroxene and 2% spinel (Takahashi, 1986). 

1h, 
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The FeO* and Si02 composition of these experimental partial melts are shown because co- 

variations in the FeO* and Si02 contents of these magmas has been shown to be related to 

the depth of segregation (Hirose & Kushiro, 1993) (Figure 4.12b). A minimum depth of 

segregation of -15 kbar for the Challis Volcanic Group can be inferred from the present day 

crustal thickness of central Idaho (40-45 km, Braile et al., 1989) . At the time of eruption 

(-48-49Ma), prior to Tertiary extension, the crustal thickness must have been >40-45 km 

and therefore it seems likely that the Challis Volcanic Group were derived from depths of 

>15 kbar. 

The results of Hirose & Kushiro (1993) show a negative correlation between FeO* and Si02 

with the higher pressure partial melts characterised by higher FeO* and lower Si02 (Figure 

4.12b). Only the Ti Group (excluding the accumulative rocks), early trachyandesites and 

early trachybasalts have been plotted because these are the only Groups to contain primitive 

compositions which are close to liquids. Also plotted are the compositions of the most 

magnesian olivines to illustrate the effect of early olivine fractionation. 

The early TA and T1 Group are enriched in Si02 over anhydrous partial melts of KLB-1, 

and the early TA Group have lower FeO* at a similar Si02 to the T1 Group (Figure 4.12b). 

It is difficult to establish whether this difference in FeO* is a feature of the primary magmas 

to these Groups because the differentiation from primary compositions can only be assumed. 

The early trachybasalts and the estimated primary compositions for the early TA and T1 

Groups are more similar to the experimental results, but only overlap with anhydrous melts 

generated from KLB-1 at 10-15 kbar (Figure 4.12b). Therefore if the Challis Volcanic 

Group were derived from depths greater than 15 kbar, it would appear that the inferred 

primary magma compositions were enriched in Si02 and depleted in FeO* in comparison to 

partial melts of KLB-1 generated at > 15 kbar (Figure 4.12b). 

The suitability of KLB-1 as a potential analogue to the source region for the Challis Volcanic 

Group can be examined using the Cr-spinel data (section 3.5.2). The Early TA and Ti 

Groups of the Challis Volcanic Group have refractory Cr-spinel compositions (Cr# > 0.7) 

suggesting that the residue to partial melting for the Challis Volcanic Group is also 
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characterised by refractory compositions. The residue to hydrous partial melts of KLB-1 at 

10 kbar is characterised by refractory Cr-spinel compositions (-0.7) only when the degree of 

melting is high (>30%) (Hirose & Kawamoto, 1995). However, the incompatible element 

abundances of the Challis Volcanic Group are not consistent with derivation of these 

magmas by 30% partial melting (section 4.3.2). Therefore it is probable that KLB-1 is not a 

entirely suitable analogy for the source region for the Challis Volcanic Group as it is 

probably too fertile in composition. In comparison to partial melts of fertile source regions, 

partial melts of more depleted mantle source regions are thought to be enriched in Si02 and 

depleted in FeO* (e. g. compilation of Turner & Hawkesworth, 1995). Therefore the 

apparent enrichment in Si02 and depletion in FeO* and refractory Cr-spinel composition of 

the inferred primary magmas over experimental results of KLB-1 may relate to partial 

melting of a more depleted (<15% cpx) mantle source regions. 

Relative depletions in HFSE over REE and LILE of similar incompatibility characterise the 

least evolved magmas of the Challis Volcanic Group and therefore probably characterise 

primary magma compositions (Chapter 3). This is in agreement with previous work on 

extension associated magmatism from the western U. S. A. (e. g. Hawkesworth et al., 1995). 

As these anomalies are found in rocks with lithospheric isotopic signatures, it has been 

argued that the source region to these magmas is trace element enriched, hydrous peridotite 

in the lithospheric mantle (e. g. Bradshaw et al., 1993; Hawkesworth et al., 1995; Lopez & 

Cameron, 1997). Therefore if the source region to these magmas is a hydrous peridotite, 

partial melting may have occurred under hydrous conditions. In comparison to partial melts 

of anhydrous source regions, partial melts of hydrous peridotite source regions - when 

normalised on a anhydrous basis, as was done in this study - are characterised by higher 

Si02 and lower FeO* contents similar to the effect of source depletion outlined above (e. g. 

compilation of Turner & Hawkesworth, 1995). Therefore the possible enrichment in Si02 

and FeO* in the Challis Volcanic Group over partial melts of KLB-1 may also relate to the 

conditions of melting as well as source depletion. 
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In summary it is estimated that primary magmas of the Challis Volcanic Group contained 

-50-52% Si02 (normalised on an anhydrous basis) and perhaps had >_ 10-12 % MgO. A 

comparison with basaltic suites from the southwestern U. S. A. supports the conclusions of 

Rogers et al. (1995) that primitive magmas with the lowest FeO* and highest Si02 contents 

are those with lithospheric trace element and isotope characteristics. The control on these 

relatively low FeO* and high Si02 compositions is not clear but the effects of previous melt 

extraction and the conditions of melting are probably significant, in addition to any variations 

in the pressure of segregation. Therefore it is argued that the major element data, in 

conjunction with the Cr-spinel data, suggest that the source region to these magmas is 

depleted mantle peridotite (<15% cpx) which was subsequently enriched in trace elements. 

4.3.2 REE Modelling 

Another way of evaluating the mantle source regions is by modelling partial melting using 

the REE data in order to place constraints on the source composition, source mineralogy and 

the degree of melting. Figure 4.13a is a plot of (La/Yb)n vs. (Gd/Yb)n and is particularly 

useful in examining the role of residual garnet in mantle melting. The rationale of this plot is 

after Thirlwall et al. (1994). As ratios, normalised to Yb, are plotted on both axes the effects 

of fractional crystallisation are minimised; consequently, as ratios are being used, the degree 

of melting may be estimated despite the fact that the samples plotted are not primary magmas; 

and, as Yb is the denominator on both axes, mixing processes should result in straight lines 

on this plot. 

The Ti Group form a cluster at (La/Yb)n ~ 9-11 and (Gd/Yb)n -2 (Figure 4.13). In 

contrast, the early Groups (TA and TB) are displaced to higher (La/Yb)n > 10 and (Gd/Yb)n 

>2 but not in a clearly systematic fashion. The high Nb/La basaltic andesites are similar to 

the Ti group in their REE geochemistry (Figure 4.13a). 

On Figure 4.13a modelled melt curves (1-25% partial melting) for batch partial melting (after 

Allegre and Minster, 1978) of a primitive mantle source (Sun & McDonough, 1989) have 

been plotted for partial melting in the garnet and spinel facies. The melt modes used are after 

Thirlwall et al. (1994) which are chosen such that the aluminous phase exhausts after 25% 
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partial melting. The initial mineral proportions of the source and the distribution co- 

efficients (Dmineral/melt) are from McKenzie & O'Nions (1991) (Appendix D). This 

modelling highlights the difference in the REE composition of partial melts of a source with 

an unfractionated REE pattern, with and without residual garnet. 
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In the spinel facies, variations in the REE composition of the partial melt are controlled very 

largely by melt fraction, i. e. the only significant fractionations from the source 

concentrations are seen at small degrees of melting (< 5%) with little or no fractionation of 

the HREE observed at all melt fractions (Figure 4.13a). In contrast, in the garnet facies, 

both the degree of melting and the amount of residual garnet play a role in determining the 

REE composition of the partial melts. At small degrees of melting (< 5%), partial melting in 

the presence of residual garnet produces melts with fractionated (La/Yb)n and (Gd/Yb)n and 

this fractionation in Gd/Yb begins to decline only in melt fractions > 8%. Thus, mantle- 

derived rocks which Gd/Yb ratios significantly > 1, as found in the Challis Volcanic Group, 

suggest a role for residual garnet in their petrogenesis. 

The Challis data do not correspond to either of these modelled curves and the data also does 

not fall within the 'field' for possible mixed compositions unless melt fractions in the 

presence of residual garnet of < 1% are considered (Figure 4.13a). However, an alternative 

model is investigated here because the incompatible trace element abundances and in 

particular the low 143Nd/144Nd composition of these rocks suggest that they were derived 

from LREE enriched source regions in the mantle. In addition the major element data 

suggests that the Challis Volcanic Group were derived from major element depleted source 

regions with <15% cpx. Therefore a mantle xenolith compositions from the western U. S. A. 

was chosen to investigate partial melting of major element depleted, LREE enriched mantle. 

The xenolith chosen is a Group 1 spinel dunite xenolith (Pa-10) from the San Carlos 

Volcanic Field, Arizona (Frey & Prinz, 1978). This xenolith is depleted in major elements 

(90% olivine, 5.5% opx, 3.5% cpx and 1% spinel) and it is characterised by refractory 

mineral compositions (olivine > Fo9o; Cr-spinel with Cr#=0.6) and a LREE enriched bulk 

composition ((La/Yb)n = 8.4) (Frey & Prinz, 1978). It has been interpreted, along with 

similar less refractory compositions, to be the residue of partial melting in the spinel facies (F 

- 0.25) that has subsequently been enriched by a LREE enriched partial melt derived by 

small degrees of melting (< 5%) of garnet peridotite (Frey & Prinz, 1978). This enrichment 

process is thought to have resulted in the crystallisation of clinopyroxene and amphibole ± 
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phlogopite in a refractory residue of olivine + orthopyroxene + clinopyroxene + spinel, 

although subsequent cooling and subsolidus recrystallisation has obscured the textural 

evidence for this process (Frey & Prinz, 1978). Pa-10 itself does have hydrous phases but 

other Group 1 xenoliths from the same locality have < 0.5% amphibole ± phlogopite (Frey 

& Prinz, 1978). 

Modelling of this source rock has been performed in the spinel facies. Due to the fact that 

the source mineralogy has low modal abundances of spinel and clinopyroxene the melt 

modes used were slightly adapted from those used for modelling of the primitive mantle 

source such that these phases were exhausted at F=0.08 (Appendix D). The result of this 

modelling (for F up to 0.08) are plotted on Figure 4.13a. In comparison to the primitive 

mantle models, modelling of Pa-10 produces a broadly similar curve for melting in the spinel 

facies but it is displaced to more LREE compositions (Figure 4.13a). 

The modelled curve for Pa-10 does not reproduce the Challis data, in particular the early TA 

and TB Groups which are displaced to higher (Gd/Yb)n (Figure 4.13a). However, this 

model illustrates that the REE composition of the lavas is broadly consistent with partial 

melting of an enriched source similar to Pa-10, consistent with their low 143Nd/144Nd 

signature. 

It is difficult to estimate the melt fraction from these data because the composition of the 

source is not exactly known. In addition, the early TA Group, because of its low 

143Nd 1 Nd, suggests that the source is heterogeneous and therefore a single model cannot 

explain all the data. However, the modelling of Pa-10 suggests that all rocks are derived by 

partial melting where F:: - 0.08 broadly in agreement with previous estimates of melt fraction 

of western U. S. A. calc-alkaline magmatism (5-8%, Hawkesworth et al, 1995 and references 

therein). 

In detail, there are differences between the Groups consistent with differences in the degree 

of melting and source mineralogy. The earliest Groups appear to be derived by smaller 

degrees of melting (highest La/Yb) and therefore the melt fraction may have increased 
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through time. This is broadly in agreement with the relative erupted volumes, as the Ti 

Group is the most voluminous Group in the study area. Sample 95-9, one of the early 

trachybasalts, has the highest (Gd/Yb)n and so residual garnet may have been present during 

the earliest stages of melting, possibly at the greater depths. In contrast the low 

143Nd/144Nd of the early TA Group suggests that they are derived from sources with 

different trace element ratios. However, the influence of garnet appears to have decreased 

through time such that the most voluminous T1 Group required little or no involvement for 

residual garnet during melting. It is concluded that the REE ratios of the TI Group are 

mostly inherited from its LREE enriched source region. 

Estimates of melt fraction are also important in interpreting the refractory Cr-spinel data of 

the Challis Volcanic Group (section 3.5.2). The REE modelling of Pa-10 suggests that 

Groups such as Ti and the early TA are derived by < 10% partial melting. This in turn 

suggests that the refractory Cr-spinel (Cr# > 0.7) found in these rocks cannot be explained 

by high degrees of partial melting at the time of formation of the lavas. Thus estimates of 

melt fraction appear to support the two-stage model involving re-melting of depleted source 

regions to explain the refractory Cr-spinel compositions. Pa-10 contains Cr-spinels with 

Cr# of -0.6 which is consistent with the interpretation that it is a residue to a melting event 

where F-0.25 (Frey & Prinz, 1978). This therefore further supports the argument that Pa- 

l0 is a broadly suitable analogue for the mantle source region to the Challis Volcanic Group. 

In summary, the REE ratios of the least evolved samples from the different Groups suggest 

that these rocks were derived by relatively small degrees of melting (possibly <_ 8%) of 

mantle source regions which had LREE enriched patterns. The early Groups appear to have 

been derived by smaller degrees of melting than the T1 Group, and from sources of different 

trace element ratios (early TA) and in the presence of residual garnet during (early TB: 95-9). 

The high Nb/La basaltic andesites may be derived by similar degrees of melting to the Ti 

Group, but other incompatible elements (i. e. lower LILE abundances, smaller HFSE 

depletions) indicate that their source regions may have had different trace element patterns. 

Overall the modelling suggest that these rocks may have largely inherited their LREE 
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signature from an enrichment event in mantle that had been previously depleted in major 

elements (e. g. the interpretation of Pa-10 by Frey & Prinz, 1978). Previous work on REE 

modelling of extension associated early magmatism from the Colorado River Trough has 

also identified increasing degrees of melting through time and the need for residual garnet to 

explain some of the REE variations (Bradshaw et al., 1993), suggesting that these may be 

regional characteristics in the western U. S. A. 

4.3.3 HFSE Depletions 

Relative depletions in the HFSE's Nb, Ta and Ti characterise the mantle normalised 

diagrams of the Challis Volcanic Group (Chapter 3). These depletions are independent of 

differentiation, suggesting that significant depletions characterise the primary magmas of the 

Challis Volcanic Group. Previous studies from the western U. S. A have suggested that the 

HFSE depletions are related to processes of mantle enrichment in the source regions to these 

magmas, and not to residual HFSE-bearing phases (e. g. Ormerod et al., 1988; Fitton et al., 

1991; Bradshaw et al., 1993). The least evolved rocks of the Challis volcanic Group would 

appear to be consistent with this interpretation as they contain <1-1.4 wt% Ti02 and 

therefore it is unlikely that they are saturated in a Ti-bearing phase at mantle depths (e. g. 

Green & Pearson, 1986). Similarly, subduction zone magmatism displays significant HFSE 

depletions which are thought to be related to processes of mantle enrichment and not to 

residual HFSE-bearing phases during partial melting (e. g. review of Pearce & Peate, 1995). 

However, western U. S. A. calc-alkaline magmatism is characterised by HFSE depletions and 

lithospheric isotopic signatures and so it has been suggested that the source regions are 

enriched lithospheric mantle which was enriched by ancient, rather than contemporaneous, 

subduction zone processes (e. g. Fitton et al., 1991; Hawkesworth et al., 1995; Rogers, 

1995; Lopez & Cameron, 1997). 

The mantle xenolith Pa-10 has already been shown to be broadly suitable in its REE 

composition as an analogue of the source region of the Challis Volcanic Group. This model 

can be extended to include Ti, to test whether a suitable Ti anomaly would also be produced. 

Figure 4.13b illustrates the results of this modelling for partial melts of Pa-10. The source 
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mineralogy and melt modes used were the same as for the REE modelling (Appendix D). 

Plotted on Figure 4.13b are a Ti rock and the early TB rock (95-5) which are most 

consistent with spinel facies melting (e. g. Figure 4.13a). Neither of these rocks is a primary 

composition and therefore their REE and Ti abundances are greater than their corresponding 

primary compositions. 

Pa-10 is characterised by a significant Ti depletion as it has a lower TiTTi* (0.18) than all the 

Challis rocks (Figure 4.13b). The modelled compositions (1,3 and 8% melting are plotted) 

are also characterised by significant Ti depletions. The modelling suggests that Ti/Ti*magma 

= Ti/Ti*source for major element depleted spinel facies melts. However, if melts were also 

generated in the presence of residual garnet, Ti/Ti*magma may be > Ti/Ti*source for small 

melt fractions due to the greater compatibility of the HREE in garnet (e. g. Keleman et al., 

1993). The modelling broadly reproduces the patterns of the Challis data, however there is 

not an exact fit (Figure 4.13b). In particular the calculated compositions are characterised by 

higher La/Sm, lower Ti abundances and lower Ti/Ti* (Figure 4.13b). This modelling 

suggests that the LREE enriched, low Ti/Ti* magmas of the Challis Volcanic Group can be 

generated from major element depleted, enriched sources such as Pa-10. However, 

modelling of Pa-10 cannot exactly reproduce the minor and trace element ratios of the lavas. 

Unfortunately no data on xenoliths from the western U. S. A. have been published which 

would allow modelling of Nb, Ta, and Zr relative to the REE. 

HFSE depletions distinguish subduction zone magmatism from oceanic basalts (e. g. Gill, 

1981) and therefore the presence of HFSE anomalies in the rocks of the Challis Volcanic 

Group may point to a role for subduction zone enrichment processes in the source regions of 

the Challis Volcanic Group. The least evolved rocks of the Challis Volcanic Group appear to 

be characterise by depletions in Nb, Ta and Ti but not Zr (Chapter 3). Thus it is argued that 

primary magmas are also characterised by Nb, Ta and Ti depletions. Examples of 

subduction zone basalts where Nb, Ta and Ti depletion are found include the Aeolian 

Islands, and the petrogeneis of these rocks has been interpreted to reflect a significant role 

for subducted sediment in their mantle source regions (e. g. Ellam et al., 1988). However, 
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some depleted mantle peridotites also contain clinopyroxenes with HFSE depletions which 

are thought to have resulted from processes of melt extraction by fractional melting (Johnson 

et al., 1990). Therefore, because the source region to the Challis Volcanic Group appears to 

have been both major element depleted and trace element enriched, either or both of these 

processes may have been influential in determining the presence of HFSE depleted mantle 

source regions. Chapter Five deals with this topic to test whether the presence of Nb, Ta 

and Ti depletions can be used to investigate the processes responsible for stabilising the 

source regions of the Challis Volcanic Group. 

4.3.4 Summary 

Primary magmas of the Challis Volcanic Group are estimated to have had ~50-52 % Si02, >_ 

10-12 % MgO and were probably characterised by relatively low FeO* (-9 %) in 

comparison to Late Tertiary asthenospheric basalts from the western U. S. A. REE modelling 

suggests that primary magmas were derived by <_ 8% partial melting of LREE enriched 

source regions consistent with their low 143Nd/144Nd ratios. Inter-Group differences in 

REE suggest that the degree of melting increased through time, that the influence of residual 

garnet may have decreased through time and that the source was heterogeneous. Ti 

anomalies relative to the REE appear to have been inherited from the LREE enriched mantle 

source region. A major element depleted (3.5 % cpx), LREE enriched and Ti depleted 

mantle xenolith from Arizona (Pa-10: Frey & Prinz, 1978) appears to be a broadly suitable 

analogue for the mantle source regions of the Challis Volcanic Group. 

4.4 Magmatism Through Time 

Changes in the composition and volume of magmatism through time are important 

observations in determining the control on magma generation in any tectonic environment. 

In the western USA, a change from early voluminous lithospherically derived magmatism to 

smaller volume asthenospherically derived magmatism in the late Tertiary is well- 

documented (e. g. Fitton et at., 1991; Daley & DePaolo, 1992; Bradshaw et al., 1993; 

Feuerbach et at., 1993; Davis & Hawkesworth, 1995). The pattern of magmatism through 
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time in the least evolved rocks of the Challis Volcanic Group is summarised in Figure 4.14a 

where all the available constraints have been summarised on a plot of Nb/La vs. (Gd/Yb)n. 

These axes have been chosen because Nb/La is useful at discriminating between lithospheric 

(Nb/La < 1) and asthenospheric magmatism (Nb/La Z 1). Gd/Yb is most affected by the 

presence of residual garnet which indicates increasing depth of segregation and therefore the 

y-axis is inverted to act as a proxy for relative depth. 

The earliest magmatism was initiated by -49 Ma (Janecke & Snee, 1992; this study) and it is 

characterised by the most HREE fractionated compositions and low Nb/La (-0.3) (Figure 

4.15a). Modelling of these early rocks suggests that they may preserve evidence for residual 

garnet during melting (Early TB: 95-9) and are probably derived by smaller degrees of 

melting than the main phase of volcanism (<8%). However, part of the REE fractionation is 

likely to have been a feature of their source regions as indicated by the Nd isotope 

composition of the early TA rocks. Therefore earliest magmatism, in comparison to the main 

phase, appears to be characterised by smaller degree of melting of similar, yet in detail 

different, source regions in the presence of residual garnet. The involvement of residual 

garnet during the earliest stages of magmatism may indicate that the site of melt generation 

became shallower through time. 

The main phase of effusive volcanism (e. g. T1, T2) occured within 3-4 m. y. of the onset of 

volcanism in the Challis quadrangle and perhaps within 1-2 m. y. of the onset of volcanism 

(Janecke & Snee, 1992). The rocks are characterised by less HREE fractionated 

compositions which can be broadly modelled by <_ 8% partial melting of trace element 

enriched spinel facies peridotite. This main phase of effusive basic magmatism was brief but 

it comprises the dominant volume of erupted basic lavas. The T2 unit appears to have style 

of eruption changed to predominantly explosive, acidic eruptions (Fisher et al., 1992). The 

correlation of the onset of widespread explosive acidic magmatism with the end of the main 

phase of basic volcanism, and the evidence for magma mixing in the T2 and amp+bt dacite 

Groups, suggests that the interaction of basic and acidic magmas may have resulted in 

voluminous explosive, acidic magmatism. 
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interacted with acidic magma on its way to the surface similar to crustal melts of the Challis 

pink granite suite. After this main phase of basic volcanism in the Challis quadrangle the 
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The high Nb/La basaltic andesites probably post-date the main phase of volcanism but their 

exact stratigraphic position is not clear. They are characterised REE compositions similar to 

the main phase but overall they have lower incompatible element abundances and higher 

Nb/La (0.7 - 1.0) (Figure 4.14a). In addition, they are characterised by the highest 

143Nd/144Nd ratios which suggests a shift to higher 143Nd/144Nd occurs through time. 

However their petrogenesis is not well constrained. Basaltic andesites post-dating the main 

phases of magmatism have been described from elsewhere in the Challis Volcanic Group 

(Doyle, 1990; Janecke & Snee, 1993) and have been dated at 2-3 m. y. younger (46-45 Ma) 

than the main phase of trachyandesites in the Lost River Range (Janecke & Snee, 1992). 

These basaltic andesites from the Lost River Range are small in volume (10's of m thick) 

relative to the underlying magmatism (2.5 km). If the high Nb/La basaltic andesites 

described in this study are correlated to these other rocks it suggests that they were erupted at 

45/46 Ma in relatively small volumes. 

Eocene magmatism in the Challis quadrangle and elsewhere in the Challis Volcanic Group 

resulted in two suites of intrusive rocks which have been termed the qtz-monzodiorite suite 

and the pink granite suite (Lewis & Kiilsgaard, 1991). The two suites are compositionally 

distinct and the pink granite suite can be seen cross-cutting the quartz monzonite suite (Lewis 

& Kiilsgaard, 1991). The available geochronology is limited but biotite K/Ar ages on the 

two suites in the Challis quadrangle suggest that the qtz. monzodiorite suite (48-46±1.5 Ma) 

is older than the pink granite suite (45-44±1.5Ma), though there is overlap analytically 

(compilation of Fisher et al., 1993). Previous geochemical studies have suggested that the 

two intrusive suites have major and trace element and isotopic characteristics suggesting that 

they are not co-eval (Clarke, 1990; Lewis & Kiilsgaard, 1991). 

Figure 4.14b compares the composition of the two intrusive suites to the volcanic rocks 

described in this study (sources: Criss and Fleck, 1987; Clarke, 1990; Lewis & Kiilsgaard, 

1991). The qtz monzodiorite suite is compositionally similar to the volcanics, consistent the 

previous interpretation that they are their intrusive equivalents (e. g. Lewis & Kiilsgaard, 

1991). In contrast, the pink granite suite is characterised by high Rb/Sr, peraluminous 
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compositions which have been interpreted to be derived by crustal melting (Clarke, 1990; 

Lewis & Kiilsgaard, 199 1). Therefore on the available geochronological constraints, there is 

an apparent transition in central Idaho from voluminous, lithospheric mantle derived 

magmatism to shallower crustal melting through time. 

The compositional characteristics of this transition from mantle derived magmatism to crustal 

melting through time are illustrated in Figure 4.15. The Challis Volcanic Group have been 

sub-divided into early volcanics (Early TA and TB) and main volcanics (T1, T2 and dacitic 

Groups), which have been assigned ages of 49 and 48 Ma respectively. The intrusive 

equivalents to the Challis Volcanic Group (qtz-monzodiorite suite) have been allocated a 

younger age (46 Ma) just to distinguish them from the volcanics and the pink granite suite 

has been assigned an age of 45 Ma. These ages are somewhat arbitrary but broadly 

represent the available data. 

Table 4.2: Average values for Eocene magmatism in central Idaho 

Magmatism Age S102 Rb/Sr (La/Yb)n (Gd/Yb)n Eu/Eu" 
(Ma) 

Early volcanism 49 

Main volcanism 48 

Qtz. -monzodiorites 46 

Pink Granites 45 

55.21 0.09 21.05 3.15 0.92 
(n=14) (n=7) (n=14) (n=14) (n=14) 
59.76 0.19 14.13 2.18 0.88 
(n=85) (n=66) (n=28) (n=28) (n=28) 
64.07 0.15 21.30 2.56 0.84 
(n=61) (n=44) (n=12) (n=12) (n=12) 
74.34 5.57 17.01 1.77 0.40 
(n=84) (n=31) (n=9) (n=9) (n=9) 

Averages of the data presented in Figure 4.15, and in addition (Gd/Yb)n and Eu/Eu*, are 

presented in Table 4.2. The transition from lithospheric mantle derived magmatism to crustal 

melting through time results in increasing Si02 and Rb/Sr, decreasing (Gd/Yb)n and Eu/Eu* 

and a broadly constant (La/Yb)� through time (Figure 4.15 and Table 4.3). Therefore the 

high Si02 and Rb/Sr, and low Eu/Eu* melt added to the upper continental crust during these 
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events is principally the products of infra-crustal melting. However, the REE budget added 

to the upper crust could reflect both the mantle derived magmatism and infra-crustal melting. 

In addition, the REE budget of the mantle derived magmatism has been added to the crust 

through a process of intra-lithospheric differentiation and is accompanied by depletions in 

Nb, Ta and Ti. Estimates of the composition of the continental crust suggest that bulk crust 

is characterised by Nb, Ta and Ti depletions (e. g. Rudnick & Fountain, 1995 and references 

therein). However it is not clear whether magmatism of the Challis Volcanic Group 

represents a significant new addition of LREE enriched, HFSE depleted melt to the upper 
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Figure 4.15 (a): Changes in Si02 and (La/Yb) through time of Eocene, extension-associated magmatism, 
Idaho, and (b): Changes in Rb/Sr through time of Eocene, extension-associated magmatism, Idaho. 
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crust as processes of crustal recycling in the mantle may have been significant in stabilising 

the source regions to the Challis Volcanic Group (Chapter Five). 

4.5 Conclusions 

1. Differentiation of parental magmas occurred by both fractional crystallisation (e. g. Ti) 

and magma mixing with crustal melts (e. g. T2). Fractional crystallisation of the Ti 

Group appears to have occurred under hydrous, relatively low pressure (upper-mid 

crust) conditions. Differentiation trends are calc-alkaline and magma mixing defines 

the least amount of Fe-enrichment. 

2. Primary magmas were derived by <_ 8% partial melting of major element depleted, 

LREE enriched, HFSE depleted source regions with time-integrated high Rb/Sr and 

low Sm/Nd (Nd model ages are up to 2.3 Ga). It is suggested that these 

characteristics are best explained by partial melting of the mantle lithosphere (e. g. 

Norman & Mertzman, 1991). As anhydrous, depleted lithosphere is refractory and 

therefore retards melting it is inferred that melting occurred in response to dehydration 

of the mantle lithosphere (e. g. Gallagher & Hawkesworth, 1992). 

3. The compositions of the least evolved magmas changed through time. These changes 

suggest that melting may have initially shallowed and the degree of melting increased 

through time. It is possible that the increase in Nb/La reflects an increasing 

contribution from asthenospheric magmas through time as this transition has been 

documented from other extended areas of the western U. S. A. (e. g. Fitton et al., 1991; 

Daley & DePaolo, 1992; Bradshaw et al., 1993; Davis & Hawkesworth, 1995). 

4. A transition through time from mantle derived magmatism to crustal melting occurs 

which results in increasing Si02 (- 55 to 74) and Rb/Sr (- 0.1 to 5.6), decreasing 

Gd/Yb (- 3.2 to 1.8) and Eu/Eu* (0.9 to 0.4) and a broadly constant La/Yb (- 20) in 

the composition of new material added to the upper continental crust. 

5. Differences have been found between the rocks of the Challis Volcanic Group and the 

broadly coeval Absaroka Volcanic Group, in agreement with previous studies 

(Norman & Mertzman, 1991). In particular rocks of the Absaroka Volcanic Group 
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are characterised by a greater percentage of plagioclase during fractional crystallisation 

which probably occurred at higher pressures (Meen, 1987; Meen & Eggler, 1987). In 

addition the composition of primary magmas are different, the rocks of the Absaroka 

Volcanic Group have lower K20 and lower 87Sr/86Sr. The source regions to the 

Absaroka Volcanic Group were therefore in detail different to that of the Challis 

Volcanic Group. 



Chapter 5: Nb, Ta and Ti depletions in Tertiary 
high-K calc-alkaline lavas from the 

western U. S. A. 

5.1 Introduction 

The presence of HFSE depletions in Tertiary high-K calc-alkaline magmatism in the western 

U. S. A. is a well established characteristic (e. g. Best & Christiansen, 1991; Feeley & 

Grunder, 1993; Bradshaw et. al. 1993; Hawkesworth et al., 1995). In addition, the 

petrogenesis of these HFSE-depleted lavas has been interpreted to suggest that the source 

region to these rocks is within the lithospheric mantle (e. g. Bradshaw et al., 1993; Davis & 

Hawkesworth, 1994; Chapter Four). Thus it has been suggested that the HFSE depletions 

relate to the presence of subduction zone signatures in the lithospheric mantle of the western 

U. S. A. (e. g. Hawkesworth et al., 1995), possibly related to major Proterozoic crustal 

formation (Bennett & DePaolo, 1987). In detail, the rocks of the Challis Volcanic Group, 

for example, are characterised by depletions in Ta, Nb and Ti which appear to be 

independent of increasing magmatic differentiation (Chapter Three). Similar depletions 

characterise mantle normalised diagrams of high-K calc-alkaline magmatism from elsewhere 

in the western U. S. A. but they have not previously been examined in detail (e. g. Best & 

Christiansen, 1991; Feeley & Grunder, 1991; Bradshaw et al., 1993; Davis & 

Hawkesworth, 1994). 

Therefore the aims of this chapter are: 
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1. To describe these depletions in the rocks of the Challis Volcanic Group so that further 

constraints on the petrogenesis of these rocks may be identified. Additionally, the 

rocks of the Challis Volcanic Group are compared to early, extension associated 

magmatism from the Colorado River Trough region (Bradshaw, 1991) to evaluate 

whether the characteristics, and therefore the implications for petrogenesis, of the 

HFSE depletions are regional in nature; 

2. To evaluate further the petrogenesis of these rocks and that of their mantle source 

regions by utilising constraints that can be derived from the presence of coupled Ta 

and Ti depletions. 

5.2 Tertiary High-K calc-alkaline magmatism in the western 
U. S. A. 
The Tertiary exhumation of metamorphic core complexes in the western U. S. A. (e. g. 

Crittenden et al. (eds. ), 1980; Armstrong, 1982; Lister & Davis, 1989; Wernicke, 1992) was 

associated with widespread effusive and explosive magmatism (e. g. Armstrong & Ward, 

1991; Christiansen & Yeats, 1992). Although magmatism is clearly extension-associated, 

the relationship between extension and magmatism is still debated (e. g. Gans & Bohrson, 

1998). Recent work on the composition of this extension-associated magmatism indicates 

that the lavas are similar in composition to subduction-zone lavas and not intra-plate basalts, 

the common magma type found in zones of continental extension (Gans et al., 1989; 

Bradshaw et al., 1993; Davis & Hawkesworth, 1994; Hawkesworth et al., 1995). 

Tertiary extension-associated magmatism is thought to be characterised by a particular 

temporal and spatial evolution during the interval 50-15 Ma, and this is illustrated in Figure 

5.1 a. Magmatism is characterised by two migrating sweeps of activity (e. g. Armstrong & 

Ward, 1991). One sweep initiates in the Eocene (- 49 Ma) in the Challis Volcanic Group, 

Idaho (Janecke & Snee, 1993) and migrates southwards across the Great Basin (Figure 

5.1 a). The second initiates in southwestern New Mexico at - 35-30 Ma and migrates north- 

northwest towards the Colorado River Trough (Figure 5.1a). These 'sweeps' are an over- 

simplification in that it is not known whether the magmatism migrated southwards and 
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northwards systematically. ` 0Ar/39Ar geochronological studies on individual volcanic fields 

suggest that, locally, magmatism is brief with > 90 % of the lavas erupting in the first 1-4 

m. y. of activity (e. g. Janecke & Snee, 1993; Brooks et al., 1995; Gans & Bohrson, 199S). 

These early rapid eruptions resulted in local stratigraphic thicknesses of 2-4 km (e. g. Janeckc 

& Snee, 1993; Gans & Bohrson, 1998). 

Extension-associated early magmatism is characterised by high-K calc-alkaline lavas which 

are LREE enriched with low HFSE/LREE and HFSE/LILE ratios (e. g. Hawkesworth et a ]., 

1995 and references therein). Also, the most primitive lavas are characterised by high 

87Sr/86Sr and low 143Nd/144Nd ratios relative to oceanic basalts, indicative of a role for 

lithospheric material in their petrogenesis. The petrogenesis of these rocks has been 

interpreted to suggest that extension-associated early magmatism is derived from hydrous 

peridotite source regions in the lithospheric mantle (e. g. Bradshaw et at.. 1993: Davis 

Hawkesworth, 1994: Lopez & Cýanicron, 1997). 

High-K calc-alkaline lavas were generated throughout a number of provinces with different, 

predominantly Proterozoic, ages of crustal formation (Bennett & DePaolo, 1987). For 

example, to the north, the t43Nd/144Nd compositions of the lavas of the Challis Volcanic 

Group reflect the proximity of this Volcanic Group to the Archaean Wyoming craton. with 

Nd model ages up to 2.3 Ga (Chapter Three). However, despite contrasts in the age of 

Tertiary magmatism and of pre-Tertiary crust formation, the incompatible trace element 

compositions of the lavas show strong similarities. In particular, depletions in Nb, Tit and 

Ti relative to the REE of similar compatibility during MORB and OIB generation characterise 

mantle normalised diagrams (e. g. Best & Christiansen, 1991; Feeley & Grunder, 1991; 

Bradshaw et al., 1993; Davis & Hawkesworth, 1994; Chapter 3). Figure 5. lb illustrates 

this characteristic with selected mantle normalised rocks from localities across the western 

U. S. A. (see Figure 5.1a for localities). 

The rocks illustrated on Figure 5.1 b (data from Feeley & Grunder, 1991; Bradshaw, 1991; 

Davis & Hawkesworth 1994; this study) are examples of the most primitive samples 

described from each locality and range in MgO content from -- 6 to 11%. Despite a variation 
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in (La)n from - 30 to 100 x primitive mantle, the overall patterns are broadly similar. In 

particular, significant negative anomalies in Nb, Ta and Ti are evident in the least evolved 

rocks at all of these localities. These anomalies are best quantified using particular trace 

element ratios (e. g. Ta/La, Th/Ta and Ti/Ti*, see figure caption (5.2) for the Ti/Ti* 

calculation). The rocks shown on Figure 5.1b have Ta/La of 0.02 - 0.03, Th/Ta - 10 and 

Ti/Ti* from 0.3 - 0.6 in comparison to chondritic or primitive mantle values of 0.06,2.1 and 

1 respectively (e. g. Sun & McDonough, 1989). 

In addition, smaller volume, more alkaline minettes and related rocks from the Tertiary of the 

western U. S. A. are also characterised by Ta, Nb and Ti depletions. This is illustrated in 

Figure 5.1b with a sample from The Thumb from the Navajo Volcanic Field (data from 

Alibert et al., 1986). Navajo minettes commonly show extreme trace element enrichment, 

greater than that displayed by the high-K calc-alkaline magmatism, and also the overall 

patterns of Ta, Nb and Ti depletion (Figure 5.1b). These alkaline magmas are commonly 

found outside the areas of extension and are thought to be derived by small degrees of 

melting of phlogopite-garnet bearing source regions within the lithosphere at Z 90 km, 

possibly in response to uplift (e. g. MacDonald et al., 1993; Nowell, 1993). In the case of 

the potassic-ultrapotassic magmas of the western U. S. A. the presence of HFSE anomalies in 

the lavas also appears to be related to partial melting within the lithosphere. However there 

is no consensus on whether the anomalies are generated by processes of partial melting (i. e. 

residual phases) or whether they are characteristic of their mantle source regions (e. g. 
O'Brien et al., 1991; MacDonald et al., 1993; Nowell, 1993; OBrien et al., 1995). 

In summary, significant depletions in Ta, Nb and Ti characterise the least evolved rocks of 

early, extension-associated magmatism across the western U. S. A. Broadly, the presence of 

these depletions appears to be independent of the age of magmatism and the variations in the 

age of crust formation across the western U. S. A. However in detail it is not known whether 

the Nd model ages of the Tertiary high-K calc-alkaline lavas are correlated with the age of 

crust formation. The next section examines these characteristic features in more detail with 

the example of the Eocene, Challis Volcanic Group, Idaho (Figure 5.1a). 
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Figure 5.2 is a plot of Ta/La, Ti/Ti* and Th/Ta against MgO for the rocks of the Challis 

Volcanic Group (this study). Clearly, the majority of the rocks of the Challis Volcanic 

Group are characterised by lower Ta/La (-0.01 to 0.06), Ti/Ti* (-0.3 to 0.6) and higher 

Th/Ta (-2 - 11) than chondritic or primitive mantle values (Figure 5.2). These data are in 

agreement with previous work which reported Nb/La from 0.3 to 0.7, Ti/Ti* from 0.3 to 0.6 

and Th/Nb from 0.2 to 1.7 for the Challis Volcanic Group (Norman & Mertzman, 1991). In 

Figure 5.2 the Challis rocks are plotted according to the Groups outlined and interpreted in 

Chapters Three and Four. Most of the Groups belong to the early and main phases of 

effusive volcanism (Early TA, Early TB, T1, T2 and dacites - referred to collectively as the 

Main Group). In addition, one Group (high Nb/La basaltic andesites) which are probably 

younger than rocks of the Main Group, can be distinguished on the basis of their higher 

Nb/La (Ta/La) ratios (Figure 5.2a). 

When the data are viewed collectively there is little change of Ta/La and Ti/Ti* with 

decreasing MgO (Figure 5.2a & b). In detail, only the T1 Group has been studied in 

sufficient detail to suggest that rocks related by differentiation from similar parent magmas 

show only minor changes in either Ta/La or TiTFi* with decreasing MgO (Figure 5.2a & b). 

The T1 Group rocks - where rocks with > 10% MgO are probably in part accumulative in 

origin - all have Ta/La in the range - 0.02 to 0.03 with the higher values found in the more 

evolved rocks (Figure 5.2a). Ti/Ti* in the Ti Group ranges from - 0.3 to 0.5 where the 

lower values of TifTi* are found in the more evolved rocks (Figure 5.2b). The Th/Ta ratio 

in the Ti Group also appears to decrease with decreasing MgO, but it is more scattered that 

Ta/La or Ti/Ti* (Figure 5.2c). 

As there is therefore no evidence that the presence of these HFSE anomalies is correlated 

with decreasing MgO, it is inferred that these anomalies characterised the parental magmas of 

the Challis Volcanic Group and that subsequent magmatic differentiation resulted in only 

minor changes in Ta/La, Th/Ta and TifTi* (Figure 5.2). None of the rocks plotted on Figure 

5.2 are unambiguously primary liquid compositions (i. e. aphyric, mantle derived magmas 
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with Ni > 250 and Mg# > 70). However, some of the least evolved rocks with -- 8 MgO 

have < 10 % phenocrysts, Ni up to - 70 ppm and Mg# up to 70 (e. g. Early TA Group). 
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Figure 5.3 are plots of La vs. Ta/La and Ti02 vs. Ti/Ti* for the least evolved rocks of the 

Challis Volcanic Group (> 6 MgO) which were interpreted in Chapter Four to record 

variations due to processes of partial melting and source composition. The main Group of 

the Challis Volcanic Group are characterised by increasing La and Ti02 abundances with 

decreasing Ta/La and Ti/Ti* (Figure 5.3). Thus the largest Ta and Ti anomalies are found in 

the rocks with the highest incompatible element abundances. In contrast, the high Nb/La 

Group is characterised by decreasing Ti02 with decreasing Ti/Ti* (Figure 5.3b). 
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Figure 5.3: (a): La vs. Ta/La, and (b): Ti02 vs. Ti/Ti* for the least evolved rocks (> 6 MgO) of the 
Challis Volcanic Group 
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As decreasing Ti/Ti* is correlated with increasing Ti02 content in the main Group this 

suggests that fractional crystallisation of Fe-Ti oxides is not responsible for the depletions 

because fractional crystallisation of Fe-Ti oxides would produce decreasing Ti/Ti* correlated 

with decreasing Ti02. As the lowest Ta/La and Ti/Ti* are found in the rocks with the 

highest incompatible element abundances, it may be suggested that the largest Ta and Ti 

anomalies are found in the rocks derived by the smallest degrees of melting, or from the 

source regions with the highest incompatible element abundances. 

The rock with the lowest Ta/La and TifTi* (95-9: Early TB) also has the highest (Gd/Yb)n 

indicating a role for residual garnet in its petrogeneis (Chapter 4). Furthermore, this rock 

has low 143Nd/144Nd (0.51121) relative to oceanic basalts and thus its source region was 

also LREE enriched. It is suggested therefore that the largest Ta and Ti depletions in the 

rocks of the Main Group are associated with the smallest degrees of melting of LREE 

enriched, garnet bearing source regions. As the source region is inferred to be LREE 

enriched, it must have been affected by processes of mantle metasomatism and therefore the 

Ta and Ti anomalies may relate to processes of mantle enrichment, perhaps in the subduction 

zone environment. 

In contrast the remainder of the rocks of the Main Group are not so clearly associated with 

residual garnet during partial melting (Chapter 4). In particular the T1 Group has been 

interpreted to reflect partial melting of predominantly LREE enriched spinel facies source 

regions (Chapter 4). The Early TA Group, though it has (Gd/Yb)n similar to 95-9, has 

significantly lower 143Ndl1'WNd (-0.51152) and this is thought to reflect the presence of an 

older, LREE enriched component in the source region to these lavas (Chapter 4). Thus 

partial melts indicative of derivation from predominantly LREE spinel facies source regions 

appear to be characterised by somewhat smaller Ta and Ti depletions. 

Figure 5.4a&b are plots of Ti/Ti* vs. Ta/La and Ti/Ti* vs. Th/Ta for the rocks with >6 
MgO. A plot of Ti/Ti* vs. Nb/La shows a similar relationship to Ti/Ti* vs. Ta/La, though it 

is not identical because the Nb/Ta ratio in these rocks is not constant. The rocks plotted on 
Figure 5.3 have Nb/Ta ratios between 17.4 and 21.5 where both Nb and Ta have been 
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analysed by ICP-MS to a precision of 2-3 % (Knaack et al., 1994). The least evolved rocks 

of the Challis Volcanic Group are therefore characterised by chondritic (-17.6) to supra- 

chondritic Nb/Fa ratios. 
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For the purposes of this discussion it is assumed that the Nb and Ta depletions result from 

the same process(s), and Ta will be used to represent this from now on. However, it is 

noted that Ta and Nb depletions in these rocks are associated with variable, >_ chondritic, 

Nb/Ta ratios in the least evolved rocks. 

The least evolved rocks of the Main Group are characterised by Ta/La from - 0.01 - 0.03, 

Ti/Ti* from - 0.3 - 0.6 and Th/Ta from -5 to 11. Decreasing Ti/Ti* correlates, with some 

scatter, with decreasing Ta/La and increasing Th/Ta in the Main Group (Figure 5.4). 

However, these correlated depletions in Ta and Ti are not correlated to variations in 

143Nd/144Nd of the Main Group which range from 0.51152 to 0.51221 (Figure 5.4a). The 

rocks with the lowest Ta/La and Ti/Ti* are also the oldest magmas (Early TB and Early TA) 

and they were erupted in smaller volumes than the higher Ta/La and TiTTi* rocks of the Main 

Group. Thus within the main Group there is an apparent transition through time to higher 

Ta/La and Till'i* rocks. 

In contrast, the high Nb/La Group is characterised by higher Ta/La and Ti/Ti* and lower 

Th/Ta in comparison to the Main Group (Figure 5.4). The high Nb/La Group also shows a 

correlation in Ta and Ti depletions, but does not consistently correlate with the trend of the 

Main Group (Figure 5.4). Furthermore, the high Nb/La Group defines a correlation of 

increasing 143Nd/144Nd with increasing Ta/La and Ti/Ti* suggesting that the petrogenesis of 

the high Nb/La Group is different to that of the main Group (Figure 5.4). 

Microphenocrysts of magnetite have been identified in these rocks, and also ilmenite has 

been found in more evolved rocks of the Challis Volcanic Group (Chapter 3). Plotted on 

Figure 5.4 are vectors for 10% fractional crystallisation of magnetite and ilmenite, and the 

partition coefficients (Dmineral/melt) used to calculate these vectors are given in Appendix D. 

The possible effects of fractional crystallisation of ilmenite and magnetite have been modelled 

because they have significantly higher partition coefficients for Ti (e. g. 7.5, Rollinison, 

1993) than for the REE (e. g. DEu = 0.22, Rollinson, 1993). In addition, ilmenite has 

significantly higher partition coefficients for Ta (e. g. 2.7 - 6.6, Green & Pearson, 1987) 

than for the REE or Th. 10% fractional crystallisation of either of these phases results in a 
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significant decrease in Ti/Ti* (e. g. from 1 to - 0.5) and ilmenite also results in a small 

decrease in Ta/La and an increase in Th/Ta (Figure 5.4). 

Ti02 and V only show a significant decrease with increasing differentiation in the Challis 

Volcanic Group in rocks with < 4% MgO (Chapter Three) and therefore it is suggested that 

the rocks on Figure 5.4 (all > 6% MgO) are unlikely to have experienced significant Fe-Ti 

oxide fractionation from more primitive compositions. Furthermore, fractional 

crystallisation of Fe-Ti oxides from primary magmas is unlikely to result in correlated 

depletions in Ta and Ti because the vectors for fractional crystallisation are broadly sub- 

horizontal for reasonable amounts of fractional crystallisation (i. e. 10%). As the Challis 

rocks show correlated Ta and Ti depletions it is suggested that this is more likely to be a 

characteristic of primitive magma compositions, little affected by Fe-Ti oxide fractionation, 

rather than reflecting significant Fe-Ti oxide fractionation of primitive magmas. 

The Main Group does not show a correlation of 143Nd/144Nd across the correlated Ta and Ti 

depletions (e. g. Figure 5.4a). All of the rocks of the Main Group have low 143Nd/144Nd (< 

0.51221) and have been interpreted to be derived from a heterogeneous LREE enriched 

lithospheric source region (Chapter 4). It has been suggested that the variations in 

143NdJ144Nd of the Main Group probably relate to LREE enriched components of different 

ages within the mantle source regions (Chapter Four). Therefore, despite a heterogeneous 

lithospheric source the Main Group appears to record correlated Ta and Ti depletions. 

The high Nb/La Group are thought to be younger than the Main Group and there is therefore 

an apparent transition through time to higher Ta/La, Nb/La and also higher 143Nd/144Nd 

compositions (e. g. Figure 5.4a). A transition through time to higher Ta/La and 

143Nd/144Nd is well documented in extension associated magmatism of the southwestern 

U. S. A. (e. g. Fitton et al., 1991; Bradshaw et al., 1993; Davis & Hawkesworth, 1995). It 

has been suggested that this transition occurs because partial melting in the asthenosphere 

(high Ta/La magmas) initiates after partial melting in the lithosphere (low Ta/La magmas). 

Thus the high Ta/La, high 143Nd/144Nd signature becomes more significant through time as 
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the contribution from asthenospheric sources increases (e. g. Fitton et al., 1991; Bradshaw et 

al., 1993; Davis & Hawkesworth, 1995). 

This model has been tested for the high Nb/La Group with a mixing line between average 

OIB (Sun & McDonough, 1989) and 95-9, the Challis rock from the Main Group with the 

lowest Ta/La (Figure 5.4). The mixing line is broadly consistent with the trend of the high 

Nb/La Group on Figure 5.4a&b suggesting that this is a possible explanation for these 

rocks. However, the model is not well constrained because the differentiation trend of this 

Group has not been established (e. g. Figure 5.2) and so the HFSE anomalies could relate to 

processes of magmatic differentiation within the crust. Initially therefore, it is concluded that 

the most likely explanation for the correlation of the HFSE depletions in the high Nb/La 

Group is mixing between an asthenospheric component (i. e. high Ta/La, Ti/Ti*-1 and high 

143Nd/144Nd) and a lithospheric component (i. e. low Ta/La, low Ti/Ti* and low 

143Nd/144Nd), however this is poorly constrained. 

In summary, the least evolved rocks of the Main Group of the Challis Volcanic Group are all 

characterised by significant coupled Ta and Ti depletions (Ta/La < 0.03; Ti/Ti* < 0.6). The 

largest anomalies are found in the rocks indicative of the smallest degrees of partial melting 

of garnet bearing source regions. Partial melting of LREE enriched spinel facies source 

regions results in smaller Ta and Ti depletions. As all rocks are characterised by low 

143Nd/144Nd (0.51221-0.51152) it is suggested that the mantle source regions, both garnet 

and spinel facies, are LREE enriched and were probably stabilised through processes of 

mantle metasomatism. Thus, the Ta and Ti anomalies may relate to the composition of the 

agent of enrichment. However the variations in 143Nd/144Nd suggest that LREE enriched 

components of different ages are present in the mantle source regions. It is not clear whether 

this reflects enrichment events of different ages or alternatively, LREE enrichment by 

components of different ages. In contrast the rocks of the high Nb/La Group are 

characterised by increasing 143Nd/144Nd (0.51219 - 0.51234) with increasing Ta/La and 

Ti/Ti* which distinguishes them from the main Group but their petrogenesis is not 

constrained. 
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In the next section the rocks of the main Group of the Challis Volcanic Group are compared 

with early, extension associated magmatism from the Colorado River Trough to evaluate 

whether the characteristics of the Ta and Ti depletions in the Challis Volcanic Group 

described above are a regional characteristic of extension-associated magmatism. The 

Colorado River Trough was chosen because a range of early, extension associated, magmas 

from relatively primitive compositions to more evolved rocks was described by Bradshaw 

(1991). 

5.4 The Colorado River Trough 

Bradshaw (1991) sub-divided extension-associated magmatism in the Colorado River 

Trough (CRT) (e. g. Eldorado Mountains, Figure 5.1) into three Groups (Groups 1,2 and 3) 

of which Group 3 are the oldest (- 20 - 15 Ma) and most voluminous. The least evolved 

rocks of the earliest magmatism are characterised by Nb/La <1 and elevated Sr and Pb 

isotopic ratios and were interpreted to be derived from enriched source regions in the 

lithospheric mantle (Bradshaw, 1991; see also Bradshaw et al., 1993). On Figure 5.5a&b 

plots of Ti/Ti* and Ta/La vs. MgO for the Group 3 rocks of the CRT are shown. Ti/Ti*, 

ranging from - 0.25 to 0.75, shows a scattered trend of decreasing Ti/Ti* with decreasing 

MgO, whereas Ta/La (- 0.01 to 0.02) is independent of increasing differentiation (Figure 

5.5a&b). Thus only rocks with >5 MgO were used in the following diagrams to evaluate 

the relationship between the Ta and Ti depletions in the least evolved rocks. 

In the Main Group of the Challis Volcanic Group the largest Ta and Ti depletions are found 

in the rocks with the highest incompatible element abundances. A similar relationship is 

found in the rocks of the CRT, however Ti02 is not so clearly negatively correlated with 

Ti/Ti* (Figure 5.5c&d). In comparison to Challis the CRT rocks are characterised by 

generally higher Ti02 abundances, extend to higher values of Ti/Ti* and do not overlap, in 

terms of their Ti depletion at least, with the Challis rocks (Figure 5.5d). Thus it can be 

suggested that the CRT rocks show similar Ta and Ti anomalies but also slightly different 

compositions. It can also be argued for the CRT that the largest anomalies are found in the 
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Figure 5.5: (a): MgO vs. Ti/Ti*, (b): MgO vs. Ta/La, (c): La vs. Ta/La, and (d): Ti02 vs. Ti/Ti* for 
early, extension associated rocks of the Colorado River Trough (Group 3 rocks of Bradshaw, 1991). 

rocks derived by the smallest degrees of partial melting or from source regions with the 

highest incompatible element abundances. 

Figure 5.6a is a plot of (La/Yb)n vs. (Gd/Yb)n comparing the REE composition of the 

Challis and the CRT. Also shown are the results of partial melting modelling of a primitive 

mantle source under spinel and garnet facies conditions, and partial melting of a LREE 

enriched source region (e. g. Pa-10) (see Chapter 4 for details). The CRT rocks are broadly 

similar to the Challis Volcanic Group but they are characterised by higher (La/Yb)n at similar 

(Gd/Yb)n and also have more extreme compositions with (La/Yb)n from - 10 to 40 and 

(Gd/Yb)n from -2 to >4 (Figure 5.6a). The rocks of the CRT define a positive correlation 



Petrogenesis II 177 

of increasing (La/Yb)n with increasing (Gd/Yb),,, indicating a role for residual garnet in their 

petrogenesis (Bradshaw, 1991). 

However, this trend does not correspond to the calculated melt curves and instead may be 

explained as a mixing line between small degree melts (<1%) leaving residual garnet and 

higher degree partial melts from spinel facies source regions. The 143Nd/1'Nd of the rocks 

of the CRT is not known, but their Sr and Pb isotopic signatures suggest that they are 

derived from enriched source regions (Bradshaw, 1991). Therefore the interpretation of the 

REE composition of the CRT is broadly similar to that of the Challis Volcanic Group as it 

appears to involve partial melting of trace element enriched source regions in both the spinel 

and garnet facies (Bradshaw et al., 1991). 

The rocks of the CRT show a correlation between the depth of the Ti anomaly and the overall 

REE pattern of the rock, similar to the Challis rocks, because the most fractionated REE 

patterns are correlated with the largest Ti depletion (Figure 5.6b). However, in comparison 

to the Challis Volcanic Group, the CRT rocks are characterised by smaller Ti depletions (- 

0.8 to 0.4) over a similar range in (Gd/Yb)n (Figure 5.6b). This perhaps indicates that 

similar processes have affected these two suites but that the partial melts from enriched spinel 

facies source regions (e. g. lowest (Gd/Yb)n) are characterised by higher Ti/Ti* in the rocks 

of the CRT in comparison to Challis (Figure 5.6b). The rocks of the CRT do show a 

somewhat scattered correlation of decreasing Ta/La and Ti/Ti* indicating that the Ti and Ta 

depletions are correlated in a similar fashion to the Challis Volcanic Group but at lower 

Ti/Ti* at similar Ta/La (Figure 5.6c). 

It is suggested therefore, that the rocks of the CRT indicate a role for partial melts in the 

presence of residual garnet of LREE enriched sources regions which are also characterised 

by the largest Ta and Ti depletions similar to the Challis Volcanic Group. Furthermore, the 

CRT rocks also suggest a role for partial melts from spinel facies source regions which are 

characterised by significant Ta and Ti depletions. In contrast, however the rocks of the CRT 

are distinct from the Challis rocks in that their source regions appear to have been 

characterised by lower Ti/Ti* at similar Ta/La. This suggests that local controls on the 
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composition of the LREE enriched and HFSE depleted mantle source region are probably 

influential in the rocks of the western U. S. A. 

Other features of these rocks from the CRT are also similar to the rocks of the Main Group 

of the Challis Volcanic Group. With increasing (Gd/Yb)n, there are scattered correlations 

with increasing Th/Ta (from 4 to 12), Nb/Ta (from - 16 to 20) and decreasing Sr/Sr* (- 

1.75 to 1) (not shown). Additionally, most of the rocks of the CRT do not have negative Zr 

anomalies (Zr/Zr* - 1.4 - 0.6). However the rocks with the highest (Gd/Yb)Q and lowest 

Ti/Ti* (MO-1 and MH-8) do have negative Zr anomalies, similar to 95-9 the highest 

(Gd/Yb)n rock of the Main Group of the Challis Volcanic Group (Chapter Three) 

In summary, a comparison with the early, extension-associated magmatism of the CRT 

suggests that coupled Ta and Ti depletions may result from similar processes across the 

western U. S. A. The rocks of the CRT further demonstrate that partial melting in the 

presence of residual garnet is associated with the largest Ta and Ti anomalies. In contrast, 

however, the rocks with the lowest (Gd/Yb)n of the CRT are characterised by higher Ti/Ti* 

at a similar Ta/La to the rocks of the Challis Volcanic Group suggesting that local factors 

influence the minor and trace element ratios of the magmas. 

5.5 The Petrogeneis of Extension-Associated Magmatism and 
their Mantle Source Regions Inferred from Coupled Ta and Ti 

Depletions 

It has been suggested that early, extension-associated magmatism throughout the western 

U. S. A. is characterised by LREE enrichment and correlated Ta and Ti depletions relative to 

REE of similar incompatibility during MORB and OIB generation. On the basis of the rocks 

of the Challis Volcanic Group and the CRT, it is further suggested that correlated Ta and Ti 

depletions characterise the composition of the primitive mantle derived magmas in this 

tectonic setting. These Ta and Ti depleted mantle-derived magmas are also characterised by 

low 143Nd/144Nd compositions corresponding to, in the case of the Challis Volcanic Group, 

Nd model ages of between 1.5 and 2.3 Ga. The petrogenesis of these rocks is interpreted to 
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suggest that they have inherited their LREE enrichment, at least in part, from LREE mantle 

source regions (Bradshaw et al., 1993; Chapter Four). This section attempts to evaluate 

what constraints on the partial melting process, and the composition and origin of their 

LREE enriched mantle source regions, can be determined from the presence of coupled Ta 

and Ti depletions in these mantle derived rocks. 

The rocks of the Challis Volcanic Group and the CRT with the lowest Ta/La and Ti/Ti* are 

characterised by the most fractionated HREE compositions (e. g. Figure 5.6b). This 

correlation suggests that partial melts generated in the presence of residual garnet are 

characterised by the larger HFSE anomalies, though source heterogeneity is also thought to 

be in part responsible for higher (Gd/Yb)n rocks of the Challis Volcanic Group (section 

5.3). The differences in Ta/La and Ti/Ti* between the highest (Gd/Yb)n and lowest 

(Gd/Yb)n rocks (e. g. Figure 5.6b) cannot be due to the presence or absence of residual 

garnet during partial melting because garnet does not preferentially retain Ta and Ti over the 

REE (e. g. review of Green, 1994). Indeed, at the smallest melt fractions residual garnet 

may produce Ti/Ti*magma > Ti/Ti*source because Eu and Gd have higher partition 

coefficients (Dmineravmelt) than Ti in garnet (e. g. Keleman et al., 1993). Therefore either the 

bulk composition of the garnet-bearing source regions were characterised by the largest 

anomalies prior to melting, or alternatively, residual HFSE-bearing phases (e. g. ilmenite, 

? amphibole) were present in addition to garnet. 

The least evolved rocks of the Main Group of the Challis Volcanic Group are characterised 

by Ti02 contents of < 1.4 wt%. Thus, Ti-saturation would need to have occurred at <2 

wt% for the rocks of the Challis Volcanic Group. Experimental results suggest that <2 

wt% is too low for basic magmas to have achieved saturation with respect to a Ti-bearing 

phase at mantle depths (e. g. >3 wt%, Green & Pearson, 1986). However, Foley & 

Wheller (1990) have cautioned that the effects of relatively high P, low T, high f02 and high 

incompatible trace element contents reduces the Ti02 abundance at which saturation will 

occur for basic magmas. Thus, hydrous, alkaline conditions resulting in small degrees of 
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partial melting could perhaps promote Ti-saturation at <3 wt % in basic magmas (Foley & 

Wheller, 1990). 

The rocks of the Challis Volcanic Group are characterised by moderate-high incompatible 

trace element contents and those with the highest incompatible trace element abundances have 

the largest Ta and Ti depletions (section 5.3). The rocks of the Challis Volcanic Group are 

thought to have been derived from a minimum pressure of 15 kbar though the pressure of 

segregation is not well-established (Chapter Four). Pyroxene thermometry of the least 

evolved rocks indicates eruption temperatures of -900 - 1100 ± 50° C which are relatively 

low for mantle-derived magmas. Thus these rocks do satisfy some of the criteria, the high 

incompatible element content and perhaps the low temperatures, inferred to promote Ti- 

saturation at <3 wt% by Foley & Wheller (1990). However, it remains unclear whether Ti- 

saturation could have been achieved for these magmas. It is therefore argued that the 

correlation of the largest Ti and Ta depletions in the rocks with the most fractionated REE 

patterns may relate to their derivation from the most LREE enriched source regions and not 

through the presence of a residual HFSE-bearing phase during partial melting. 

Consequently, it is suggested that the most significant control on the Ta and Ti depletion in 

the rocks is the presence of Ta and Ti depletions in their LREE enriched mantle source 

regions. 

Figure 5.7 illustrates the correlation of Ti/Ti* with Ta/La and Th/Ta for the rocks of the Main 

Group of the Challis Volcanic Group and the Group 3 (Bradshaw, 1991) rocks of the CRT. 

The rocks of the Challis Volcanic Group and the CRT define coupled Ta and Ti depletions, 

though the rocks of the CRT are characterised by higher Ti/Ti* at similar Ta/La (Figure 

5.7a). The correlations of Ti/Ti* and Th/Ta are more scattered than for Ta/La and the CRT 

rocks are characterised by lower Ti/Ti* at similar Th! Ta although there is overlap between the 

two suites (Figure 5.7b). 

It is suggested that the most significant control on the Ta and Ti depletions in the rocks from 

the western U. S. A. is that they were derived from incompatible trace element enriched 

mantle source regions characterised by Ta and Ti depletions in both the garnet and spinel 
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facies . Furthermore, the rocks of the Challis Volcanic Group are characterised by refractory 
Cr-spinel compositions which have been interpreted to suggest that the mantle source region 

to these rocks was depleted in major elements prior to LREE enrichment (Chapter Four). 

Thus the source region was characterised by major element depletion and LREE enrichment. 

For example, sample Pa-10, a major element depleted, LREE enriched ((La/Yb)n = 8.4) 
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mantle xenolith from the western U. S. A. (Frey & Prinz, 1978) is a broadly suitable 

analogue for the spinel facies source regions to the rocks of the Challis Volcanic Group 

(Chapter 4). 

Carbonatites are characterised by negative Ti depletions and are commonly used to explain 

processes or mantle enrichment which results in LREE enrichment and Ti depletions (e. g. 

review of Rivalenti et al., 1996). However, Rudnick et al (1993) suggested that low Nb/La 

(or Ta/La) volcanic rocks are unlikely to be the product of carbonatite metasomatism because 

enrichment through carbonatite metasomatism may result in Nb enrichment relative to the 

REE and not a depletion. Consequently, carbonatite metasomatism is an unlikely source for 

Ta and Ti depleted mantle source regions and thus the agent of mantle enrichment for the 

rocks of the western U. S. A. is more likely to have been a silicate melt. 

The composition of Pa-10 has been interpreted as a residue to partial melting (F = 0.25) of 

the primitive mantle which was subsequently modally metasomatised by a LREE enriched 

agent of enrichment (Frey & Prinz, 1978). Partial melting of the upper mantle by a near 

fractional process can result in LREE-depleted residual clinopyroxenes with significant Ti 

and Zr depletions (e. g. Johnson et al., 1990; Rivalenti et al., 1996 for a review)). However, 

Pa-10 is LREE enriched and Ti depleted with a low abundance of Ti02 (0.01 wt% versus 

0.22 wt% in the primitive mantle) (Frey & Prinz, 1978). Thus, in the case of Pa-10, the 

agent of mantle enrichment appears to have crystallised LREE enriched and Ti depleted 

clinopyroxenes within a refractory residue. Consequently, irrespective of whether LREE 

enrichment occurred through modal or cryptic metasomatism, the agent of enrichment 

appears to have been characterised by a significant Ti depletion because Ti is not re-fertilised 

in Pa-10 during metasomatism. 

Frey & Prinz (1978) suggested that the agent of enrichment was a small melt fraction (< 5%) 

from the underlying asthenosphere generated in the presence of residual garnet. However a 

small melt fraction will not be characterised by a Ti depletion; for example, the majority of 

OIB are not characterised by HFSE depletions (Sun & McDonough, 1989). This is 

illustrated on Figure 5.7 by the average composition of OIB from Sun & McDonough 
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facies . Furthermore, the rocks of the Challis Volcanic Group are characterised by refractory 

Cr-spinel compositions which have been interpreted to suggest that the mantle source region 

to these rocks was depleted in major elements prior to LREE enrichment (Chapter Four). 

Thus the source region was characterised by major element depletion and LREE enrichment. 

For example, sample Pa-10, a major element depleted, LREE enriched ((LaJYb)n = 8.4) 
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mantle xenolith from the western U. S. A. (Frey & Prinz, 1978) is a broadly suitable 

analogue for the spinel facies source regions to the rocks of the Challis Volcanic Group 

(Chapter 4). 

Carbonatites are characterised by negative Ti depletions and are commonly used to explain 

processes or mantle enrichment which results in LREE enrichment and Ti depletions (e. g. 

review of Rivalenti et al., 1996). However, Rudnick et al (1993) suggested that low Nb/La 

(or Ta/La) volcanic rocks are unlikely to be the product of carbonatite metasomatism because 

enrichment through carbonatite metasomatism may result in Nb enrichment relative to the 

REE and not a depletion. Consequently, carbonatite metasomatism is an unlikely source for 

Ta and Ti depleted mantle source regions and thus the agent of mantle enrichment for the 

rocks of the western U. S. A. is more likely to have been a silicate melt. 

The composition of Pa-10 has been interpreted as a residue to partial melting (F = 0.25) of 

the primitive mantle which was subsequently modally metasomatised by a LREE enriched 

agent of enrichment (Frey & Prinz, 1978). Partial melting of the upper mantle by a near 

fractional process can result in LREE-depleted residual clinopyroxenes with significant Ti 

and Zr depletions (e. g. Johnson et at., 1990; Rivalenti et al., 1996 for a review)). However, 

Pa-10 is LREE enriched and Ti depleted with a low abundance of Ti02 (0.01 wt% versus 

0.22 wt% in the primitive mantle) (Frey & Prinz, 1978). Thus, in the case of Pa-10, the 

agent of mantle enrichment appears to have crystallised LREE enriched and Ti depleted 

clinopyroxenes within a refractory residue. Consequently, irrespective of whether LREE 

enrichment occurred through modal or cryptic metasomatism, the agent of enrichment 

appears to have been characterised by a significant Ti depletion because Ti is not re-fertilised 

in Pa-10 during metasomatism. 

Frey & Prinz (1978) suggested that the agent of enrichment was a small melt fraction (< 5%) 

from the underlying asthenosphere generated in the presence of residual garnet. However a 

small melt fraction will not be characterised by a Ti depletion; for example, the majority of 

OIB are not characterised by HFSE depletions (Sun & McDonough, 1989). This is 

illustrated on Figure 5.7 by the average composition of OIB from Sun & McDonough 
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(1989), and indeed this rock has a particularly high Ta/La ratio (- 0.07). Thus a partial melt 

from the asthenosphere cannot seemingly crystallise LREE enriched and Ti depleted 

clinopyroxenes in the upper mantle unless the asthenospheric melt has experienced fractional 

crystallisation of a Ta and Ti-bearing phase at some point as it migrates through the mantle or 

was itself generated in the presence of a residual HFSE-bearing phase in the asthenosphere. 

The composition of OIB and MORB suggests that partial melting in the presence of a 

residual HFSE-bearing phase is not a characteristic feature of partial melting in the upper 

mantle. Indeed, the rare examples of HFSE-depleted magmas from the ocean basins (e. g. 

Clague & Frey, 1982) are now thought to be derived by partial melting in the presence of 

residual HFSE-bearing phases (ilmenite, amphibole) from metasomatised source regions in 

the oceanic lithosphere, and not the convecting upper mantle (Class & Goldstein, 1997). 

Furthermore there is no record of an asthenospheric magma erupting at the surface whose 

composition is indicative of having fractionated a HFSE-bearing phase at mantle depths. 

Thus a scenario whereby the mantle source regions to the Challis and CRT rocks were 

stabilised by a silicate partial melt from the asthenosphere which was characterised by Ta and 

Ti depletions remains speculative. 

The effects of residual HFSE-bearing phases on partial melting of a primitive mantle source 

has been modelled and the results of these calculations are presented in Figure 5.7. The 

source consists of 72% olivine, 20% orthopyroxene, 4% clinopyroxene, 2% garnet and 1% 

of both ilmenite and amphibole, and the melt modes used were 15%, 15%, 20%, 30%, 10% 

and 10% respectively. The melt modes were chosen so that garnet, ilmenite and amphibole 

will remain residual to melting up to F=0.06, and so that the melt modes would be broadly 

representative of partial melting in the garnet facies. The partition coefficients used were 

compiled from the literature and are presented in Appendix D. The partition co-efficient for 

Ta in amphibole used was 0.159 (LaTourrette et al., 1995) indicating incompatible 

behaviour. However it is noted that there is contradictory evidence regarding the partitioning 

of Nb and Ta into amphibole in the upper mantle. 
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Experimental data suggests that partition coefficients (Damp1bole/melt) for Nb and Ta are <1 

but are >1 for Ti (e. g. Brenan et al., 1995; LaTourrette et al., 1995). Therefore the 

presence of residual amphibole during melting, or fractional crystallisation of amphibole, 

could produce a Ti depletion but not a coupled Ta and Ti depletion. However, the Nb and 

Ta concentrations in mantle amphiboles are high, perhaps suggesting that their partition 

coefficients may also be >1 (Witt-Eickschen & Harte, 1994; Ionov and Hofmann, 1995). 

The cause of this disagreement is not understood but it may relate to the exact conditions 

under which the mantle amphibole was stabilised, and the composition of the fluid/melt from 

which it crystallised (Ionov and Hofmann, 1995). Nonetheless, in the modelling presented 

here, residual ilmenite is the only phase capable of producing coupled Ta and Ti depletions. 

At small degrees of melting (F < 0.05) correlated negative Ta and Ti anomalies are produced 

by partial melting in the presence of residual garnet, ilmenite and amphibole (Figure 5.7). 

This model produces a positive correlation of Ti/Ti* and Ta/La and, in order to explain the 

lowest Ta/La and Ti/Ti* end-member of the Challis Volcanic Group and the CRT, a melt 

fraction of - 0.1% is required (Figure 5.7a). However this 0.1% partial melt composition 

has significantly higher Th/Ta (- 47) than the Th/Ta of the rocks (- 12) (0.1% partial melt 

not shown on Figure 5.7b for clarity). In broad terms this model suggest that partial melting 

in the presence of residual garnet, amphibole and ilmenite will produce magmas with Ta/La 

and TiTTi* < source and Th/Ta > source. However significant fractionation of Th/Ta (i. e. > 

4) seemingly requires melt fractions of < 3% when ilmenite is the only phase in which Ta is 

compatible. 

Vectors for fractional crystallisation of ilmenite and amphibole from an agent of enrichment 

such as an average OIB are also illustrated in Figure 5.7. The modelling has again assumed 

that Ta is incompatible in amphibole (Appendix D). Fractional crystallisation of ilmenite 

does not produce strongly correlated Ti and Ta depletions unless crystallisation exceeds 

20%, but it can produce significant Ti depletion at < 20% fractional crystallisation (Figure 

5.7a). Significant increases in Th/Ta ratios (i. e. > 4) are only achieved when fractional 

crystallisation exceeds 30% and are associated with large Ti depletions (Ti/Ti* < 0.1) (Figure 
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5.7b). As expected, amphibole fractional crystallisation does not produce significant Ta 

depletions, unless > 90% fractional crystallisation occurs because it is assumed that Ta is 

incompatible in amphibole (Figure 5.7a&b). 

Thus fractional crystallisation of ilmenite from an agent of enrichment not characterised by 

Ta and Ti depletion could result in Ta and Ti depleted compositions. In order to explain the 

composition of the western U. S. A. rocks the amount of fractionation would need to be 

between 30 and 60 % to achieve a suitably high Th/1'a agent of enrichment. 

In summary the calculations presented here suggest that partial melting in the presence of 

residual ilmenite could produce a low Ta/La and Ti/Ti* agent of mantle enrichment from a 

primitive mantle source at small degrees of partial melting (F < 0.05). Fractional 

crystallisation of ilmenite from an OIB composition could also produce a low Ta/La and 

TilTi* agent of enrichment provided that fractional crystallisation exceeds 30%. However as 

partial melts from the asthenosphere rarely show these compositional characteristics it is 

perhaps unlikely that the Ta and Ti depleted mantle source regions to the rocks of the western 

U. S. A. were metasomatised in this manner. 

In contrast, subduction zone lavas are characterised by HFSE depletions which are thought 

to relate to processes of mantle metasomatism in the subduction zone environment (e. g. 

review of Pearce & Peate, 1995). Subducted oceanic crust (MORB) would not contain 

suitable HFSE depletions unless partial melting of that crust occurred in the presence of 

residual HFSE-bearing phases (e. g. ilmenite and perhaps rutile). Adakitic andesites and 

dacites of the Andean Austral Volcanic Zone are thought to be the most convincing example 

of partial melting of the subducted oceanic crust during subduction of young oceanic crust 

(e. g. Peacock et al., 1994). These adakites display Ta and Ti depletions (e. g. Ti/Ti* - 0.4 - 
0.6, Ta/La - 0.02 - 0.04 and Th/Ta - 2.5 to 18) (Stern & Kilian, 1996). However their 

petrogeneis is also interpreted to involve contributions from subducted sediment, continental 

crust and the mantle wedge and it is not clear whether correlated Ta and Ti depletions 

characterised the partial melt from the subducted oceanic crust. Thus it is also unclear 
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whether partial melts of the subducted oceanic crust can produce Ta and Ti depleted, LREE 

enriched mantle source regions. 

In contrast subducted sediments are known to be characterised by Ta and Ti depletions, for 

example the Global Subducting Sediment composition (GLOSS) of Plank & Langmuir 

(1998) is characterised by Ti/Ti* = 0.3, Ta/La = 0.02 and Th/Ta = 11 (Figure 5.7). Thus 

addition of subducted sediment to the upper mantle could result in Ta and Ti depleted mantle 

source regions. To illustrate this a bulk mixing curve is plotted on Figure 5.7 between 

GLOSS and the mantle. The depleted mantle source region calculated by Turner et al. 

(1997) for the Tongan subduction zone was used because the rocks of the Challis Volcanic 

Group are thought to be derived from major element depleted mantle source regions (Chapter 

4). The estimate of the major element depleted Tongan source is particularly depleted with 

Ta and La - 0.03 * primitive mantle and Ti and Eu - 0.4 * primitive mantle and thus it is 

probably an extreme example (Turner et al., 1997). 

Bulk mixing between GLOSS and this depleted source region produces a hyperbolic, convex 

downwards curve on Figure 5.7a and a convex upwards curve on Figure 5.7b. Thus, 

significant Ta depletions result when < 1% of sediment is added to a strongly depleted 

mantle peridotite (Figure 5.7). Whereas in order to achieve both Ta and Ti depletion, >1% 

sediment is required in this model (Figure 5.7). Furthermore, significant Ta and Ti 

depletions, similar to the composition of the western U. S. A. rocks, are produced with the 

addition of -- 5% sediment (Figure 5.7). The Tongan subduction zone lavas are 

characterised by Ta depletions but not Ti depletions (Turner et al., 1997). Broadly therefore 

the mixing model presented here suggests that the amount of sediment added was < I%. 

This is in agreement with the interpretation of Turner et al. (1997) who suggested that <1% 

of a sediment component had been added to the source regions to the Tongan lavas based on 

Th and Nd isotope evidence. 

Thus Ta and Ti depletions may be stabilised in the mantle by mixing between bulk sediment 

and a depleted mantle source region, provided the amount of sediment added is >1%. 

McLennan & Taylor (1981) showed that once > I% sediment was added to a MORB-source 
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mantle a detectable Eu anomaly (Eu/Eu* < 0.95) would be produced. The addition of >1% 

sediment to a depleted mantle source region should therefore result in Ta, Ti and Eu 

anomalies. Furthermore, as the amount of sediment added is increased above 1 %, the Ti and 

Eu anomalies may increase but the Ta anomaly may remain buffered (e. g. Figure 5.7). 

Negative Eu anomalies are found in the least evolved rocks of the Challis Volcanic Group 

(Norman & Mertzman, 1991; Chapter Three) and those rocks plotted on Figure 5.7 have 

Eu/Eu* ranging from 0.84 to 0.96 (the CRT data range from 0.86 to 0.95: Bradshaw, 

1991). Thus the presence of Ta, Ti and Eu anomalies in these rocks may suggest that mantle 

enrichment of their mantle source regions involved subducted sediments. However it is 

significant to note that the two Early TB Group rocks are not characterised by detectable Eu 

anomalies (Eu/Eu* = 0.95 - 0.96) (Chapter Three). Therefore 95-9, the Challis rocks with 

the lowest Ti/Ti*, is not characterised by the largest Eu anomalies. This suggests that the Ta 

and Ti anomaly in this rock may not be entirely be explained by the addition of a subducted 

sediment component to its mantle source region. 

On Figure 5.7a the mixing curve for sediment mantle mixing crosses the high Ti/Ti* end- 

member of the Challis and CRT data. In contrast on Figure 5.7b, the mixing curve crosses 

the low TiTTi* end-member. Thus mixing to average subducted sediment produces a source 

region with Th/Ta too high for its corresponding Ta/La in comparison to the rocks of the 

western U. S. A. (Figure 5.7). GLOSS is the average composition of modern globally 

subduction sediment, however there is considerable variation in the composition of 

subduction sediment at different trenches (e. g. Plank & Langmuir, 1998). 

For example, the composition of bulk subducting sediment in different trenches worldwide 

ranges from 0.004 to 0.046 in Ta/La, 0.03 to 0.52 in Ti/Ti* and 2.6 to 19.5 in Th/Ta (Plank 

& Langmuir, 1998). Furthermore, recent studies of subduction zone lavas have suggested 

that the subducted sediment component may be transported as a partial melt and therefore 

processes of partial melting (possibly in the presence of residual HFSE-bearing phases) may 

also modify its composition (e. g. Elliott et al., 1997; Turner et al., 1997). Consequently, 
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the sediment component may be significantly different from GLOSS, however the vector for 

this process is probably broadly constrained by using the average composition. 

In summary, it is suggested that the probable control on the presence of correlated Ta and Ti 

depletions in the rocks of the western U. S. A. is that they are derived from Ta and Ti 

depleted mantle source regions. Furthermore, silicate melt metasomatism in the subduction 

zone environment may be able to stabilise Ta and Ti depleted, LREE enriched mantle source 

regions. In particular, if > 1% of a sediment component similar to GLOSS is added to a 

strongly depleted mantle source then Ta, Ti and Eu depleted mantle source regions may be 

produced. 

5.6 Conclusions 

1. Negative anomalies in Ta, Nb and Ti characterise mantle normalised diagrams of 

early, extension associated magmatism throughout the western U. S. A and the 

presence of these anomalies appears to be independent of the age of Tertiary 

magmatism and the variations in the age of crustal growth across the western U. S. A. 

(e. g. Bennett & DePaolo, 1987). ` 

2. In detail, a comparison between the Challis Volcanic Group and rocks of the CRT, 

suggest that the rocks of the CRT are characterised by smaller Ti depletions at similar 

Ta/La thus suggesting that local controls on Ta/La and Ti/Ti* are in part significant in 

determining the composition of the rocks. However, this comparison also suggests 

that similar processes produced the Ta and Ti depletions in the rocks from the Challis 

Volcanic Group and the CRT. In particular, the rocks indicative of the smallest 

degrees of partial melting, probably generated in the presence of residual garnet, are 

characterised by the largest Ta and Ti depletions. 

3. It is unlikely that residual HFSE-bearing phases during partial melting is responsible 

for the presence of these Ta and Ti depletions because the Ti02 abundances (e. g. < 

1.4 wt% for the Challis rocks) are too low for Ti-saturation to have been achieved. 

Thus the mantle source regions to these rocks were characterised by Ta and Ti 
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depletions and these source regions characterised the lithosphere of the western 

U. S. A. on a regional basis. 

4. It is suggested these Ta and Ti depleted, LREE enriched mantle source regions are 

produced by silicate melt metasomatism probably associated with sediment 

subduction. 



Chapter 6: The Tectonic Control on Extension and 
Early Magmatism 

6.1 Introduction 

The aim of this chapter is to determine the tectonic controls on extension and early 

magmatism for the Challis Volcanic Group, and in particular the significance of pre- 

extension compressional orogenesis. Firstly, the petrogenetic model for the Challis Volcanic 

Group developed in Chapters Four and Five is integrated with the available constraints on 

extension to asses the relationship between the two. The constraints on compression in 

central Idaho are then discussed so that the relationship between compressional orogenesis 

and extension and magmatism can also be defined. These relationships are then compared to 

the Cordillera to the north of the study area so that areas having experienced different 

compressional histories during the Laramide Orogeny can be compared and the implications 

for tectonic models discussed. Finally, a tectonic model for extension and early magmatism 

is discussed for the Challis Volcanic Group. Figure 6.1 is a paleogeographic reconstruction 

of the Pacific Northwest at -55 ±5 Ma (after Heller et al., 1988) and it illustrates the major 

magmatic and tectonic features discussed in this Chapter. 

6.2 Tectonics and Magmatism: 

6.2.1 Extension and Magmatism 

The Challis Volcanic Group 

The petrogenesis of the Challis Volcanic Group has been interpreted to suggest that these 

rocks were derived by partial melting of major element depleted, hydrous peridotite in the 

lithospheric mantle (Chapter 4). This conclusion is in agreement with previous studies from 
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Figure 6.1: Paleogeographic reconstruction of the Pacific Northwest at 55±5 Ma (after Heller et al., 1988). 

the southwestern U. S. A., further illustrating the unusual source region of voluminous, 

extension-associated early magmatism in the western U. S. A. (e. g. Bradshaw et al, 1993; 

Davis & Hawkesworth, 1994; Lopez & Cameron, 1997). 

Locally, early extension-associated magmatism throughout the western U. S. A. were erupted 

rapidly (1- 4 m. y. ) and produced total (i. e. basic and acidic lavas) stratigraphic thicknesses 

of 2- 4 km (e. g. Janecke & Snee, 1993; Brooks et al., 1995; Gans & Bohrson, 1998). 

However these voluminous eruptions have been active for > 30 Ma (e. g. - 50 - 15 Ma) and 

thus may constitute a significant addition of material to the continental crust of the western 

U. S. A. 
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Combining the constraints on the duration of magmatism with stratigraphic thicknesses of 

both basic and acidic eruptions (1 to 2.5 km) for the Challis Volcanic Group, indicates 

extrusion rates of 0.01 - 0.03 km3 yr1. The total thickness of basic lavas may be as high as 

1 km and thus the extrusion rate for mantle derived material are estimated at 0.005 to 0.015 

km3 yr1. This result is in broad agreement with that of Bradshaw et al. (1993) who 

estimated an extrusion rate of 0.0023 km3 yr-1 for mantle-derived Tertiary calc-alkaline 

magmatism in the Colorado River Trough region. In addition, Bradshaw et al. (1993) 

suggested that this estimate was significantly lower than those for intra-plate basaltic 

provinces thought to be derived by decompression melting of the asthenosphere in the 

presence of a mantle plume (e. g. Hawaii, Deccan, Ontong Java Plateau: 0.01 to »1 km3 

yr1). Thus it may be suggested that eruption rates for mantle-derived high-K calc-alkaline 

magmatism are similar across the western U. S. A., but are significantly lower than those for 

melt generation in the presence of elevated mantle potential temperature. 

The composition of early, extension-associated magmatism in the western U. S. A. is most 

similar to subduction zone rocks, however the western U. S. A. rocks are thought to be 

derived from the lithospheric mantle and not the convecting upper mantle (e. g. Hawkesworth 

et al., 1995). Thus it is significant to compare eruptions rates for western U. S. A. magmas 

to those of subduction zones, to evaluate whether calc-alkaline rocks in the western U. S. A. 

may represent a significant addition to the continental crust from the lithospheric mantle. The 

estimates of eruption rates for basic lavas for the Challis and CRT rocks produce 'arc' 

extrusion rates of 3x 10-5 km3 km-1 yr1 (Challis) and 8x 10-6 km3 krwlyr-I (CRT). If 

these estimates are calculated per unit area, then the rates are more similar at 2 (CRT) -3 
(Challis) x 10-7 km3km-2yr-1 because the Challis extrusion rates have been calculated over a 

wider area. Additionally, Gans & Bohrson (1998) calculated higher extrusion rates per unit 

area for the Eldorado Mountains in the CRT (1 -3x 10-6 km3 km-2 yr1) but these were for 

total stratigraphic thickness and not just an estimate of mantle-derived material. 

Sherrod & Smith (1991) calculated Quaternary extrusion rates for the Cascades Volcanic arc 

of 6x 10-6 -2x 10-7 km3 km-1 yrI which are similar to, or lower than, those for extension 
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associated calc-alkaline magmatism outlined above. Thus extension associated magmatism 

may constitute, at least locally, a significant addition to the continental crust during the period 

50 to 15 Ma in addition to the Cascades volcanic arc and the Columbia River CFB. 

However, Reymer & Schubert (1984) estimated that addition rates for Phanerozoic arcs were 

between 2 and 4x 10-5 km3 km-lyr-1 and these are higher, or similar to, the rates for 

extension associated magmatism. Thus the extension-associated intra-lithospheric 

differentiation in the western U. S. A. resulted in additions to the continental crust at rates 

lower than or similar to Phanerozoic arcs. 

In detail, it is suggested that the Challis Volcanic Group were derived by 5 8% partial 

melting of a source region that probably lay within the garnet to spinel transition and melting 

may have become initially shallower through time (Chapter 4). Similar conclusions were 

reached by Bradshaw et al. (1993) for early, extension-associated, low Nb/La basalts 

(Group 2 and 3 of Bradshaw et al., 1993) from the Colorado River Trough. Furthermore, a 

comparison between the least evolved rocks of the Challis Volcanic Group and early 

magmatism from the Colorado River Trough suggests that the melting process in these two 

areas were indeed similar (Chapter 5). This suggests that melting in the lithospheric mantle 

may be broadly similar on a regional basis in the western U. S. A. despite the differences in 

age of eruption between Challis (- 49 Ma) and the Colorado River Trough (< 20 Ma). 

It has been suggested in Chapter Five that the high Nb/La basaltic andesites probably require 

a contribution from an asthenospheric source. The high Nb/La Group are probably younger 

than the main phase of low Nb/La volcanism derived from the lithospheric mantle. There is 

therefore an apparent transition from voluminous lithospheric magmatism, to smaller volume 

asthenospheric magmatism through time in the Challis Volcanic Group. A similar transition 

has been documented from the southwestern U. S. A. and is thought to reflect decompression 

melting of the upwelling asthenosphere as a result of extension (e. g. Daley & DePaolo, 

1992; Bradshaw et al., 1993; Davis & Hawkesworth, 1995). However the petrogenesis and 

age of the high Nb/La Group are not well-established and this Chapter therefore concentrates 
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on the tectonic control on the early, voluminous lithospheric magmatism of the Challis 

Volcanic Group. 

Leeman & Harry (1993) and Harry & Leeman (1995) also concluded that early magmatism 

was derived from the lithospheric mantle and not the asthenospheric upper mantle. 

However, they argued that significant volumes of melt were generated on the anhydrous 

tholeiite solidus in response to decompression, rather than on the peridotite solidus. 

However, it is argued here that the petrogenesis of the Challis Volcanic Group is most 

simply explained by partial melting of mantle peridotite. In particular, the least evolved 

rocks of the Challis Volcanic Group have high Mg#'s (up to 70) and refractory Cr-spinel 

compositions indicative of a depleted peridotite source. Furthermore, modelling of a mantle 

peridotite xenolith from the western U. S. A. (Pa-10) can broadly reproduce the REE 

composition of these rocks. Thus tectonic models for the Challis Volcanic Group need to 

explain partial melting of hydrous mantle lithosphere at -49 Ma in southern Idaho. 

The Challis Volcanic Group is associated with the earliest known phase of Tertiary extension 

in central Idaho (Janecke, 1992). This episode of extension is recorded in upper crustal 

normal faults which resulted from NW-SE extension, with ß estimated at 1.3 (Janecke, 

1992). Extension is thought to have been short lived at 49 - 48 Ma and 'began and ended 

during Challis volcanism' (Janecke, 1992). A second phase of SW-NE extension, at 90° to 

episode one, was initiated at 47 - 46 Ma during the waning stages of Challis volcanism 

(Janecke, 1992). This second episode was characterised by -- 70 % extension and was 

associated with sedimentation, but it appears to have been more long-lived and it outlasted 

volcanism by up to 15 m. y. (Janecke, 1992; 1994). Therefore lithospheric melting at - 49 - 

48 Ma was associated with the first known episode of Eocene extension in central Idaho, but 

magmatism is also post-dated by extension by - 15 m. y. (Janecke, 1992; 1994). 

6.2.2 Pre-Extension Compressional Orogenies 
Extensional structures within the Pioneer metamorphic core complex of southern Idaho (e. g. 

Figure 6.1) indicate that Tertiary extension was superimposed onto compressional 

deformation (Wust, 1986; O'Neill & Pavlis, 1988). Compression was accommodated on 
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NE vergent structures in the Pioneer core complex and the peak metamorphism has been 

given a minimum age of 67.6±1.6 Ma (K/Ar, hornblende) (Dover, 1981) from an age on a 

'syn-metamorphic/late kinematic' granodiorite that crops out in the Pioneer core complex 

(Silverberg, 1986). Overall, however the Cretaceous and early Tertiary P-T-t evolution of 

the Pioneer Mountains remains poorly constrained. 

Crustal compression and peak metamorphism were associated with significant crustal 

thickening suggesting that the Challis Volcanic Group were erupted through overthickened 

continental crust (e. g. Coney & Harms, 1984). The present day crustal thickness in central 

Idaho is -40-45 km (Braile et al., 1989) and therefore, as episodic Tertiary extension is 

estimated at 30% and 70% (Janecke, 1992), the pre-50 Ma thickness would have been of the 

order of 50-60 km. 

Associated with this crustal compression in the Late Cretaceous was the emplacement of 

Idaho-Atlanta batholith to the west (e. g. Figure 6.1). The Idaho-Atlanta batholith consists of 

a variety of granitoid rocks ranging from quartz-diorite to leucogranite (e. g. Clarke, 1990 

and references therein). The main phase of activity is recorded by a suite of biotite 

granodiorites which are found in the central areas of the batholith (Clarke, 1990). The 

batholith is thought to have been emplaced between 90 and 70 Ma with the main phase 

granodiorites emplaced at 85 - 75 Ma (compilation of Clarke, 1990). 

The majority of the granitoids of the Idaho batholith are characterised by high Sr and low 

HREE and Y abundances and they have been interpreted to result form partial malting in the 

lower crust of tonalitic-gabbroic source rocks in the presence of residual garnet (Clarke, 

1990). Furthermore, partial melting in the lower crust may have occurred in response to 

underplating of subduction-related, mantle-derived magmatism (Clarke, 1990). Therefore 

subduction related magmatism appears to have ended at - 70 Ma in the Idaho-Atlanta 

batholith, broadly coincident with the minimum age for peak metamorphism in the Pioneer 

Mountains to the east (> 68 Ma). These relationships suggest that peak metamorphism and 

subduction zone magmatism were separated from extension and lithospheric magmatism by 

at least 18 m. y. (> 68 to 50 Ma). 
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During the interval 68 to 50 Ma compressional tectonics migrated further to the east and 

resulted in the Laramide foreland uplifts of northern Wyoming and southern Montana (e. g. 

reviews of Allmendinger, 1992; Miller et al., 1992). Laramide foreland deformation at this 

latitude has been constrained between 70 and 50 Ma on the basis of structural and 

stratigraphic relationships within the Laramide Foreland sedimentary basins (Dickinson et 

al., 1988). The available constraints suggest, therefore, that the time gap between peak 

metamorphism/cessation of arc-magmatism, and extension associated lithospheric 

magmatism, is broadly coincident with Laramide foreland deformation (70 - 50 Ma). 

A summary of these relationships for central Idaho is presented in column one of Figure 6.2. 

6.2.3 The Pacific Northwest 

The Challis Volcanic Group lies at the northern limit of the Laramide Foreland Province (e. g. 

Figure 6.1) because regions immediately to the north experienced different compressional 

tectonic histories during the interval 70 - 50 Ma (e. g. Allmendinger, 1992; Miller et al., 

1992). Comparisons of Tertiary extension and magmatism across this 'boundary' might 

therefore provide constraints on the role of compressional orogenesis in Tertiary extension 

and magmatism. The region to the north of the Challis Volcanic Group is investigated in this 

study by looking at two specific areas: the Bitterroot core complex in northern 

Idaho/western Montana and the Omineca Extended Belt of British Columbia, Washington 

and northernmost Idaho (e. g. Figure 6.1). The available constraints on extension, 

magmatism and compression for these two areas are summarised in columns two and three 

of Figure 6.2. 

The Bitterroot metamorphic core complex crops out on the eastern edge of the Idaho- 

Bitterroot batholith. Thus, Tertiary extension and magmatism at this latitude were spatially 

associated with granitoid batholith emplacement and not found to the east of the batholith, as 

in central Idaho (Figure 6.1). The Idaho-Bitterroot batholith consists of similar granitoid 

rocks to the Idaho-Atlanta batholith, with early quartz diorite to tonalitic plutons post-dated 

by main phase biotite granodiorites (e. g. Hyndman, 1983). 'In addition, the main phase 

granodiorites appear to have mixed and mingled with more mafic basaltic andesites and 
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andesites (Hyndman & Foster, 1988; Foster & Hyndman, 1990). However, the chronology 

of plutonism within the Idaho-Bitterroot batholith appears to be different to the Idaho-Atlanta 

batholith (Figure 6.2). 

Early tonalitic magmas were emplaced between - 90 and 75 Ma and they were followed by 

main phase granodiorites, and co-magmatic basaltic andesites and andesites, between > 65 - 

54 Ma (Foster & Fanning, 1997 and references therein). It is also thought that emplacement 

of the main phase granodiorites may have migrated eastwards through time (Criss & Fleck, 

1987; Foster & Fanning, 1997). Therefore, the main phase granodiorites and associated 

mafic magmatism in the Idaho-Bitterroot batholith appear predominantly to post-date the - 70 

Ma cessation in the Idaho-Atlanta batholith (Figure 6.2). 

The more mafic magmas of the Idaho-Bitterroot batholith are high-K calc-alkaline rocks with 

moderate-high A1203 (14-17 %). They define linear relationships in major elements with the 

main phase granodiorites and they are characterised by similar REE patterns, although the 

granitoids have noticeably lower HREE contents (Foster & Hyndman, 1990). Foster & 

Hyndman (1990) suggest that the linear relationships are the result of mixing between mafic 

and acidic end-members and that the mafic end-member was probably a subduction-related 

basalt. However, one of the more mafic rocks described by Foster & Hyndman (1990) - 54 

% Si02,6.5 MgO - has a high Nb/La ratio (1.1) which may make a subduction-related 

origin questionable. The main phase granitoids not associated with more mafic magmas in 

the Idaho-Bitterroot batholith are thought to have been derived by partial melting of crustal 

source rocks, similar to the Idaho-Atlanta batholith, although the processes are poorly 

constrained (e. g. Hyndman, 1983; Shuster & Bickford, 1985; Fleck, 1990). 

Crustal compression and metamorphism at this latitude probably initiated at least as early as 

100 Ma and continued until - 56 Ma (e. g. House et al., 1997 and references therein). Peak 

metamorphism at upper amphibolite facies (64 - 56 Ma) appears to be temporally and 

spatially associated with the emplacement of main phase granitoids and so the thermal effects 

of magmatism may have been more influential in determining peak metamorphism at this 

latitude in comparison to central Idaho (Figure 6.2). Upper amphibolite facies 
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metamorphism was followed by isothermal decompression between 56 and 48 Ma related to 

the exhumation of the Bitterroot core complex (e. g. Hodges & Applegate, 1995; House et 

al., 1997). Therefore, in northern Idaho Eocene extension and magmatism appear to have 

followed immediately after upper amphibolite facies metamorphism and main phase 

granodiorite emplacement. Furthermore, the transition from compression to extension may 

have been initiated earlier in northern Idaho (- 56 Ma) than in southern Idaho (- 50 Ma) 

(Figure 6.2). 

Eocene extension in northern Idaho was accommodated with roughly top-to-the east (1100) 

movement (e. g. Hyndman & Myers, 1988). The extension direction is therefore slightly 

different on the Biterroot Mylonite Zone to the extension direction for episode one extension 

in central Idaho (Janecke, 1992) (Figure 6.1). Intrusions of the pink-granite suite (Lewis & 

Kiilsgaard, 1991) are found on the northern, southern and western margins of the Bitterroot 

core complex. These intrusions are thought to have been emplaced between 49 and 46 Ma at 

shallow levels (< 5-7 km) during, or post-dating, extensional deformation on the Bitterroot 

mylonite zone (Criss & Fleck, 1987; House et al., 1993). In the Bitterroot core complex, 

therefore, Eocene extension was associated with crustal melting but not lithospheric 

magmatism. 

Tertiary extension and magmatism in the southern Canadian Cordillera, and in Washington 

State and northern Idaho, constitutes the Omineca Extended Belt (Figure 6.1) (e. g. Parrish et 

al., 1988). Compression in the Omineca Belt resulted in east-directed thrusting and crustal 

thickening, and restored cross-sections suggest that crustal thicknesses were up to 50-60 km 

(Parrish et al., 1988; Bardoux & Mareschal, 1994). East-west extension, estimated at 30-50 

% (Parrish et al., 1988; Bardoux & Mareschal, 1994) is thought to have immediately post- 

dated crustal thickening at - 58 Ma (Carr, 1992) and lasted for - 10 m. y. (e. g. Parrish et al., 

1988). Therefore extension in the Omineca Belt was short lived (- 10 m. y. ) in comparison 

to central Idaho (episodic over the last 50 Ma) (e. g. Janecke, 1992). 

Magmatism associated with extension in the Canadian Cordillera is defined by the intrusive 

Ladybird suite which consists of 2-mica + garnet + sillimanite, quartz monzonite and granite 

NOLA& 
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(Carr, 1992). The Ladybird suite is thought to have been derived entirely through processes 

of crustal anatexis between 60 and 54 Ma and therefore it may have spanned both 

compressional and extensional tectonic regimes (Carr, 1992 and references therein). 

Magmatism associated with extension in the Omineca Belt of northern Washington State is 

termed the Colville Igneous Complex (Holder & Holder, 1988). It is thought that the 

Ladybird Suite of British Columbia may correlate with the oldest plutonic rocks (Keller Butte 

Suite of Holder & Holder, 1988) of the Colville Igneous Complex (Carr, 1992). Volcanic 

rocks of the Colville Igneous Complex are subdivided into two Formations: an older 

Sanpoil Formation and younger Klondike Mountain Formation (Holder & Holder, 1988). 

The intrusive equivalents to the Sanpoil rocks have been dated at between 51.3 ± 0.1 and 

54.1 ±1 Ma and the Klondike Mountain Formation at 48.8 ±1 Ma (Morris & Hooper, 1997 

and references therein) (Figure 6.2). 

Morris & Hooper (1997) suggest that the petrogenesis of extension-associated extrusive 

rocks of the Colville Igneous Complex, and in particular the transition in magmatism through 

time, are different to areas of the Cordillera to the south. They interpret the earlier Sanpoil 

Formation as the products of crustal melting, whereas the Klondike Mountain Formation is 

interpreted to contain components from both the mantle and the crust. The least evolved 

rocks of the Klondike Mountain Formation do not have HFSE depletions relative to LILE, 

and they have cNd similar to OIB suggesting that mantle melting occurred in the 

asthenosphere and not in the lithospheric mantle (Morris & Hooper, 1997). This suggests 

that the transition in the Omineca Belt of Washington was from crustal melting to 

asthenospheric melting with time, and that asthenospheric melting may post-date the onset of 

extension by -- 10 m. y. (i. e. 58 to 48 Ma). 

In summary there are significant differences in post-compression extension and magmatism 

between southern Idaho and areas to the north (e. g. Figure 6.2). In particular, areas to the 

north are apparently not characterised by partial melting of the lithospheric mantle at any 

stage during the early Tertiary transition from compression to extension. Moreover, crustal 

anatexis dominated initially, and it was post-dated by partial melting in the asthenosphere 
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(Morris & Hooper, 1997). In addition the onset of extension was earlier to the north (- 58 - 

56 Ma), in comparison to southern Idaho (- 50 Ma). Furthermore, southern Idaho is 

characterised by a time gap of - 20 Ma (> 68 to 50 Ma) between peak metamorphism/crustal 

thickening/batholith emplacement and the onset of Tertiary extension and magmatism. This 

time gap does not reflect a- 20 Ma hiatus between compression and extension at this latitude 

because during this interval compression was ongoing in the Laramide Foreland Province. 

In contrast, to the north, peak metamorphism and batholith emplacement are seemingly 

closely associated and they were immediately followed by a transition to extensional 

tectonics at 56 - 58 Ma (e. g. Parrish et al., 1988). 

6.2.4 Implications for Tectonic Models 

In the Pacific Northwest the Eocene transition from compression to extension is broadly 

correlated with the 56 - 50 Ma decrease in the rate of convergence between continental North 

America and the Farallon and Vancouver oceanic plates (Stock & Molnar, 1988) (e. g. Figure 

6.2). This has lead some workers to suggest that a decrease in the boundary force applied at 

the edge of the continent may, at least in part, have been significant in determining the timing 

of this transition (e. g. Parrish et al., 1988; Janecke & Snee, 1993; Bardoux & Mareschal, 

1994). However, the transition did not occur simultaneously throughout the region (e. g. 

Figure 6.2) and therefore local controls, possibly related to internal body forces, were 

probably also influential in determining the timing of the transition from compression to 

extension within the hinterland region. 

The location of early magmatism and core complex formation is clearly correlated with the 

presence of overthickened continental crust in the hinterland region of the North America 

Cordillera (e. g. Coney & Harms, 1984). In the case of the Pacific Northwest crustal 

thicknesses of 50 - 60 km appear to have been widespread within the hinterland region prior 

to Tertiary extension and magmatism (e. g. Coney & Harms, 1984; Parrish et al., 1988; 

Bardoux & Mareschal, 1994). Thus differences in gravitational potential energy of the 

hinterland region with respect to surrounding regions, due to differences in crustal thickness 

and perhaps lithospheric thickness, were perhaps also influential in determining the timing 
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and location of the transition from compression to extension (e. g. Parrish et al., 1988; 

Bardoux & Mareschal, 1994). 

The contrast in extension-associated early magmatism in southern Idaho (i. e. lithospheric 

mantle melting at the onset of extension, to crustal anatexis and probably asthenospheric 

melting through time) to that found in areas to the north (i. e. crustal anatexis, perhaps 

overlapping between the transition from compression to extension, to asthenospheric melting 

through time) suggest that the thermal state of the crust and lithosphere also varied 

throughout the region at the time of the 56- 50 Ma transition. In particular areas to the north 

were probably characterised by a higher geothermal gradients within the crust, at the time of 

onset of extension, in order to account for widespread crustal anatexis. Furthermore the 

association of partial melting in the lithospheric mantle with the onset of extension in 

southern Idaho suggest that the geothermal gradient in the mantle lithosphere was disturbed 

at - 50 Ma but that a similar disturbance did not occur in areas to the north. 

It is therefore suggested that pre-extensional compressional orogenesis does play a 

significant role in tectonic models of Tertiary extension and magmatism in the Pacific 

Northwest of the western U. S. A. (e. g. Coney & Harms, 1984; Sonder et al., 1987; 

Hawkesworth et al., 1995). In particular there is a good correlation between the location of 

core complexes and associated magmatism, whether it is mantle or crustally derived, and 

over-thickened continental crust. However, the contrasts in Tertiary extension and 

magmatism to the north of central Idaho indicate that the association of core complex 

extension and partial melting of the lithospheric mantle are characteristic only of latitudes 

where compressional deformation in the Laramide Foreland Province occurred immediately 

prior to Tertiary extension and magmatism. Areas outside of the Laramide Foreland 

Province in the Pacific Northwest appear to have been characterised, at the time of the 

transition from compression to extension, by higher geothermal gradients within the crust. 

Moreover, these areas to the north do not record a significant change in the geothermal 

gradient in the lithospheric mantle at the time of the transition from extension to compression 

sufficient to initiate partial melting of hydrous peridotite. It is suggested therefore that the 



204 Chapter Six 

thermal effects of the Laramide Orogeny, and in particular the transition that occurred at the 

end of this Orogeny, are significant in producing the association of extension and 

lithospheric magmatism throughout the western U. S. A. 

6.3 A Tectonic Model for the Challis Volcanic Group 

The model developed in this section is not a significantly new addition to those already 

published but instead is a hybrid of models which suggests that the relationship between 

extension and lithospheric magmatism may be best explained by the combined, but 

contrasting, roles of crustal thickening during the Sevier and related orogenies and sub- 

horizontal subduction during the Laramide orogeny. 

Figure 6.3 is a plot of temperature (° C) versus pressure (kbar) to map broadly the evolving 

thermal conditions of the crust and mantle lithosphere through the transition from 

compression to extension in the late Cretaceous and early Tertiary. The solidus for 

anhydrous peridotite (AP) is from McKenzie & Bickle (1988) and the solidus for hydrous 

peridotite (HP) is from Olafsson & Eggler (1983). Also shown is a mantle adiabat 

corresponding to a potential temperature of 1280° C (after McKenzie & Bickle, 1988). The 

1280° C adiabat intersects the anhydrous solidus at depths of - 50 - 60 km indicating the 

depth at which decompression melting of the asthenosphere will occur for this potential 

temperature. If the potential temperature of the mantle is above 1280° C, then melting in the 

asthenosphere will initiate at greater depths (McKenzie & Bickle, 1988). 

The Challis Volcanic Group are interpreted to have been derived by hydrous partial melting 

of mantle peridotite and therefore melting occurred on the hydrous peridotite solidus 
(Gallagher & Hawkesworth, 1992). Furthermore, variations in the REE composition of the 

lavas suggest that garnet was residual to melting during the earliest magmatism, but becomes 

less significant through time (Chapter 4). Thus, the source region to the Challis Volcanic 

Group is located on the hydrous solidus within the garnet to spinel transition for this 
hydrous peridotite composition (Figure 6.3) (Olafsson & Eggler, 1983). Partial melting is 

therefore interpreted to have occurred at - 1050 - 1100° C and at pressures of - 20 kbar 
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Figure 6.3: Temperature (° C) vs. Pressure (kbar) plot for the crust and mantle lithosphere beneath central 
Idaho in the period 90 Ma to 48 Ma. Geotherms were calculated using Equation 4-31 of Turcotte & Schubert 
(1982) using the following constants: conductivity (k) = 3.35 Wm-IOK-1; length scale for the decrease in 
heat production = 10 km (see text for details). 

(Figure 6.3). Pyroxene geothermometry of the least evolved rocks of the Challis Volcanic 

Group indicate magmatic temperatures of -- 900 to 1100 t 50° C (Chapter Three) broadly in 

agreement with partial melting on the hydrous solidus at - 20 kbar (Figure 6.3). 

Prior to Eocene extension in central Idaho the continental crust was overthickened resulting 

in a crustal thickness of 50-60 km in the hinterland region, where metamorphism probably 

culminated before 68 Ma (Silverberg, 1986). A geotherm has been calculated to represent 

the conditions that may have prevailed at this time (G 1). The geotherm was calculated after 

the method of Turcotte & Schubert (1982, equation 4-31) and the constants used in the 

calculation are given in the Figure caption. The surface heat flow was set at 80 mW/m2 and 

the mantle heat flux at 33 mW/m2 in an attempt to represent conditions of high surface heat 

flow associated with overthickened continental crust. G1 does not cross the solidus in the 

required melting region but may cross the hydrous solidus at greater depths (Figure 6.3). 
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Houseman et al (1981) suggested that in compressional orogenies as a consequence of 

variations in crustal thickness due to crustal thickening, the mantle lithospheric root beneath 

the areas of maximum crustal thickness becomes gravitationally unstable relative to the 

surrounding asthenosphere. It may become detached and sink into the upper mantle by a 

processes of convective removal. If lithospheric thinning was associated with crustal 

thickening prior to - 70 Ma in central Idaho, the inferred 50 - 60 km thick crust in central 

Idaho at - 70 Ma may have been associated with relatively thin mantle lithosphere. Partial 

melting of the mantle lithosphere may occur in response to convective thinning of the mantle 

lithosphere (e. g. Platt & England, 1993 and references therein), and yet partial melting of the 

mantle lithosphere did not occur until 20 m. y. after the inferred peak in metamorphism in 

central Idaho. 

In central Idaho during this time gap of - 20 Ma between peak metamorphism and 

lithospheric melting, the Laramide Foreland Province to the east experienced compressional 

deformation (e. g. Dickinson et al., 1988). In addition granitoid magmatism in the Idaho- 

Atlanta batholith, which may have been related to underplating of subduction-related magmas 

(Clarke, 1990) also ends at about the time of the onset of Laramide deformation at - 70 Ma. 

The most commonly cited model used to explain the Laramide Orogeny involves a period of 

sub-horizontal subduction similar to that observed in regions of the modern Andean 

Cordillera (e. g. Jordan & Allmendinger, 1986). Region of the Andes characterised by sub- 
horizontal subduction have relatively low surface heat flow of - 30 mW/m2 (Sacks, 1981). 

Therefore geotherm G2 was calculated for a surface heat flow of 40 mW/m2 and a mantle 
heat flux of 20 mW/m2 in an attempt to characterise the thermal conditions during the 

Laramide Orogeny. 

Geotherm G2 results in significantly lower temperatures in the lithospheric mantle (e. g. 
500° C at 20 kbar) than G1 (Figure 6.3). Studies of mantle xenoliths from outside the areas 

of extension in the southwestern U. S. A. (Sierra Nevada; Grand Canyon and Navajo 

localities in Arizona) indicate that some unusual features may record anomalously low 

temperature conditions in the lithospheric mantle prior to 25 Ma (e. g. Smith, 1995; Riter & 
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Smith, 1996; Smith & Riter, 1997). In particular, chlorite-rich reaction zones in upper 

mantle xenoliths are interpreted to reflect processes of reaction and hydration that occurred at 

410° - 510° Cat depths of 75 km (Smith, 1995). Secondly, unusually low Al and Cr cores 

to orthopyroxene porphyroblasts (with 0.2 % A1203 and 0.04 % Cr203) in spinel xenoliths 

are interpreted to reflect equilibration with chlorite peridotite, prior to the growth of the 

orthopyroxene rims during subsequent heating and dehydration (Smith & Riter, 1997). 

Dumitru et al. (1991) also suggested that crustal rocks in the Sierra Nevada and within the 

hinterland region of the Great Basin may record cooling during the Laramide Orogeny. 

Thus, although some evidence has been interpreted to suggest that the Laramide Orogeny 

was characterised by anomalously low temperature conditions in the lithosphere, overall the 

prevailing geotherms during the Laramide Orogeny throughout the Cordillera are not well 

constrained. Thus G2 is speculative. 

Geophysical studies indicate that the mantle lithosphere in the western U. S. A. is not 

underlain by oceanic crust at the present time (e. g. Humphreys, 1995 and references 

therein). Thus the inferred sub-horizontal oceanic slab must have been removed from 

beneath the lithosphere between - 50 Ma and the present. The third geotherm G3 represents 

the thermal conditions if the slab was removed at - 50 Ma from central Idaho coincident with 

end of the Laramide Orogeny at this latitude (Figure 6.3). Geophysical studies in the western 

U. S. A. suggest that at the present day the lithosphere is 60 to 80 km thick beneath the highly 

extended areas of the Great Basin and that it may have been - 100 km thick prior to 

extension (e. g. Zandt et al., 1995). Thus a lithospheric thickness of 90 km has been chosen 

to represent the thickness of the mantle lithosphere after crustal thickening and sub-horizontal 

subduction (Figure 6.3). The removal of the slab results in a step in the geotherm as it 

places asthenospheric mantle (assumed to be at 1280° C) in contact with the lower 

lithosphere (- 600° C) producing a temperature difference across this boundary of - 700° C 

(Figure 6.3). 

The presence of the step in the geotherm does not produce partial melting in the required 

source region, but it suggests that conductive heating will occur from the asthenosphere into 
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the lower lithosphere in order to re-equilibrate the geotherm. Moreover, this reequilibration 

of the step in the geotherm is likely to cause melting in the lower lithosphere, although 

whether significant melting will occur within the garnet to spinel transition in response to 

these conditions is unclear. Clearly, partial melting in the garnet to spinel transition would 

be favoured if the lithospheric thickness prior to slab removal was < 90 km (Figure 6.3). In 

the case of southern Idaho, extension at - 50 Ma is estimated at 30 % (Janecke, 1992) and 

therefore conduction would need to be able to generate significant volumes of lithospheric 

magma with only relatively minor amounts of extension. 

Hawkesworth et al. (1995) modelled a similar situation where the step in the geotherm 

resulted from convective removal of the lower lithosphere in response to crustal thickening 

(e. g. Houseman et al., 1981). Hawkesworth et al. (1995) suggested that with a temperature 

difference of - 500° C across the step in the geotherm, melt thicknesses of 2-4 km could be 

produced from hydrous lithospheric source regions depending on the amount of extension 

and the initial starting temperature of the asthenosphere. Extension alone is unlikely to result 

in significant volumes of melt because the hydrous solidus is steep at depth, and so 

conduction may be particularly significant during the earliest stages of melt production 

(Hawkesworth et al., 1995). Furthermore, in order to produce a transition from lithosphere- 

derived magmatism to asthenospherically derived magmatism through time, rapid late stage 

extension of 100 % and a moderately elevated potential temperature (1380° C) were required 

(Hawkesworth et al., 1995). Thus it is probable that the conditions envisioned in Figure 6.3 

for central Idaho at - 50 Ma could lead to significant melting of hydrous peridotite in the 

lithospheric mantle and the eruption of the Challis Volcanics at that time. 

In contrast to the Challis Volcanic Group, the areas to the north are characterised by 

significant crustal melting at the time of the transition from compression to extension at - 58 

- 56 Ma. As these areas to the north are not characterised by Laramide Foreland Province 

uplifts, it is inferred that sub-horizontal subduction did not pre-date extension and 

magmatism at these more northern latitudes. Thus extension and crustal anatexis followed 

on from regional compression and crustal thickening (e. g. G1 on Figure 6.3). G1 is 
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characterised by temperatures of - 600° C in the lower crust, broadly in agreement with the 

overlap of crustal anatexis between compressional and extensional regimes in the Omineca 

Extended Belt (Carr, 1992). 

In summary, the association of partial melting in the lithospheric mantle and extension in 

south central Idaho at - 50 Ma may have occurred in response to the removal of a sub- 

horizontally subducted oceanic slab from beneath the continental lithosphere. The removal 

of the slab is likely to have produced a step in the geotherm at the base of the lithosphere 

which resulted in conductive heating and partial melting of the mantle lithosphere. 

Furthermore, partial melting in the garnet to spinel transition would be favoured if the 

lithospheric thickness was < 90 km at the time of the removal of the slab. It is suggested that 

the events of the Laramide orogeny (- 70 to 35 Ma) played a significant role in determining 

the nature of Tertiary core complex extension and magmatism in the western U. S. A. In 

areas where the Laramide Orogeny was not characterised by foreland province 

compressional deformation, post-compressional extension is associated with widespread 

crustal anatexis and not lithospheric melting (e. g. Omineca Extended Belt) (Parrish et al., 

1988; Carr, 1992; Morris & Hooper, 1997). In contrast the association of extension and 

melting in the lithospheric mantle appears to have been restricted to the overthickened 

hinterland region behind which Laramide foreland deformation occurred. The control on 

Laramide foreland compressional deformation is not known and it may relate to changes in 

boundary forces at the edge or base of the plate or variations in the internal body forces of 

the North American lithosphere (Jones et al., 1998 and references therein). 



Chapter 7: An Alternative Tertiary Analogue for 
Archaean Sanukitoids from the Basin 

and Range. 

7.1 Introduction 

The Archaean is fundamental to an understanding of how the Earth has evolved through time 

as it preserves a record of nearly 55% of Earth History. However, the preserved record of 

the Archaean Earth is fragmentary and may only record a fraction of the geological events 

that occurred during that time. Therefore an understanding of the Archaean Earth which is 

based upon Archaean rocks alone is limited. In order to expand our understanding therefore 

comparisons and contrasts need to be made between post-Archaean and Archaean processes. 

Archaean granitoids of the TTG suite (tonalite, trondhjemite and granite) are thought to be 

derived by partial melting of broadly basaltic source regions in the amphibolite or eclogite 

facies in the presence of residual amphibole and/or garnet (e. g. Wyllie et al., 1997 and 

references therein). However, G. N. Hanson and co-workers (e. g. Shirey & Hanson, 1984; 

Stem et al., 1989; Evans & Hanson, 1997) have suggested that the petrogenesis of a series 

of late Archaean lavas and related granitoids from the Superior Province is not consistent 

with derivation from broadly basaltic sources. In particular, the least evolved rocks of this 

suite have Mg# higher than experimental partial melts of basaltic source regions (Evans & 

Hanson, 1997). This suggest that the source regions of these Archaean granitoids of the 

Superior Province had Mg# higher that of 'normal' TTG. In addition, rocks of this suite are 

LILE and LREE enriched and it has been suggested that this reflects partial melting of trace 

element enriched source regions (Evans & Hanson, 1997 and references therein). Thus it 
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has been suggested the parental magmas to some Archaean granitoids were derived from 

LREE enriched peridotite and not basaltic source regions (e. g. Evans & Hanson, 1997). 

The aim of this chapter is to evaluate whether the Tertiary extension-associated lavas that are 

the theme of this thesis are a potential analogue for these late Archaean rocks. Previously 

this suite of Archaean rocks has been compared to boninitic rocks of the western Pacific, in 

particular the sanukitoids of the Setouchi Volcanic Belt, Japan and thus the Archaean rocks 

have been termed sanukitiods (Shirey & Hanson, 1984). Sanukitoids are glassy, aphyric, 

primitive andesites (e. g. Mg# > 70 at Si02 - 58%), and are associated with rocks ranging 

from basalt to rhyolite in the Setouchi Volcanic Belt (Tatsumi & Ishizaka, 1981 and reference 

therein) and have been classified as belonging to the boninite suite of rocks (Crawford et al., 

1989). An analogy to western Pacific boninitic rocks would suggest that the Archaean rocks 

were generated by partial melting at shallow depths (< 50 km) in a subduction zone 

environment characterised by a high geothermal gradient (e. g. Tatsumi & Maruyama, 1989; 

Crawford et al, 1989). In contrast, if rocks such as the Challis Volcanic Group from the 

western U. S. A. are analogous to these Archaean rocks then the inferred tectonic setting 

would be back-arc post-compression continental extension. In addition, boninites of the 

western Pacific are thought to result from partial melting of the asthenosphere (e. g. 

Crawford et al., 1989; Pearce et al., 1992), whereas calc-alkaline magmatism in the western 

U. S. A. is thought to be derived from the lithospheric mantle (e. g. Hawkesworth et al., 

1995). Therefore if Archaean sanukitoids are analogous to Basin and Range magmatism 

they may have formed by intra-lithospheric differentiation with a significant role for 

processes of mantle enrichment and not directly by asthenosphere-lithosphere differentiation. 

7.2 Sanukitoids of the Superior and Slave Provinces 

7.2.1 The Superior and Slave Provinces 
The Superior Province is the largest exposure of Archaean rocks on Earth and it covers an 

area of - 1.5 x 106 km2 in north-east and central Canada (Figure 7.1) (Stott, 1997 for a 

review). The Superior Province is characterised by elongate, roughly east-west trending, 
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belts of granitoid-greenstone-metasedimentary rocks, except to the north-east where the 

dominant trend is roughly north-south (Figure 7.1b). Broadly, the province can be sub- 

divided into three main regions each containing sub-provinces (after Stott, 1997) (Figure 

7.1b): 

1. Northern (Uchi-Sachigo-Goudalie): This region comprises the northern half of the 

Superior Province and records multiple tectonic events predominantly between 3.0 

and 2.7 Ga. The southern margin of this northern region is thought to have acted as 

the margin onto which the elongate sub-provinces of the central region were 

assembled. To the north-east the assembly of sub-provinces appears to have been 

along a more north-south trend. 

2. Central: This is a roughly linear assembly of various granitoid-greenstone- 

metasedimentary sub-provinces some of which consist of predominantly volcanic and 

plutonic material (eg. Wabigoon and Abitibi sub-provinces) or predominantly plutonic 

or metasedimentary rocks (Figure 7.1b). Assembly of these sub-provinces is thought 

to have occurred predominantly between 2.9 and 2.7 Ga. It is in volcano-plutonic 

sub-provinces, such as the Wabigoon sub-province, that Archaean sanukitoids have 

been described in most detail. 

3. Southern (Minnesota River Valley): This region lies to the south of the central region 

and contains inliers of Archaean rocks up to 3.6 Ga in age and is separated from the 

central region by the Great Lakes tectonic zone, which is thought to be an Archaean 

tectonic boundary. 

The current interpretation of the tectonic evolution of the Superior Province suggests that it is 

the result of late Archaean - 2.9 - 2.7 Ga assembly of oceanic terranes, continental terranes 

and composite terranes into a stable craton by processes of accretion and collision in the 

Kenoran Orogeny (Stott, 1997). This assembly may have migrated southwards across the 

province during the period 2710 to 2670 Ma and it was probably accommodated on 

southward vergent structures. Rocks of the sanukitoid suite in the Superior Province are 
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thought to have been emplaced at - 2.7 Ga (Evans & Hanson, 1997 and references therein) 

and are therefore related to the final stages of this process of assembly. 

The Slave craton is exposed over 210,000 km2 in the North-West Territories, Canada and it 

is therefore a relatively small exposure of Archaean rocks in comparison to the Superior 

Province (Figure 7.1a). Exposed rocks are dominated by -- 2.7 - 2.6 Ga granitoid-turbidite- 

greenstone lithologies with outcrops of older (4.0-2.8 Ga) granitoid, orthogneiss and 

metasedimentary rocks found in the western part of the craton (Isachsen & Bowring, 1994; 

King & Helmstaedt, 1997 for a review). It is thought that the older rocks to the west may 

have acted as a nucleus onto which the younger rocks were assembled in the late Archaean. 

However, the processes of late Archaean assembly recorded in the Slave craton are debated. 

In particular, the processes by which the granite-greenstones were assembled may not have 

involved episodic accretion of material but instead may be related by pan-Slave tectonic 

events (Isachsen & Bowring, 1994). Isachsen & Bowring (1994) suggest that tectonic 

evolution models of the craton must explain how the entire craton was stable between 2.7 

and 2.6 Ga, covered by turbidites at - 2.6 Ga and was subsequently deformed and 

metamorphosed in a pan-Slave tectonic event. 

Archaean sanukitoids have been described from the central Slave craton (Group 2 plutons of 

Davis et al., 1994) and have been dated at 2608±5 Ma (van Breeman et al., 1992). 

Correlated plutons from elsewhere in the province are dated at between 2625 and 2595 Ma 

indicating that sanukitoid emplacement is part of the youngest (? pan-Slave) tectonic events 

(van Breeman et al., 1992; Davis et al., 1994 ). 

7.2.2 The Tectonic Association of Archaean Sanukitoids 
Sanukitoid intrusive complexes in the Superior craton are commonly referred to as being 

syn-tectonic (kinematic) to early post-tectonic because they post-date the major 

compressional deformation recorded in their country rocks (e. g. Stern et al., 1989 and 

references therein). Intrusive rocks show linear and planar fabrics which have been 

interpreted to have formed during emplacement of 'steeply dipping arcuate sheets of magma 

along gneiss-supracrustal contacts' (Stern et al., 1989 and references therein). This 
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characteristic of emplacement along pre-existing faults is also found in the southeastern 

Superior Province (Bedard, 1996). For example, in the Belleterre-Angliers Greenstone Belt 

in the Pontiac sub-province, to the south of the Abitibi sub-province (Figure 7.1b), the 

emplacement of sanukitoid intrusions is thought to be related to the development of 

extensional structures similar to those of Basin and Range metamorphic core complexes 

(Sawyer & Barnes, 1994). There is evidence therefore that the emplacement of Superior 

Province sanukitoids may be related to post-compressional, extensional tectonics. 

Davis et al. (1994) suggest that extensional tectonics may be an important, if yet poorly 

constrained, feature in the evolution of the Slave craton and may be related to the 

emplacement of sanukitoid intrusions. Evidence for extensional deformation is suggested by 

2-3 kbar of decompression between the time of the intrusion of the sanukitoid rocks and later 

granite intrusions (Reif, 1992 in Davis et al., 1994). Also, in the southern Slave craton, 

James and Mortensen (1992) have described an episode of extensional exhumation following 

compressional deformation from the Sleepy Dragon Complex and suggest that the structural 

features are similar to those described from western U. S. A. metamorphic core complexes. 

This potential Archaean metamorphic core complex is intruded by granitoid rocks ranging in 

age from 2641 to 2584 Ma (James & Mortensen, 1992) but it is not known how these 

granitoids may relate to the sanukitoids from the central Slave Craton. 

In summary, Archaean sanukitoids from the Superior and Slave Provinces appear to be 

associated with faults which separate basement gneisses from supracrustal cover rocks. This 

association may record post-compression, extensional tectonics and has been compared to 

metamorphic core complexes from the western U. S. A. (e. g. James & Mortensen, 1992; 

Sawyer & Barnes, 1994). 

7.2.3 Petrogenesis of Archaean Sanukitoids 

The sanukitoids of the Superior Province were first described by Shirey & Hanson (1984) 

from the Rainey Lake region of Ontario in the southwest Superior Province (Figure 7.1b). 

This original definition was based on the occurrence of distinctive LILE and LREE enriched 

trachyandesites which were interpreted to require a mantle derived, primary magma distinct 
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from other mantle derived magmas in the region (Shirey & Hanson, 1984). Shirey & 

Hanson (1984) suggested that boninitic rocks (sanukitoids) of the Setouchi Volcanic Belt, 

Japan (e. g. Tatsumi & Ishizaka, 1982; Ishizaka & Carslon, 1983) were the best Tertiary 

analogue for these Archaean rocks and therefore named the Archaean rocks sanukitoids. 

Although the number of localities at which lavas of this type have been identified remains 

small it has been suggested that these trachyandesite lavas are petrogenetically related to a 

diverse suite of intrusive rocks - monzodiorites, diorites, tonalites, syenites and granites - 

that are exposed throughout the south-west Superior Province all of which have 

crystallisation ages of - 2700 Ma (e. g. Day & Weiblen, 1986; Stern et al., 1989; Sutcliffe et 

al., 1990; Stern & Hanson, 1991; Evans & Hanson, 1997 and references therein). 

These intrusive rocks are thought to comprise up to 25% of the greenstone-granitoid terranes 

of the southwest Superior Province and are therefore volumetrically significant in the late 

Archaean crustal evolution of the Superior province (e. g. Sutcliffe et al., 1990). Also, 

similar intrusive rocks have been described from the Abitibi province in the southeastern 

Superior Province (Sutcliffe et al., 1990; Bedard, 1996) indicating that they are not restricted 

to the southwest Superior Province. Thus the inferred petrogenetic link between the rare 
lavas and the widespread, voluminous, plutonic rocks suggests that large volumes of mantle 
derived parental magmas may have been generated at - 2700 Ma throughout the southern 
Superior Province. As yet however, no quantitative estimate has been made of the volume 

of mantle derived material in these plutonic complexes. 

Since the identification and initial interpretation of these distinctive late Archaean rocks 
(Shirey & Hanson, 1984) subsequent work has further investigated their petrogenesis (e. g. 
Stem et al., 1989; Sutcliffe et al., 1990; Stern & Hanson, 1991; Bedard, 1986; Evans & 

Hanson, 1997 and references therein). The higher Mg# rocks of the suite (Mg#'s > 55) are 

characterised by high Si02 (55-69%), variable A1203 (10.3-20.5%), low FeO* (2.3-8.0%), 

high LILE abundances (Ba = 519-3574 ppm, Sr = 540-2924 ppm), variable Ni (26- 
291ppm) and strongly fractionated REE patterns ((Ce/Yb)n = 13-50) with little or no Eu 

anomaly (Evans & Hanson, 1997). On mantle normalised diagrams sanukitoids display 
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significant negative Nb, Ta and Ti depletions with Ti/Ti* commonly < 0.3 and Nb/Ce 

commonly < 0.2 (Figure 7.2). (Note: There is more Gd data available than Tb for the 

sanukitoids and so Ti* has been calculated as (Eu* + (Gd)n)/2. In later sections when 

sanukitoids and western U. S. A. data are plotted together Ti* has been calculated for the 

western U. S. A. rocks in the same way). 

Petrogenetic models for Archaean sanukitoids have emphasised the following constraints on 

their petrogenesis: 

Rock/Primitive Mantle -o-' *5-80 
A B-18 Superior 

--ý- 41-66 Province 

D154b-87 
Slave 

100, - --- ----- ---------- 
Province 

0 

10 ------ ----------------- 

Ü1U. a" W E"' 10 7 ?+ 

Figure 7.2: Mantle normalised incompatible trace element abundances for the original trachyandesites and 
monzodiorites from the Superior Province defined as sanukitoids by Shirey & Hanson (1984) and one rock 
from the Slave Province interpreted to have a similar petrogenesis (Davis et al., 1994). 

1. The sanukitoids have Mg# numbers higher than experimental partial melts derived 

from basaltic starting material - starting materials with Mg#'s up to 65 have been 

investigated - suggesting that they are derived from sources with Mg#'s higher than 

65 (Evans & Hanson, 1997). Their LREE enriched composition appears to be, at 

least in part, inherited from their source region which is therefore inconsistent with 

derivation from a komatiite source region (Evans & Hanson, 1997). 
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2. Mixing/AFC models involving crustal contaminants with late Archaean tholeiitic or 

komatiitic basalts do not appear to be able to reproduce sanukitoid compositions, in 

particular their high Sr abundances are difficult to explain by these models (Stem et 

al., 1989). However, magma mixing and fractional crystallisation have been 

suggested to explain some of the compositional variability within the suite (Stem et 

al., 1989; Sutcliffe, 1989; Sutcliffe et al., 1990; Stern & Hanson, 1991; Bedard, 

1996) 

3. Large fractionation in HREE ((Gd/Yb)n =2 to 8) suggest the involvement of residual 

garnet in their petrogenesis. The evidence for residual garnet during partial melting is 

equivocal in that melting in the presence of residual garnet may have characterised the 

formation of an agent of mantle enrichment which has been inferred to be important in 

the petrogenesis of these rocks (e. g. Stem et al., 1989; Evans & Hanson, 1997). 

4. In the rocks with the highest Mg#'s, Ti02 correlates with Ce and therefore it is 

unlikely that a residual Ti-bearing phase was present during partial melting (Evans & 

Hanson, 1997). 

5. The source of the agent of enrichment is unknown. However, the involvement of 

crustal material significantly older than the 2.7 Ga age of emplacement is unlikely 

because the initial cNd of these rocks (+1.6±0.5) is commonly near to that of basaltic 

mantle derived magmas of the same age (Evans & Hanson, 1997 and references 

therein). The involvement of juvenile (at 2.7 Ga) crustal material in the agent of 

enrichment cannot be ruled out by the data (Evans & Hanson, 1997). The similarity 

in eNd of sanukitoids with other late Archaean mantle derived magmas has been 

interpreted to suggest that mantle enrichment occurred shortly (-100-200 Ma) before 

melting (Shirey & Hanson, 1984; Evans & Hanson, 1997). 

Intrusive rocks of the Slave craton ranging from hornblendite to granodiorite have 

compositional characteristics similar to the Superior Province sanukitoids (Davis at al., 

1994). These rocks from the Slave province are characterised by negative Nb and Ti 

anomalies on mantle normalised diagrams and these been interpreted to suggest enrichment 
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by a subduction zone component to their mantle source region (e. g. Figure 7.2) (Davis et al., 

1994). However, analogous to the interpretation from the Superior Province, the cNd of 

these rocks (+0.4 - +2.7) does not suggest a role for significantly older crustal material in 

their petrogenesis, however contributions from juvenile crustal material (at 2.6 Ga) to their 

petrogenesis is more difficult to evaluate (Davis & Hegner, 1992) 

In summary, there are considerable geochemical similarities between Archaean sanukitoids 

and extension associated magmatism from the western U. S. A. which have produced similar 

petrogenetic models. The next section aims to compare and contrast the Challis Volcanic 

Group with Archaean sanukitoids to investigate whether these apparent compositional 

similarities indicate similar petrogenetic processes. 

7.3 Petrogenesis 

7.3.1 Differentiation of Parental Magmas 

A data set has been complied of the Archaean sanukitoids primarily from intrusive complexes 

which are interpreted to be petrogenetically related to the original sanukitoid lavas described 

by Shirey & Hanson (1984) (data sources: Arth & Hanson, 1975; Shirey & Hanson, 1984; 

Day & Weiblen, 1986; Stern et al., 1989; Sutcliffe et. al., 1990; Stern & Hanson, 1991; 

Davis at al., 1994). It is a subset of the larger dataset, the southwest Superior Province 

(SWSP) suite, complied and discussed by Evans & Hanson (1997). The only addition to 

the Evans and Hanson dataset are the data from the Slave craton of Davis et al. (1994). The 

data from the western U. S. A. are from the Challis Volcanic Group (this study), where the 

high Nb/La basaltic andesites have been excluded because they are compositionally distinct 

from the more voluminous main phase of magmatism. Therefore it is important to note that 

the western U. S. A. data are from volcanic rocks, whereas the sanukitoid data are primarily 

from intrusive rocks. The Archaean rocks are therefore less likely to record liquid 

compositions. 

Both suites of rocks are characterised by a calc-alkaline differentiation trend as they show no 

evidence for Fe-enrichment with decreasing MgO (Figure 7.3). Both suites also have 
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similarly low primary FeO* contents (5 9 %). A few Archaean rocks trend towards higher 

FeO* contents and these rocks have been interpreted to have accumulated amphibole (Figure 

7.3) (Sutcliffe et al., 1990). 
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Figure 7.3: MgO vs. FeO* for rocks of the Challis Volcanic Group and Archaean sanukitoids. 

One of the characteristic features of western USA calc-alkaline magmatism are the depletions 

in HFSE (e. g. Nb, Ta and Ti) over LILE and REE of similar incompatibility during MORB 

and OIB generation (Chapter 5). As these trace element compositions are found in relatively 

unevolved samples, with isotopic signatures indicative of time-integrated high Rb/Sr and low 

Sm/Nd lithospheric material, they have been interpreted to reflect derivation of the lavas from 

enriched, HFSE depleted source regions in the lithospheric mantle (e. g. Bradshaw et al., 

1993). The data on the Challis Volcanic Group are consistent with this interpretation as they 

show little variation in Nb/Ce and Ti/Ti* with differentiation (Figure 7.4a&b). The 

independence of Ti/Ti* with differentiation is perhaps most striking as early Fe-Ti oxide 

crystallisation may fractionate Ti from the REE in residual liquids. However, the data 

gathered in this study suggest that Fe-Ti oxide fractionation does not result in compatible 

behaviour for Ti until dacitic compositions are achieved (Chapter 4). 
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Figure 7.4: (a): MgO vs. Ti/Ti*, (b): MgO vs. Nb/Ce, (c): MgO vs. Zr/Zr*, and (d): MgO vs. Sr/Sr* for 
the Challis Volcanic Group and Archaean sanukitoids. 

Figure 7.4a&b illustrates that Archaean sanukitoids display similar HFSE depleted 

characteristics which also appear to be independent of differentiation. Indeed, the Archaean 

sanukitoids appear to be characterised by larger anomalies (i. e. lower Ti/Ti* and Nb/Ce) at a 

similar MgO content (Figure 6.4a&b). Boninites from the western Pacific also show 

negative Nb (Ta) and Ti anomalies on mantle normalised diagrams and these are thought to 
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relate to the effects of subduction related enrichment in the mantle source region (e. g. Pearce 

et al., 1992). Therefore the presence of the Nb and Ti depletions does not allow the possible 

Tertiary analogues to be obviously distinguished. 

Figure 7.4c &d illustrates the fractionation of Zr and Sr from REE of similar incompatibility 

during MORB and OIB generation for the two suites (Sm and Eu* for Zr; Nd and Sm for 

Sr). Zr/Zr* is different in the two suites in the least evolved rocks (Figure 7.4c). The 

Challis Volcanic Group are characterised by Zr/Zr* -1 (Zr/Sm -- 20) except in lavas with < 

4% MgO where Zr/Zr* increases with decreasing MgO (Figure 7.4c). The Archaean 

sanukitoids also show a similar increase in Zr/Zr* in samples with <4% MgO but the higher 

MgO samples are sometimes characterised by Zr/Zr* <1 (Figure 7.5c). This suggests that 

the sanukitoid parental magmas may have been characterised by relative depletions in Zr over 

Sm and Eu*, though this is not the case for the majority of the Challis Volcanic Group. 

The presence of negative Zr anomalies in parental magmas to the Archaean sanukitoids is an 

interesting feature with respect to their comparison to western Pacific boninites. Pearce et al. 

(1992), in a comparison of boninites from the Bonin-Mariana fore-arc and others suites from 

the western Pacific, suggest that high Zr/Sm ratios (in excess of 20 and sometimes up to 60- 

80) is a distinctive characteristic of western Pacific boninites. These high Zr/Sm ratios not 

only distinguish boninites from oceanic basalts, but also from 'normal' arc lavas (both low 

and high K varieties) of the Marianas arc (Pearce et al., 1992). Therefore a process capable 

of producing high Zr/Sm ratios may be characteristic of boninite petrogenesis in the western 

Pacific. Pearce et al (1992) suggest that this high Zr/Sm component may implicate a partial 

melt of the subducted slab under amphibolite conditions leaving residual amphibole. 

Partition coefficients (Dmineratmelt) for amphibole suggest that Zr may be more incompatible 

in amphibole than the adjacent REE and therefore if amphibole was residual to melting, the 

melts would contain high Zr/Sm ratios (Pearce et al., 1992). 

Therefore the high Zr/Sm component of western Pacific boninites is not found in the least 

evolved rocks of the Archaean sanukitoids. Rather they appear to be characterised by the 

exact opposite signature, low Zr/Sm ratios (Figure 7.4c). The Challis Volcanic Group 
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appears to be intermediate between these two extremes with no significant fractionation of Zr 

from the REE except for one distinctive composition, 95-9 one of the early trachybasalts. 

Both suites are characterised by significant positive anomalies in Sr over Nd and Sm, with 

Sr/Sr* invariably >1, and in the case of the sanukitoids sometimes >2 (Figure 7.4d). 

Neither suite shows a strong control of differentiation on Sr/Sr*, in particular the 

sanukitoids. The Challis lavas do define a gradual decline in Sr/Sr* with increasing 

differentiation suggesting that the presence of a positive Sr anomaly is not due to 

fractionation (Figure 7.4d). The high Sr contents of the Archaean sanukitoids has been a 

particularly difficult feature to explain by processes of AFC or magma mixing of mantle 

derived magmas (Stem et al., 1989). The lack of correlation of Sr/Sr* with MgO therefore 

suggests that both suites are characterised by positive Sr anomalies in parental magmas. 

Boninites of the western Pacific display similar Sr/Sr* when calculated in the same manner 

(e. g. Sr/Sr* -1 to 5, majority > 2: data of Pearce et al., 1992). The composition of western 

Pacific boninites has been interpreted to reflect the presence of a fluid-phase, i. e. a trace 

element component characterised by enrichments in fluid-mobile elements (e. g. Sr, Ba, Rb 

and K), but less so Th, over HFSE elements (Pearce et al., 1992). Therefore the presence 

of positive Sr anomalies in the sanukitoids and the Challis Volcanic Group, and any 

inferences about the presence of a fluid-phase in their petrogenesis, does not allow them to 

be clearly distinguished from western Pacific boninites. However it does suggest that the 

inability of AFC/mixing models to explain the high Sr contents of Archaean sanukitoids 

probably relates to the presence of characteristic positive Sr anomalies in their mantle derived 

parental magmas (e. g. Stern et al., 1989). 

The REE geochemistry of Archaean sanukitoids is one of the most distinctive features of 

these rocks with strong fractionation of LREE/HREE (e. g. (Ce)n up to 100, (Yb)n < 10 and 
(Ce/Yb)n=13-50) (Evans & Hanson, 1997 and references therein). Similar REE 

compositions are not observed in western Pacific boninites which commonly have flat REE 

patterns (e. g. Pearce et al, 1992), a note of contrast originally highlighted by Shirey and 

Hanson (1984). For this reason, Shirey and Hanson (1984) chose the boninitic rocks of the 
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Setouchi Volcanic Belt as a Tertiary analogy because the Setouchi rocks have some of the 

most LREE enriched composition of rocks of the boninite suite (Tatsumi & Ishizaka, 1982). 

The effects of differentiation on REE composition in the Challis Volcanic Group and 

Archaean sanukitoids is illustrated in Figure 7.5. Both suites define LREE enriched 

compositions with (Ce/Sm)n of the least evolved samples - 2-3 (Figure 7.5 a). Also, both 

groups display a trend to higher (Ce/Sm)n with decreasing MgO (Figure 7.5 a). This 

increase in Ce/Sm with differentiation in the Challis Volcanic Group may relate to the onset 

of apatite fractionation (Chapter 4). 
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Figure 7.5: (a): MgO vs. (Ce/Sm)n, (b): MgO vs. (Gd/Yb)n, and (c): MgO vs. Eu/Eu* for the Challis Volcanic Group and Archaean sanukitoids. 
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Both suites are characterised by variable HREE fractionations, with the Archaean rocks 

clearly defining more extreme compositions (Figure 7.5b). In the Challis Volcanic Group 

(Gd/Yb)n is independent of increasing differentiation, suggesting that parental magmas were 

variably HREE fractionated. The Archaean data are more scattered but the extreme HREE 

fractionation in these rocks does not appear to be related to increasing differentiation. The 

presence of variably fractionated HREE suggest a possible role for residual garnet in the 

petrogenesis of both Archaean sanukitoids and the Challis Volcanic Group. Although, in 

both suites the presence of residual garnet during partial melting is equivocal and instead the 

HREE compositions of the lavas have been related to HREE fractionated source regions and 

the effects of residual garnet during melting (Chapter 4; Stern et al., 1989). Therefore the 

HREE composition in both of these groups suggests an interpretation that may distinguish 

them from western Pacific boninites: that is a role for residual garnet in the process of 

enrichment that affected their source regions and/or for residual garnet during melting (Stern 

et al., 1989; Chapter Four). 

Both suites are characterised by small to negligible negative Eu anomalies (Eu/Eu* - 1.0- 

0.8) which appear to be independent of differentiation (Figure 7.5c). The lack of a 

developing Eu anomaly with differentiation suggests that plagioclase was not a significant 

early fractionating phase in either suite, which is consistent with their calc-alkaline 

differentiation trends, and/or that conditions of f02 were high and similar in both suites. 

In summary there are considerable geochemical similarities between the Challis Volcanic 

Group and Archaean sanukitoids of the Superior and Slave Provinces to suggest that their 

parental magmas were broadly similar in composition. The characteristics of mantle-derived 

parental magmas that are common to the sanukitoids and the Challis Volcanic Group are 

large negative depletions in Nb (Ta) and Ti, which appear to be independent of increasing 

magmatic differentiation, and strongly fractionated HREE abundances ((Gd/Yb)� > 2) which 

implicates residual garnet at some stage in their petrogenesis or that of their source regions. 

The Archaean rocks in particular are characterised by extreme (Gd/Yb)n ratios which contrast 

with boninitic rocks of the western Pacific. Thus the next section attempts to develop a 

'An 
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petrogenetic model for the least evolved rocks of both suites that could link the petrogenesis 

of mantle derived magmatism of the Challis Volcanic Group and Archaean sanukitoids, but 

at the same time account for differences in their compositions. 

7.3.2 Partial Melting and the Mantle Source Regions 

A subset of the two datasets described in the previous section is used here because some 

incompatible element ratios do appear to be fractionated with differentiation (e. g. Ce/Sm and 

Zr/Zr* for instance). Only those rocks in the Challis Volcanic Group with > 6% MgO are 

considered in this section and only those samples with > 4% MgO for the Archaean 

sanukitoids are plotted - excluding the three high-MgO amphibole accumulative samples. In 

addition, rocks with > 5% MgO from the Colorado River Trough (Bradshaw, 1991) are 

plotted as another example of western U. S. A. extension associated magmatism (see Chapter 

Five for a comparison of the Challis and CRT rocks). 

A plot of (Ce/Yb)n vs. (Gd/Yb)n is useful in examining the relative contributions from spinel 

and garnet facies peridotite in mantle-derived magmas (e. g. Thirwall et al., 1994). This is 

illustrated in Figure 7.6a where modelled melting curves (after Thirwall et al., 1994; see 

Chapter Four for details) for partial melting of a primitive mantle source in both the spinel 

and garnet facies are plotted. In addition, partial melting of a spinel facies LREE enriched 

source region has also been modelled (e. g. Pa-10, Frey & Prinz, 1978). Partial melting in 

the spinel facies produces little fractionation of either (Ce/Yb)n or (Gd/Yb)n, with small 

degrees of melting producing (Ce/Yb)n only slightly higher than the source (Figure 7.6a). In 

contrast, partial melting in the garnet facies results in significant fractionations of both 

(Ce/Yb)� and (Gd/Yb)n in the smallest melt fractions (< 10%) (Figure 7.6a). As Yb is the 

denominator on both axes on this diagram, mixtures of melts from garnet and spinel facies 

should plot along straight lines between these melting curves. The Archaean rocks are 

plotted again on Figure 7.6b to illustrate more clearly the variations in REE ratios in these 

rocks. 

Extension associated magmatism in the western U. S. A. has (Gd/Yb)n between -2 and 4 

indicative of a role for residual garnet in its petrogenesis (Bradshaw et al., 1993; Chapter 
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Figure 7.6: (a): (Ce/Yb)n v (Gd/Yb)n for rocks with >6 MgO of the Challis Volcanic Group, rocks with >5 
MgO of, the Colorado River Trough and Archaean sanukitoids with >4 MgO. In addition modelled partial 
melting curves are plotted (see text and Chapter 4 for details), and (b): (Ce/Yb)n vs. (Gd/Yb)n for Archaean 
sanukitoids. 

Four and Five). The rocks from the western U. S. A. do not correspond to modelled melting 

curves for a primitive mantle source in the presence of residual garnet unless melt fractions 

of < 1% are considered, and furthermore only if mixing between garnet and spinel facies 

melts also occurred (Figure 7.6a). However, the rocks of the Challis Volcanic Group are 

characterised by low 143Nd/144Nd (all Challis rocks on Figure 7.6 have 143Nd/144Nd < 

i 
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0.51121) interpreted to indicate derivation from LREE enriched source regions. Thus the 

variations in REE composition in the rocks from the western U. S. A. is interpreted to reflect 

partial melting of LREE enriched source regions in the lithospheric mantle in both the spinel 

and garnet facies (e. g. Bradshaw et al., 1993; Chapter Four and Five). 

Archaean sanukitoids are characterised by initial ENd values close to that of other mantle 

derived magmatic rocks of the same age in the Superior Province (e. g. Evans & Hanson, 

1997 and references therein). This association of LREE enriched, HFSE depleted rocks 

with eNd similar to other mantle derived magmatism of the same age has been interpreted to 

suggest that sanukitoids are derived from LREE enriched source regions but that enrichment 

must have occurred shortly (- 100-200 m. y. ) before sanukitoid magmatism (Shirey & 

Hanson, 1984). Thus both the western U. S. A. rocks and Archaean sanukitoids have been 

interpreted as partial melts of LREE enriched source regions. A significant point of contrast 

however, is that the least evolved rocks of the Challis Volcanic Group have Nd model ages 

between 1.5 and 2.3 Ga and thus the LREE enriched source region to the Challis Volcanic 

Group in the lithospheric mantle may be a long-lived phenomena. Whereas if the Archaean 

sanukitoids are derived from similar source regions, then these were relatively short-lived (- 

100 - 200 m. y. ). 

Relative to the rocks from the western U. S. A. Archaean sanukitoids are characterised by 

more extreme REE ratios with (Gd/Yb)n from 2 to >6 (Figure 7.6). However, there is 

overlap in the REE ratios between the Archaean and western U. S. A rocks (Figure 7.6a). 

Additionally both suites define correlations of increasing (Ce/Yb)n and (Gd/Yb)n (Figure 

7.6a). This correlation is well-defined in the Archaean rocks, but it becomes flatter in the 

most enriched rocks (Figure 7.6b). Stern et al. (1989) suggested that some of the HREE 

variation in the sanukitoids may be due to variably HREE fractionated source regions. In 

addition the presence of residual garnet during partial melting may also be influential in 

determining the composition of the lavas (Stern et al., 1989). Therefore the positive 

correlation on Figure 7.6 for Archaean sanukitoids probably reflects both the controls of 

residual garnet during partial melting and source heterogeneity (Stem et al., 1989). Thus 
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both Archaean sanukitoids and western U. S. A. extension-associated magmatism have been 

interpreted to reflect by partial melting of enriched, heterogeneous source regions probably in 

both the spinel and garnet facies (e. g. Stern et al., 1989; Bradshaw et al., 1993; Chapter 

Four and Five). 

Both Archaean sanukitoids and the Challis Volcanic Group have low Nb/Ce (< 0.3) and 

Ti/Ti* (< 0.5) and these ratios are independent of increasing magmatic differentiation 

(section 7.3.1). Thus it would appear that both suites are characterised by low Nb/Ce and 

Ti/Ti* in their primary magma compositions. In detail, the Archaean rocks appear to have 

lower Nb/Ce and Ti/Ti* in their primitive magmas than the Challis Volcanic Group (section 

7.3.1). A distinctive feature of the rocks of the western U. S. A. is that the largest, correlated 

Ta and Ti depletions, are found in the rocks with the most fractionated HREE compositions 

(Chapter 5). This feature is also found in Archaean sanukitoids and it is particularly well 

shown for the Ti depletion (Figure 7.7). 

It is unlikely that the presence of residual HFSE-bearing phases during partial melting 

affected the HFSE anomalies in the rocks of the western U. S. A. because their Ti02 contents 

are too low to be saturated with respect to a Ti-bearing phase at mantle depths (Chapter 

Five). The Archaean sanukitoids plotted on Figure 7.7 all have Ti02 <1 wt% and therefore 

a similar argument applies. Thus the presence of the largest coupled Nb and Ti depletions in 

the rocks with the most fractionated HREE compositions suggest perhaps that the garnet- 

bearing source regions are associated with the largest Nb and Ti anomalies. 

A further characteristic of the rocks from the western U. S. A. with the largest Nb and Ti 

depletions is that they are characterised by negative Zr anomalies relative to the REE, 

however in the case of the Challis Volcanic Group the majority of the volume of the rocks do 

not have negative Zr anomalies (Figure 7.8a). The presence of negative Zr depletions is 

correlated, with some scatter, with increasing (Gd/Yb)n in the Archaean sanukitoids (Figure 

7.8a). The sanukitoids also define more extreme compositions with Zr/Zr*, down to 0.25, 

values not recorded from the western U. S. A (Figure 7.8a). 



230 Chapter Seven 

(Gd/Yb)n A, Sanukitoid 

Challis 
, 9N 

41 

6-- 
A Colorado River Trough 

, 

`'` 4-- 
Z% 11 .:.. ýC OIB 

2 

130 pM 
(a) 

GLOSS 

0 
0 0.2 0.4 0.6 0.8 1 

TI/Ti* 
(GdJYb)n 

6 

4 

2 

f Colorado River Trough 

SIC 
f ,' OIB 

GLOSS 1m 
PM 

N-MORB 

(b) 

0 0.2 0.4 0.6 

Nb/Ce 

Figure 7.7: (a): Ti/Ti* vs. (Gd/Yb)n, and (b): Nb/Ce vs. (Gd/Yb)n for the Challis Volcanic Group, 
Colorado River Trough and Archaean sanukitoids. PM, N-MORB and OIB are from Sun & McDonough 
(1989) and GLOSS is from Plank & Langmuir (1998). 

Nonetheless, there is a similarity between the Archaean sanukitoids and the western U. S. A. 

rocks in that the negative Zr anomalies are correlated with increasing (Gd/Yb)n. 

The rocks of the Challis Volcanic Group with the highest (Gd/Yb)n are characterised by the 

highest Na2O contents (Chapter Three), consistent with the interpretation that these rocks are 

derived by the smallest degrees of partial melting (Chapter Four). Archaean sanukitoids with 

the highest (Gd/Yb)n are also characterised by the highest Na2O, but they have significantly 



Archaean Sanukitoids 

(Gd/Yb)n 

6 

4 

2 

ff 
CRT ýAAILL 

% ... 'ý OIB 
ri 

GLOSS 1 
PM N-MORE 

0 0.25 0.5 0.75 
(Gd/Yb)n 

6 Colorado River Trough A 

fiii 
iifiifiý J0 

rf ,ý 

2 

1.25 
Zr/Zr* 

(a) 

(b) 

Sanukitoid 

Challis 

123456 
Na20 

231 

Figure 7.8: (a): Zr/Zr* vs. (Gd/Yb)n, and (b): Na20 vs. (Gd/Yb)n for the Challis Volcanic Group, 
Colorado River Trough and Archaean sanukitoids. PM, N-MORB and OIB are from Sun & McDonough 
(1989) and GLOSS is from Plank & Langmuir (1998). 

higher Na20 contents than the rocks of the western U. S. A. (Figure 7.8b). This correlation 

of (Gd/Yb)n and Na20 suggest that the rocks generated in the presence of residual garnet 

represent the smallest degrees of partial melting. 

In summary it is suggested that the petrogenesis of the least evolved rocks of Archaean 

sanukitoids (Shirey & Hanson, 1984) and Tertiary extension associated high-K calc-alkaline 

magmatism from the western U. S. A. are similar in terms of the composition of their mantle 

source regions and the partial melting process. In particular both suites are derived from 
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heterogeneous, LREE enriched source regions where partial melting appears to have 

occurred in both the garnet and spinel facies (e. g. Bradshaw et al., 1993; Chapter Four and 

Five; Stern et al., 1989). Furthermore their LREE enriched source regions are characterised 

by correlated Nb and Ti depletions. 

Figure 7.9 is a plot of Ti/Ti* vs. Nb/Ce and it is used to illustrate the correlation of the Nb 

and Ti anomalies in the least evolved rocks of the Archaean sanukitoids and to evaluate 

briefly the controls on their formation. In comparison to the rocks of the western U. S. A., 

Archaean sanukitoids are characterised by larger Nb and Ti anomalies, though there is some 

overlap with the data from the CRT (Figure 7.9). Thus the Archaean sanukitoids define a 

similar trend of correlated Nb and Ti depletions to the western U. S. A. rocks. Also plotted 

on Figure 7.9 are a number of modelled processes capable of producing correlated Nb and Ti 

depletions in mantle derived rocks. These models are the same as those described in Chapter 

5 for the rocks of the western U. S. A. but are illustrated here on a plot of TiITi* vs. Nb/Ce. 
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It was suggested in Chapter Five that the presence of correlated Nb and Ta depletions in the 

mantle source regions to the rocks from the western U. S. A. is probably related to processes 

of silicate melt enrichment in the upper mantle. The origin of the agent of enrichment has not 

been established but it may relate to mantle metasomatism within the subduction zone 

environment. In particular, the addition of subducted sediment (i. e. GLOSS) to a depleted 

mantle source region produces Nb and Ti depleted mantle source regions, provided the 

amount of sediment added is > 1% (Figure 7.9). The Nd isotopic composition of the 

sanukitoids suggest that if their Nb and Ti depletions are related to sediment subduction then 

the sediment involved was not significantly older than the 2.7 Ga age of sanukitoid 

magmatism (Evans & Hanson, 1997). Alternatively, silicate partial melts generated in the 

presence of residual HFSE-bearing phases (e. g. residual ilmenite vector on Figure 7.9) can 

also produce Nb and Ti depletions, though it is less clear whether any mantle component is 

characterised by Nb and Ti depletions generated in this way (i. e. subducted oceanic crust, 

asthenospheric melts) (Chapter Five). In conclusion, it is suggested that the rocks of the 

western U. S. A. and Archaean sanukitoids were both derived from LREE enriched, Nb and 

Ti depleted mantle source regions, where the Nb and Ti depletions may have resulted 

through similar processes of mantle metasomatism in the subduction zone environment. 

7.4 Other Cratons 

It is apparent that the emplacement of Archaean sanukitoids in the Superior and Slave 

Provinces occurred near to the time of their final stabilisation in the late Archaean (e. g. Davis 

et al., 1992; Evans & Hanson, 1997 and references therein). However, the emplacement of 

sanukitoid intrusions does not appear to have been synchronous in these two Provinces. 

The southwest Superior Province suite (SWSP) are dated at - 2.7 Ga (Evans & Hanson, 

1997 and references therein) whereas the examples from the Slave Province are dated - 2.6 

Ga (Davis et al., 1994 and references therein). Therefore it seems apparent that Archaean 

sanukitoids were generated at different times in the late Archaean in two Provinces. This 

raises the question: are they a characteristic feature of the Late Archaean evolution of the 

Canadian shield alone, or Archaean cratons world-wide? 
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Shirey & Hanson (1984) in the original description of the sanukitoid lavas suggested that 

volcanic rocks described from the Leonora district, Norseman-Wiluna belt, Yilgarn Craton, 

Australia (Welcome Well Complex of Giles & Hallberg, 1982) are compositionally similar to 

the Superior Province sanukitoids. Also, Stern et al., (1989) suggested that similar rocks 

may be found in the Wyoming Province, North Atlantic craton and the Dharwar craton, 

India. Another possible occurrence outside of Canada has been suggested by Bedard (1996) 

who suggests that the emplacement of high Mg# monzodiorite intrusions at gneiss- 

supracrustal contacts is an association also found in the Baltic craton (H. Martin cited in 

Bedard, 1996). However, comparative petrogenetic or geochronological studies have not 

been conducted between sanukitoid magmatism in Canada and cited examples from other 

cratons. 

This study suggests that in order to establish a world-wide distribution of late Archaean 

sanukitoid magmatism, comparative petrogenetic studies need to establish that LREE 

enriched patterns and Nb, Ta and Ti depletions characterised the mantle source regions to the 

magmatism. In addition, the exact depth of the Ta or Ti anomaly in sanukitoid magmatism 

should correlate with increasing REE fractionation. This study also suggests that similar 

magmatism in other late Archaean cratons may be associated with extensional tectonics. 

7.5 Implications for Archaean Tectonics and Crustal Growth 

This study has suggested that extension-associated high-K calc-alkaline magmatism from the 

western U. S. A. is a potential Tertiary analogue for Archaean sanukitoids. This analogy may 

suggest that Archaean sanukitoids were generated in a continental (back-arc) extensional 

tectonic environment and not in a subduction zone environment characterised by a high 

geothermal gradient as would be implied by analogy with Tertiary boninitic rocks of the 

western Pacific. In the western U. S. A. the tectonic control on extension associated 

magmatism is still debated and the current debate centres on the possible influences of 

subduction-related plate boundary forces and internal lithospheric body forces (Wernicke, 

1992 for a review). However, the models that are available suggest that if the analogy 
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drawn in this study is correct, two not mutually exclusive processes may have been 

significant in Late Archaean tectonics. 

There is a good correlation in the western U. S. A. between the location of metamorphic core 

complexes and the location of overthickened continental crust (e. g. Coney & Harms, 1984). 

This suggests that processes of orogenic collapse, which result from the gravitational 

instability of overthickenend crust may be significant in the nature of Tertiary extension and 

magmatism (e. g. Coney & Harms, 1984; Sonder et al., 1987; Hawkesworth et al., 1995; 

Jones et al., 1996). However, the relationships between the timing of crustal thickening, 

inferred lithospheric thinning and Tertiary extension and magmatism are not well established. 

Furthermore, a potential complication to orogenic collapse models is the possible role of 

subhorizontal subduction during the Laramide Orogeny (-70-40 Ma), immediately prior to 

Tertiary extension and magmatism. The role of sub-horizontal subduction in Tertiary 

extension and magmatism is unclear, but potentially influential (e. g. Humphreys, 1995 and 

references therein). If sub-horizontal subduction did occur, then the extension associated 

magmatism such as the Challis Volcanic Group may have resulted from the removal of that 

subducted slab from beneath the overthickened North American lithosphere (e. g. Axen et a1., 

1993; Humphreys, 1995; Chapter 6). In the western U. S. A. the cause of sub-horizontal 

subduction has been related to changes in the rate of convergence between the subducting 

oceanic plates and North America (e. g. Stock & Molnar, 1988 for a discussion) or the 

attempted subduction of an oceanic plateau (Livaccari et al., 1981). 

Therefore the analogy drawn in this study suggests that a further understanding of late 

Cretaceous and early Tertiary tectonics of the western U. S. A., in particular the possible roles 

of the gravitational response of the lithosphere to crustal thickening and possibly the 

response of the continental lithosphere to sub-horizontal subduction, may be significant to a 

fuller understanding of late Archaean tectonics. 

The late Archaean (- 3.2 - 2.6 Ga) is recognised as a significant period in Earth History in 

terms of continental crustal growth, indeed it may record the most significant period of 

crustal growth in Earth History (e. g. Taylor & McLennan, 1995). Therefore rocks such as 
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the sanukitoids of the Superior Province which are though to be volumetrically important 

(e. g. Sutcliffe et al., 1990), at least locally, may be significant to models of late Archaean 

crustal growth. The analogy drawn in this study suggests at least three potentially significant 

features of sanukitoid petrogenesis to models of crustal growth: 

1. Sanukitoids may be a result of intra-lithospheric differentiation and not derived 

directly from the asthenospheric upper mantle as would be suggested if they are 

analogous to western Pacific boninites. 

2. Estimates of bulk crustal composition (e. g. Rudnick & Fountain, 1995) suggest that 

the bulk crust is characterised by depletions in Nb, Ta and Ti on mantle normalised 

diagrams. Sanukitoids and western U. S. A. extension associated magmatism are also 

characterised by these compositional characteristics and thus crustal recycling may be 

influential in the incompatible trace element budgets of these rocks. 

3. It has been suggested that the REE composition of the upper continental crust requires 

a contribution from a small melt fraction (-' 1%) leaving residual garnet (O'Nions & 

McKenzie, 1988). This characteristic of the upper crust has resulted either through 

infra crustal differentiation or has been generated in the mantle and transmitted through 

the process of intracrustal differentiation (O'Nions & McKenzie, 1988). The REE 

geochemistry of Archaean sanukitoids suggests a role for a partial melt in equilibrium 

with residual garnet in their petrogenesis which has been interpreted to have, at least in 

part, been transmitted through intra-lithospheric differentiation. Therefore during 

sanukitoid magmatism significant volumes of mantle derived magma may have been 

added to the continental crust of the Superior and Slave Provinces in the late Archaean 

which contained the signature of a small melt fraction leaving residual garnet. 

7.6 Conclusions 

1. The Challis Volcanic Group may provide an alternative to rocks of the boninite suite 

as a Tertiary tectonomagmatic analogy for late Archaean sanukitoids (- 2.6 to 2.7 Ga) 

from the Superior and Slave Provinces . It is suggested that both suites appear to be 

lk 
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similar in their association with extensional tectonics and in their petrogenesis, though 

extensional tectonics in the Archaean remains poorly identified. 

2. Both Archaean sanukitoids and the Challis Volcanic Group, and rocks from the CRT, 

appear to be derived from LREE enriched, Nb and Ti depleted mantle source regions 

where melting occurred in both the garnet and spinel facies. Furthermore, the largest 

Nb and Ti depletions, and Zr depletions, are found in the rocks indicative of the 

smallest degree of partial melting in the presence of residual garnet. 

3. The analogy drawn in this study suggests that processes of orogenic collapse and/or 

sub-horizontal subduction may have been significant in late Archaean tectonics of the 

Superior and Slave Provinces. 

4. Sanukitoids of the Superior and Slave Provinces are late Archaean in age the time in 

earth history which may record the most significant period of crustal growth (e. g. 

Taylor & McLennan, 1995). In addition sanukitoids have a REE signature indicative 

of a small melt fraction leaving residual garnet, as does the composition of the upper 

continental crust (O'Nions & McKenzie, 1988). The potential significance of 

sanukitoid magmatism to models of crustal growth therefore depends on a fuller 

understanding on the role of recycled crustal materials in their petrogenesis and 

whether sanukitoid magmatism has a world-wide distribution. Thus this study 

suggests that a better understanding of the petrogeneis of western U. S. A. extension- 

associated magmatism, and its influence on crustal formation in the western U. S. A, 

may have significant implications for late Archaean crustal growth. 



Chapter 8: Summary and Conclusions 

8.1 Introduction 

The objective of this thesis was to understand further the tectonic control on early, extension- 

associated magmatism from the western U. S. A. The aim of this final Chapter is to briefly 

summarise the thesis and the conclusions that have been drawn on the original objective. In 

addition, the conclusions made from the analogy drawn between Tertiary extension and early 

magmatism in the Basin and Range and late Archaean sanukitoids are also summarised. 

Finally, some directions for future work are suggested. 

8.2 The Eocene Challis Volcanic Group, Idaho. 

This study has investigated the petrogenesis of the effusive volcanic rocks of the Challis 

Volcanic Group and constraints on their petrogenesis are used to investigate tectonic models 

for extension and early magmatism in the western U. S. A. The Challis Volcanic Group was 

chosen for study because of its location at the 'boundary' between areas affected by 

contrasting pre-Tertiary compressional tectonic histories during the Laramide orogeny (- 75 

Ma to 45/30 Ma, depending on latitude). Furthermore, the previous work on the Challis 

Volcanic Group has focused on the stratigraphy and geochronology of the lavas (e. g. 

McIntyre et al., 1982; Moye et al., 1988; Hardyman, 1989; Janecke & Snee, 1993), whereas 

relatively little is known of their petrogenesis (e. g. Hackett et al., 1988; Norman & 

Mertzman, 1991). 
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The rocks were collected predominantly from the type area of the Challis Volcanic Group in 

the Challis quadrangle in south-central Idaho (Fisher et al., 1992), but also from the Hailey 

quadrangle (Worl et al., 1991). All of the rocks collected in this study from the Challis 

quadrangle - with the possible exception of the high Nb/La Group - are stratigraphically 

older than the Tuff of Challis Creek which has been dated at 45.5 ± 0.3 to 46.5 ± 0.2 

(40Ar/39Ar: Snee (1984) cited in Fisher et al., 1992). 40Ar/39Ar geochronology on biotite 

and hornblende mineral separates indicates that the earliest effusive rocks of the Challis 

Volcanic Group in the Challis quadrangle had begun erupting by 49.3 ± 0.6 Ma. This 

suggests that the majority of the rocks collected in this study were erupted in a maximum of 

4 m. y. between - 49 and 45 Ma. Indeed, Janecke & Snee (1993) suggested that the 

majority (> 90% of the stratigraphic thickness) of the effusive lavas of the Challis Volcanic 

Group in the Lost River Range, situated -- 30 km to the east of the study area, were erupted 

in 1-2 m. y. between - 49.5 and 48 Ma. 

The rocks are high-K and shoshonitic andesites, trachyandesites and dacites, though 

compositions from basalt to rhyolite occur, and are poorly to strongly porphyritic with < 5% 

to - 30 % phenocrysts. Broadly, petrography suggests that the sequence of crystallisation of 

phenocrysts was olivine, cr-spinel, pyroxene, Fe-Ti oxides plagioclase, amphibole and 

biotite. Inclusions of accessory apatite in pyroxene phenocrysts have also been identified. 

Pyroxene thermometry results suggest that the most magnesian rocks (Mg# - 70) were 

erupted at minimum temperatures of - 900 - 1100 ± 50 °C which is relatively low for mantle 

derived magmas. 

The least evolved rocks have Mg# - 60 to > 70 and are clearly therefore mantle derived 

rocks, and are characterised by relatively low FeO* (< 9 %) and Ti02 (< 1.5 %) contents. 

All rocks are LILE and LREE enriched with, for example, Ba - 300 to 1500 ppm, Sr ~ 400 

to 800 ppm and (La/Yb)n -7 to 20. The most characteristic feature of their incompatible 

trace element compositions are the negative anomalies in Nb, Ta and Ti relative to REE and 

LILE of similar incompatibility (e. g. Sun & McDonough, 1989; Hofmann, 1997). Initial 
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(48 Ma) 87Sr/86Sr ratios range from 0.70673 - 0.71135 and initial 143Nd/144Nd range from 

0.51151 - 0.51234 and therefore these rocks plot in the bottom right quadrant of a Sr-Nd 

isotope correlation diagram. The data define two trends on a Sr-Nd isotope correlation 

diagram: the majority of the rocks are parallel to the mantle array, whereas the early TA 

Group is displaced to lower 143Nd/1'Nd at similar 87Sr/86Sr. 

Differentiation of parental magmas is thought to have occurred by both fractional 

crystallisation (T1 Group) and magma mixing (T2) involving crustal melts similar to rocks of 

the Challis pink granite suite (Lewis & Kiilsgaard, 1991). Furthermore, crustal re-melting 

of Ti Group rocks may be responsible for a suite of 2-pyroxene dacites, though this has not 

been well-constrained. A comparison to experimental results suggests that fractional 

crystallisation occurred at relatively low P (mid- or upper-crust) under hydrous conditions 

and produced calc-alkaline differentiation trends. Magma mixing also results in a calc- 

alkaline differentiation trend. 

The primary magmas are interpreted to be derived by <_ 8% partial melting of major element 

depleted, LREE enriched, HFSE depleted source regions in the lithospheric mantle by 

dehydration melting (e. g. Gallagher & Hawkesworth, 1992). This is in broad agreement 

with previous studies on early, extension-associated magmatism throughout the western 

U. S. A. (e. g. Norman & Mertzman, 1991; Bradshaw et al., 1993, Davis & Hawkesworth, 

1994; Lopez & Cameron, 1997). Changes in the composition of the least evolved rocks 

suggest that the degree of partial melting increased and the depth of melting may have 

initially shallowed through time (e. g. Figure 8.1). In addition, the site of melt generation 

shallows between 49 and 45 Ma in Idaho from melting in the lithospheric mantle (Challis 

Volcanic Group) to crustal melting (Challis pink granite suite). A Group of high Nb/La 

basaltic andesites, with 143Nd/144Nd slightly higher than the remainder of the rocks, have 

also been identified which probably post-date the main phase of volcanism. Thus it is 

suggested that the Nb/La and 143Nd/144Nd of the mantle derived magmas increases through 
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time (e. g. Figure 8.1), though the petrogenesis of these high Nb/La basaltic andesites is not 

well-constrained. 
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Figure 8.1: Nb/La vs. (Gd/Yb)n for the least evolved rocks (> 6 MgO) of the Challis Volcanic Group. The 
Nb/La ratio is useful at discriminating between lithospheric (Nb/La < 1) and asthenospheric magmas (Nb/La 
ý 1) magmas. The contributions from garnet-bearing sources should be characterised by the highest (Gd/Yb)n 

and thus the y-axis has been inverted to act as a proxy for relative depth (see section 4.4). 

The interpretation of the petrogenesis of the Challis Volcanic Group is similar to that of 

Bradshaw et al. (1993) for extension-associated, high-K calc-alkaline, low Nb/La rocks 

from the CRT (- 15 to 20 Ma) suggesting that the process of melt generation for early, 

extension-associated magmatism is similar throughout the western U. S. A. 

In contrast, the Eocene (- 48 - 51 Ma: Harlan et al., 1996) basaltic andesites, andesites and 

dacites of the Absaroka Mountains (- 300 km to the east of the study area) which are also 

thought to be derived from the lithospheric mantle (Meen & Eggler, 1987) can be 

distinguished from the rocks of the Challis Volcanic Group (Norman & Mertzman, 1991; 

Chapter 4). In particular the rocks of the Absaroka Mountains appear to be characterised by 

a higher percentage of plagioclase during fractional crystallisation which probably occurred 

"A 
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under anhydrous conditions at higher pressures (Meen, 1987; Meen & Eggler, 1987). In 

addition, the parental magmas to the rocks of the Absaroka Mountains are characterised by 

lower K20 contents and are isotopically distinct from those of the Challis Volcanic Group 

(Norman & Mertzman, 1991; Chapter Three). Thus Tertiary magmatism outside the area of 

extension in the Pacific Northwest appears to be characterised by a somewhat different 

lithospheric source region, and differentiation within the crust appears to have occurred at 

higher pressures. 

It is argued that coupled Ta and Ti depletions characterised the mantle derived magmas of the 

Challis Volcanic Group, and throughout the western U. S. A. It is suggested that these 

HFSE depletions are largely inherited from Ta and Ti depleted mantle source regions because 

the Ti02 contents of the rocks are too low to have been saturated with respect to a Ti-bearing 

phase at mantle depths (e. g. Green & Pearson, 1986). Furthermore, the largest Ta and Ti 

depletions are found in the rocks characterised by the most fractionated HREE compositions 

and this suggest that the largest HFSE anomalies are associated with the garnet bearing 

source regions. The presence of coupled Ta and Ti depletions in the mantle source regions 

to these rocks probably relates to silicate melt metasomatism in the subduction zone 

environment. A comparison of the Ta and Ti depletions in the Challis Volcanic Group and 

early, extension-associated magmatism from the CRT (Group 3 rocks of Bradshaw, 1991) 

further suggests that melt generation in the mantle lithosphere is broadly similar across the 

western U. S. A. irrespective of the age of magmatism. However, the comparison also 

indicates that the source regions are similar but distinct in these two regions, and thus local 

controls on their formation are also influential. 

Calculated extrusion rates for mantle derived rocks are broadly similar for the Challis 

Volcanic Group (0.005 to 0.015 km3 yr') and the CRT (0.0023 km3 yr') and are 

significantly lower than those for intra-plate basaltic provinces thought to be derived by 

decompression melting of the asthenosphere in the presence of a mantle plume (e. g. Hawaii, 

Deccan, Ontong Java Plateau: 0.01 to »1 km3 yrl) (Bradshaw et al., 1993). The 
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estimates of extrusion rates for basic lavas for the Challis and CRT rocks produce 'arc' 

extrusion rates of 3x 10-5 km3 krn-1 yr1(Challis) and 8x 10-6 km3 km-lyre (CRT) and 2 

(CRT) -3 (Challis) x 10-7 km3km-2yr1 if they are calculated per unit area. These estimates 

are higher than those for Quaternary arc magmatism of the Cascades (Sherrod & Smith, 

1991), but lower than or similar to addition rates for Phanerozoic arcs (2 -4x 10-5 km3 km- 

lyrl) (Reymer & Schubert, 1984). 

8.3 Tectonics and Magmatism 

The petrogenesis of the Challis Volcanic Group has been interpreted to suggest that partial 

melting of major element depleted, trace element enriched peridotite in the lithospheric mantle 

- probably in both the garnet and spinel facies - occurred at - 49 Ma in south central Idaho, 

broadly coincident with extension of 30% (Janecke, 1992). Extension and lithospheric 

magmatism at - 49 Ma occurred after crustal compression and regional metamorphism which 

may have culminated before 67 Ma in central Idaho (Silverberg, 1986). Thus there is an 

apparent time-gap of -- 20 Ma between extension and lithospheric melting and the end of 

regional metamorphism. However, to the east compression initiated at 70 Ma and continued 

until 50 Ma in the Laramide Foreland Province at this latitude (Dickinson et al., 1988). 

It is suggested that this association of post-compression, extension and lithospherically 

derived magmatism in central Idaho is broadly similar to that found in areas of the Cordillera 

to the south (e. g. the CRT). In contrast, to the north, in northern Idaho and the Omineca 

Extended Belt, post-compression extension is associated with widespread crustal anatexis 

(e. g. Carr, 1992; Morris & Hooper, 1997). Furthermore, the areas to the north are not 

characterised by compressional deformation in the foreland region immediately prior to 

extension and early magmatism (e. g. Allmendinger, 1992). Instead extension appears to 

have immediately post-dated crustal thickening and metamorphism of these areas and pre- 

extension crustal thicknesses has been estimated at 50-60 km (e. g. Parrish et al., 1988; 

Bardoux & Mareschal, 1994). Thus the association of voluminous lithospherically derived 
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magmatism and extension in the Tertiary appears to be found only in the hinterland regions 

of the Cordilleran orogen which are associated with Laramide Foreland deformation. 

However, the origin of the compressional structures of the Laramide Foreland Province is 

debated and it is unclear how they relate to plate boundary forces and/or internal body forces 

of the lithosphere (e. g. Jones et al., 1998). 
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Figure 8.2: T (° C) vs. P (kbar) plot to illustrate the possible thermal evolution of the crust and mantle 
lithosphere during the period - 90 Ma to 45 Ma in central Idaho. The Challis Volcanic Group are inferred to 
be derived by dehydration partial melting in the mantle lithosphere within both the garnet and spinel facies ( 
labelled Challis source). G1 is inferred to represent the geotherm after crustal thickening at - 70 Ma; G2 is 
inferred to represent the geotherm during sub-horizontal subduction at - 50 Ma; and G3 is inferred to represent 
the geotherm after the removal of the sub-horizontal subducted slab at - 50 Ma. Conductive heating from the 
asthenosphere into the lower lithosphere to re-equilibrate the step in G3 may be sufficient to cause partial 
melting on the hydrous peridotite solidus in the spinel to garnet transition. The thickness of the lithosphere 
is assumed to be 90 km at - 50 Ma but this is poorly constrained (HP = hydrous peridotite solidus; AP = 
anhydrous peridotite solidus) (see section 6.3 for full details). 

Lithospheric melting in the spinel to garnet transition may have occurred in response to the 

removal of a sub-horizontal subducted slab at the end of the Laramide orogeny in central 

Idaho (e. g. Figure 8.2). It is noted, however, that it remains speculative to suggest that sub- 
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horizontal subduction occurred during the Laramide orogeny, and to infer any associated 

thermal effects on the lithosphere at that time. Furthermore, removal of a sub-horizontal slab 

cannot explain why the location of core complex extension and early magmatism is correlated 

with the presence of overthickened continental crust throughout the Cordillera (e. g. Coney & 

Harms, 1984). Thus, processes of extensional collapse, and perhaps lithospheric thinning 

associated with crustal thickening (e. g. Houseman et al., 1981), may also be influential 

controls on extension and early magmatism. In this respect it is noted that partial melting in 

the garnet to spinel transition in the lithospheric mantle would be favoured if the lithospheric 

thickness was < 90 km at the time of inferred removal of the subducted slab. 

8.4 Archaean Sanukitoids 

An analogy has been made between early, extension-associated magmatism from the western 

U. S. A. and Archaean sanukitoids from the Superior (Evans & Hanson, 1997 and references 

therein) and Slave (Davis et al., 1994) Provinces because it is thought that the rocks of the 

western U. S. A. provide an alternative Tertiary analogue - to rocks of the boninite suite - for 

these Archaean rocks. Archaean sanukitoids and related granitoids are thought to be distinct 

from 'normal' Archaean granitoid rocks (TTG) because they are not consistent with 

derivation from broadly basaltic sources in the presence of residual garnet and/or amphibole 

(Evans & Hanson, 1997 and references therein). Instead, they are thought to be derived 

from LILE and LREE enriched mantle peridotite source regions (Evans & Hanson, 1997 and 

references therein). 

It is suggested that the rocks of the Challis Volcanic Group and Archaean sanukitoids are 

both associated with continental extension and may share a common petrogenesis, though it 

is noted that extension is as yet poorly documented in the late Archaean. In particular, both 

suites appear to be derived from LREE enriched and Nb (Ta) and Ti depleted mantle source 

regions, and the rocks with the largest Nb and Ti depletions are characterised by the most 

fractionated HREE contents (Figure 8.3). In detail, the Archaean rocks define lower Zr/Zr* 
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(<1) and higher Na20 contents but define broadly similar trends to the rocks from the 

western U. S. A. 
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Figure 8.3: (a): Ti/Ti* vs. (Gd/Yb)n, and (b): Nb/Ce vs. (Gd/Yb)n for the least evolved rocks of the Challis 
Volcanic Group, Colorado River Trough (Group 3 of Bradshaw, 1991) and Archaean sanukitoids. PM, N- 
MORB and OIB are from Sun & McDonough (1989) and GLOSS (Global Subducting Sediment) is from 
Plank & Langmuir, 1998 (see section 7.3.2). 

Thus it is suggested that the interpretations on the origin of the Ta and Ti depleted mantle 

source regions to the Challis Volcanic Group and the controls on extensional tectonics and 
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associated lithospheric magmatism in the western U. S. A. may have significant implications 

for late Archaean tectonics and crustal growth in the Superior and Slave Provinces. 

8.5 Future Work 

Finally, a number of suggestions are made for future work: 

1. Locally, the rocks of the Challis Volcanic Group remain relatively unknown and 

further work on their stratigraphy, geochronology, petrogenesis and relationship to 

tectonics is required to test the available models. In addition the P-T-t history of the 

Pioneer Mountains core complex is poorly-constrained but critical to a further 

understanding of the relationship between pre-extensional compressional orogenesis 

and Tertiary extension and lithospheric magmatism in Idaho. 

2. On a regional basis, a key area of research is to determine further constraints on the 

hinterland region of the North American Cordillera, in particular whether the thermal 

history of the region is consistent with the presence of a sub-horizontally subducted 

slab beneath the continental lithosphere between -- 75 and 40/30 Ma. Leeman & Harry 

(1993) report that magmatism in the Great Basin between - 60 and 40 Ma is alkalic to 

shoshonitic but little is known about these rocks. In particular if these rocks were 

derived from the asthenosphere then a mantle wedge may be inferred beneath the 

hinterland region during the Laramide Orogeny. Alternatively, Kay & Gordillo 

(1994) have suggested that back-arc magmatism associated with sub-horizontal 

subduction in the southern Andes, is distinct from back-arc magmatism in the 

'normal' segments. 

3. Comparative studies are needed between the sanukitoids of the Superior Province and 

possible examples from other cratons to determine whether these rocks are 

characteristic of other Archaean cratons and whether they are associated with 

extensional tectonics. 
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Appendix A: Sample Locations and Petrography 

Appendix A contains two maps documenting the sample locations and a petrographic 
description of each sample. The longitude and latitude of each sample location were obtained 

using a hand-held GPS. A rock name has been assigned based on the TAS classification 

scheme of Le Maitre et al., 1989 and is prefixed by the observed phenocryst assemblage. 
The rock name assigned is dependant on the K20 content and therefore samples which may 
have lost K20 due to alteration are labelled "altered" to indicate that the name may be 

incorrect. Modal proportions are based on visual estimates. 
Mineral abbreviations: 01: Olivine; P1: Plagioclase; Cpx: Clinopyroxene; Opx: 

Orthopyroxene; Amph: Amphibole; Bt: Biotite; K-spar: Alkali Feldspar; GI: Glass; Op: 

opaques (Fe-Ti oxides). 

Al: Sample Locations: 
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Figure Al: Sample locations for rocks collected in the Hailey quadrangle (adapted from Worl et al., 1991). 
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Figure A2: Sample locations for rocks collected in the Challis quadrangle (adapted from Fisher et al., 1992) 
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A2: Petrography: 
Sample: 95ID-1 
Strat. unit: Til; Locality: Highway 75; 44°21.8N, 114° 15.8'W. 

Texture: Fine grained porphyritic rock with a microcrystalline groundmass 
Phenocrysts: (<10%): 01 (6-7%): (0.5-3.0 mm), subhedral, partially altered 
(iddingsite), inclusions of Cr-spinel (< 0.1 mm); Op (1-2%): microphenocrysts, 

<0.25 mm. 
Groundmass: (90%): PI (70%): subhedral laths up to 1mm; Cpx (17%): 

intergranular, subhedral, up to 0.5 mm; Op (1-2%): intersertal, up to 0.5 mm; 
intersertal carbonate and chlorite (1-2%). 

Rock type: 01 basaltic andesite 

Sample: 951D-2 
Strat. Unit: Til; Locality: Highway 75; 44°21.8'N, 114°15.8W. 

Texture: fine grained porphyritic rock with a microcrystalline groundmass. 
Phenocrysts: (<10%): 01 (8%): (0.5-3.0 mm), heavily altered (Iddingsite), 

subhedral with Cr-spinel inclusions (<0.1 mm); Cpx (2%): (up to 1mm), subhedral, 

glomeroporphyritic; Op (1-2%): microphenocrysts, <0.25 mm. 
Groundmass: (90%): PI (70%): Subhedral laths up to 0.5 mm; Cpx (18%): 

Intergranular, subhedral, up to 0.25mm; Op (1-2%): Intersertal and subhedral, up to 
0.25mm. 
Rock type: 01 + cpx basaltic andesite 

Sample: 95ID-3(a) 
Strat. Unit: Tvs(? ): : Highway 75; 44°20.9'N, 114°15.9'W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass 
Phenocrysts: (10%): P1 (6-7%): 0.25-0.5 mm, subhedral, altered; Cpx (? ) (2- 
3%): 0.25-0.5 mm, subhedral, altered to amph. 
Groundmass: (90%): PI (70-80%): <0.25mm, subhedral laths altered; Op (5%): 

<0.1 mm; 5-10% secondary carbonate. 
Rock type: Pl+cpx(? ) basaltic andesite (altered). 

Sample: 95ID-3(b) 
Strat. Unit & Locality: Same as 3(a). 
Texture: Fine grained, phenocrystic, microcrystalline groundmass (fresher than 3a) 
Phenocrysts: (5-10%): P1 (5-6%): 0.25-1.0 mm, subhedral-euhedral laths, 
twinned no zonation; Py (2-3%): 0.25-0.5 mm, subhedral, altered to amph.. 
Groundmass: (90%): Pl (70-80%): <0.25 mm, subhedral, altered; Op (<5%): 
<0.1 mm; 5% secondary carbonate. 
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Rock type: P1+cpx andesite (altered) 

Sample: 95ID-4. 
Strat. Unit: Til; Locality: Highway 75: 44°19.5'N, 114°17.4'W. 
Texture: Fine grained, porphyritic rock with a microcrystalline groundmass 
Phenocrysts: (<10%): 01 (6-7%): (0.5-2.0 mm), subhedral, altered (Iddingsite) 

with inclusions of Cr-spinel (<0.1 mm); Cpx (2-3%): up to 1 mm, subhedral, 

glomeroporphyritic; Op (1-2%): microphenocrysts, <0.25 mm. 
Groundmass: (90%): PI (70%): up to 0.5 mm, subhedral laths; Cpx (17-18%): 

up to 0.25 mm, intergranular, subhedral; Op (1-2%): less than 0.25mm, intersertal 

and subhedral; Intersertal chlorite (<1%). 
Rock type: 01+cpx basaltic andesite 

Sample: 951D-5 

Strat Unit: Tham; Locality: Bayhorse Creek; 44°23.6'N, 114°17.5'W. 
Texture: Fine grained, porphyritic rock with a microcrystalline groundmass 
Phenocrysts: (15%): 01 (5-7%): 0.5-4.0 mm, subhedral, with Cr-spinel 
inclusions (<0.1 mm), heavily altered; Cpx (5-7%): 0.25-1.5 mm, subhedral; Opx 

(? ) (1-3%): up to 3mm, subhedral; Op (<1%) microphenocrysts, <0.5 mm.. 
Groundmass: (85%): Pl (60-70%): < 0.5mm, subhedral laths; Cpx (10-20%): 

subhedral; Op (< 2%): < 0.2mm, subhedral; calcite filled vesicles and a single quartz 
xenocryst mantled by fine grained pyroxene. 
Rock type: ol+cpx trachybasalt (altered) 

Sample: 951D. 6 
Strat Unit: Tham; Locality: Bayhorse Creek; 44°23.6'N, 114°17.5'W. 

277 

Texture: Fine grained porphyritic rock with a microcrystalline & glass groundmass 
Phenocrysts: (<10%): Cpx (5%): 0.25-1.0 mm, glomeroporphyritic, subhedral; 
01 (? )(<2%): 0.25-1.0 mm, completely altered, subhedral; Opx (1%): <1mm, 

subhedral; Op (<1%), microphenocrysts, <0.5 mm. 
Groundmass: (90%): PL (30-40%): Subhedral laths, <0.2mm; Cpx (20-30%): 
Subhedral, <0.2mm; Gl (20-30%); Op (1%): <0.1mm. 
Rock type: O1+cpx+opx basaltic trachyandesite 

Sample: 95ID-7 
Strat Unit: Tham; Locality: Bayhorse Creek; 44°24.3'N, 114°17.3'W. 
Texture: Fine grained phenocrystic rock with a microcrystalline & glass groundmass 
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Phenocrysts: (<10%): Cpx (5-7%): 0.25-1.0 mm, subhedral, 
glomeroporphyritic, opaque inclusions (Spinel (? )), hourglass zonation; 01(1-2%): 
0.25-0.5mm, subhedral, altered; Opx (1%): 1mm, subhedral; PI (1%): 0.5 mm, 
subhedral, An46; Op (<1%): microphenocrysts, <0.5 mm. 
Groundmass: (90%): Gl (40-50%); Pl (25%): 0.1-0.5 mm, subhedral laths; Cpx 
(20%): <0.2 mm, subhedral; Op (<5%): subhedral; anhedral qtz xenocrysts (<1%) 

mantled by fine grained, acicular pyroxene. 
Rock type: O1+cpx+opx+pl trachyandesite 

Sample: 95ID-8 
Strat Unit: Loose block; Locality: Bayhorse Creek; same as 95-9. 
Texture: Fine grained porphyritic rock with a microcrystalline groundmass 
Phenocrysts: (<10%): Cpx (5%): 0.25-1.0 mm, subhedral, glomeroporphyritic; 
01(5%): 0.5 -2.0 mm, subhedral, altered(iddingsite), inclusions of Cr-spinel; Opx 
(1-2%): 0.5-1.5 mm, subhedral; Op (<1%): microphenocrysts <0.5 mm. 
Groundmass: (90%): PI (70%): 0.1-0.5 mm, subhedral laths; Cpx (10%): 0.1- 
0.25 mm, subhedral, intergranular; Op (2-3%): 0.05-0.1 mm, subhedral; and 
secondary calcite (1%) and altered intersertal glass (? ). 
Rock type: ol+cpx+opx basaltic trachyandesite (altered) 

Sample: 95ID-9 
Strat Unit: Tbam; Locality: Bayhorse Creek; 44°23.4'N, 114°17.4'W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass. 
Phenocrysts: (10-15%): 01 (5-7%): 0.25-2.0 mm, subhedral, altered; Cpx (2- 
3%): 0.25-2.0 mm, subhedral, rim zonation; Opx (1-2%): 0.5-1.5 mm, subhedral; 
PI (<1%) microphenocrysts: up to 0.25 mm, subhedral; Op (<1%): 
microphenocrysts, <0.5 mm. 
Groundmass: (85%): Cpx (25-30%): 0.05-0.5 mm, subhedral; K-spar (25-30%): 
<0.5 mm, subhedral; Op (5%); Bt (<1%): 0.1-0.2 mm, subhedral; GI (25-30%)?. 
Rock type: ol+cpx+opx+pl basalt (altered) 

Sample: 95ID-10 
Strat Unit: Ti; Locality: Leaton Gulch; 44°31.5'N, 114°06.5'W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass 
Phenocrysts: (<10%): 01 (3-4%): 0.25-1.5 mm, altered, subhedral; Cpx (2-4%): 
0.25-2.0 mm, subhedral, glomeroporphyritic; Opx (1%): 0.25-1.0 mm, anhedral- 
euhedral, corona texture with rim of fine grained of (altered)+cpx. 

fthL 
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Groundmass: (90%): P1 (80%): <0.25 mm, subhedral laths; Cpx (5%): <0.25 

mm, subhedral; Op (<5%): <0.25 mm, subhedral. 
Rock type: ol+cpx+opx basaltic andesite 

Sample: 95ID-11 
Strat Unit: Ti; Locality: Leaton Gulch; 44°31.5'N, 114°06.5'W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass 
Phenocrysts: (<10%): 01 (5%): 0.25-2.0 mm, altered, subhedral; Cpx (2-3%): 
0.25-1.0 mm. glomeroporphyritic, subhedral; Opx (1-2%): subhedral-anhedral, 
corona texture with fine grained rim of cpx and of (altered); one sieve textured 
feldspar phenocryst. 
Groundmass: (90%): Pl (70%): < 0.1mm, subhedral laths; Cpx (10-20%): <0.1 

mm, subhedral; Op (1-2%): <0.1 mm, subhedral. 
Rock type: ol+cpx+opx trachyandesite 

Sample: 95ID-12 
Strat. Unit: Ti; Locality: Leaton Gulch; 44°31.5'N, 114°06.5'W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass with vesicles 
filled with calcite and quartz 
Phenocrysts: (<5%): Cpx (2-3%): 0.25-0.5 mm, subhedral; Opx(? ) (1-2%): 
0.25-1.0 mm, subhedral. 
Groundmass: (90%): PI (70-80%): <0.1 mm, subhedral laths; Cpx (10-15%): 

<0.1 mm, subhedral; Infilled vesicles (10%); Op (<5%): <0.1 mm, subhedral 
Rock type: cpx+opx trachyandesite 
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Sample: 95ID-13 
Strat Unit: Ti; Locality: Leaton Gulch; 44°31.5'N, 114°06.5'W. 
Texture: Fine grained, aphyric, microcrystalline groundmass 
Phenocrysts: (<1%): Cpx, 0.25-0.5 mm, subhedral; Opx, up to 0.5mm, corona 
of cpx. 
Groundmass: (99%): PI (80%): <0.25 mm, subhedral laths; Cpx (10-15%): 

<0.25 mm subhedral; Op (<5%): <0.1 mm. 
Rock type: Trachyandesite 

Sample: 95ID-14 
Strat Unit: Ti; Locality: Leaton Gulch; 44°31.3'N, 114°06.8'W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass 
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Phenocrysts: (<10%): Cpx (3-5%): 0.35-2.0 mm, subhedral, 

glomeroporphyritic; 01(2-3%): 0.25-1.0 mm, altered, subhedral; Opx (1-2%): 0.5- 

2.0 mm, subhedral-euhedral. 
Groundmass: (90%): PI (80%): <0.25 mm, subhedral laths; Cpx (10-15%): 

<0.25 mm, subhedral; Opx (<5%): <0.1 mm, subhedral-anhedral. 
Rock type: Ol+cpx+opx andesite 

Sample: 95ID-15 
Strat Unit: Tdf; Locality: Leaton Gulch; 44°30.5'N, 114°07.7'W. 

Texture: Fine grained, phenocrystic, cryptocrystalline groundmass. 
Phenocrysts: (20-25%): PI (10-15%): 0.5-4.0 mm, subhedral-anhedral. some 
fragmented crystals, often skeletal containing glass and groundmass inclusions, some 
oscillatory zoning, inclusions of cpx; Cpx (3-5%): 0.5-2.0 mm, subhedral, 
glomeroporphyritic, sector zoning, inclusions of plagioclase and opaques; Opx (3- 
5%): 0.5-2.0 mm, subhedral, inclusions of opaques; Bt (1-2%): <1mm, subhedral, 
ragged rims; Op (1-2%): <0.5 mm, subhedral, often as inclusions in pyroxene. 
Groundmass: (75%): cryptocrystalline. 
Rock type: Pl+Cpx+opx+bt+op dacite 

Sample: 95ID-16 
Strat Unit: Thal; Locality: Garden Creek; 44°29.2'N, 114°19.2'W. 
Texture: Fine grained phenocrystic rock with a microcrystalline/glass groundmass 
Phenocrysts: (10%): 01 (6%): 0.3-2.0 mm, subhedral, altered, Cr-spinel 
inclusions; Cpx (4%): 0.2-1.0 mm, subhedral, glomeroporphyritic; Opx (1%): 0.25- 
1.0 mm, subhedral. 
Groundmass: (90%): P1 (30-40%): 0.1-0.3 mm, subhedral laths; Cpx (10-20%): 
0.05-0.2 mm, subhedral; GI (30-40%). 
Rock type: ol+cpx+opx basaltic trachyandesite 

Sample: 95ID-17(a) 
Strat Unit: Thal; Locality: Garden Creek; 44°29.2'N, 114019.2'W. 
Texture: Fine grained porphyritic rock with a microcrystalline/glass groundmass 
Phenocrysts: (: 510): 01 (5%): Subhedral, altered, 0.5-3.0 mm, Cr-spinel 
inclusions; Cpx (2-3%): subhedral, 0.5-1.5 mm; Opx (1%): subhedral-euhedral, 
0.25 -1.0 mm; Op (<1%): microphenocrysts, <0.25 mm. 
Groundmass: (90%): PI (: 950%): subhedral laths, 0.1-0.25 mm; Cpx (20%); 
subhedral, 0.05-0.25mm; GI (15-20%); Op (1-2%): subhedral, 0.05-0.1 mm; 
intersertal carbonate (1-2%). 
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Rock type: ol+cpx+opx basaltic trachyandesite 

Sample: 95ID.. 17(b) 
Strat Unit: Tbal; Locality: Garden Creek; 44°29.2'N, 114°19.2'W. 
Texture: Fine grained, porphyritic rock with a microcrystalline/glass groundmass 
Phenocrysts: (10-15%): 01(7-8%): subhedral, partially altered, 0.5 4.0 mm, Cr- 

spinel inclusions; Cpx (3-4%): subhedral, glomeroporphyritic, 0.25-1.0 mm. 
Groundmass: (85%): PI (40-50%): subhedral laths, 0.1-0.3 mm; Cpx (20%): 

subhedral, 0.05-0.25 mm; GI (20%), altered. 
Rock type: ol+cpx basaltic trachyandesite 

Sample: 951D-17(c) 
Strat Unit: Thal; Locality: Garden Creek; 44°29.2'N, 114'19.2'W. 
Texture: Fine grained phenocrystic rock with a microcrystalline/glass groundmass 
Phenocrysts: (10%): 01(7%): 0.5-2.0 mm, subhedral, partially altered, Cr-spinel 
inclusions; Cpx (3-4%): 0.25-1.0 mm, subhedral, glomeroporphyritic; Opx (? ) (1%): 
0.5mm, subhedral; Op (<1%): microphenocrysts, <0.25 mm. 
Groundmass: (85%): PI (50-60%): subhedral laths, 0.1-0.4 mm; Cpx (20%): 

subhedral, 0.1-0.2 mm; GI (10%); Op (1 %): subhedral, <_0.1 mm. 
Rock type: of+cpx+opx(? ) basaltic trachyandesite 

Sample: 951D-18 
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Strat Unit: Thal; Locality: Garden Creek; 44°29.2'N, 114°19.2'W. 
Texture: Fine grained porphyritic rock with a microcrystalline groundmass 
Phenocrysts: (10%): 01 (6-7%): Subhedral, altered, 0.5-2.0 mm, inclusions of 
Cr-Spinel; Cpx (2-3%): subhedral, 0.2-2.0 mm, glomeroporphyritic; Opx (1%): 

Subhedral, 1.0 mm; Op (<1%): microphenocrysts, <0.25 mm. 
Groundmass: (90%): Pl (60%): subhedral laths, 0.1-0.5 mm; Cpx (20-25%): 

subhedral, 0.1-0.25 mm; Op (<5%): subhedral, <0.1 mm. 
Rock type: Ol+cpx+opx basaltic trachyandesite 

Sample: 951D-19 
Strat Unit: Tdf; Locality: Garden Creek; 44°29.4'N, 114°18.8'W. 
Texture: Fine grained, phenocrystic, cryptocrystalline groundmass. 
Phenocrysts: (20%): PI (10%): 0.5-4.0 mm, subhedral-anhedral, often 
fragmented, skeletal, some zoning, inclusions of bt and op; Bt (5%): 0.5-2.0 mm, 
subhedral; Cpx (2-3%): 0.5-1.0 mm, subhedral, inclusions of opaques; Op (1-2%): 

<0.25 mm, subhedral. 
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Groundmass: (80%): microcrystalline. 
Rock type: P1+bt+cpx+op dacite 

Sample: 951D-20 
Strat Unit: Tdf; Locality: Garden Creek; 44°29.4'N, 114°18.8W. 
Texture: Fine grained, phenocrystic, cryptocrystalline groundmass. 
Phenocrysts: (25-30%): PI (10-15%): 0.5 - 2.0 mm, subhedral-anhedral, 
fragmentary; Cpx (5-10%): 0.5 -2.0 mm, subhedral, glomeroporphyritic, inclusions 

of opaques; Bt (2-3%): 0.5 -2.0 mm, subhedral, rimmed by opaques; Op (1-2%): 

<0.5 mm; Opx (<1 %): 0.5 - 1.0 mm, subhedral. 
Groundmass: (70%): cryptocrystalline 
Rock type: Pl+cpx+bt+op+opx trachyandesite 

Sample: 95ID-21 
Strat Unit: Tdf; Locality: Garden Creek; 44°29.4'N, 114°18.8'W. 
Texture: Fine grained, phenocrystic, cryptocrystalline groundmass. 
Phenocrysts: (25-30%): PI (10-15%): 0.5 - 2.0 mm, subhedral-anhedral 
fragments, oscillatory zoning, some skeletal crystals; Cpx (5%): 0.5 - 1.5 mm, 
subhedral, inclusions of opaques; Opx (3-5%): 0.5 - 2.0 mm, subhedral; Bt (2-3%): 

<2mm, subhedral; Amph(? ) (1%): <l mm, euhedral, altered relicts. 
Groundmass: (70%): cryptocrystalline 
Rock type: Pl+cpx+opx+bt+op+amph(? ) dacite 

Sample: 95ID-22 
Strat Unit: Tdf; Locality: Garden Creek; 44°29.8'N, 114°17.8'W. 
Texture: Fine grained, phenocrystic, cryptocrystalline groundmass. 
Phenocrysts: (25-30%): Pl (10-15%): 0.5 - 3.0 mm, subhedral - anhedral 
fragmentary, oscillatory zoning, some skeletal crystals, inclusions of opaques; Opx 
(7-8%): 0.5-2.0 mm, subhedral, inclusions of opaques; Cpx (5%): 0.5 - 4.0 mm, 
subhedral; Op (2%): <0.5 mm, subhedral; Amph (1%): up to 1.5 mm, subhedral; Bt 
(1%): up to I mm, subhedral. 
Groundmass: (70%): 
Rock type: Pl+opx+cpx+op+amph+bt trachydacite 

Sample: 951D-23 
Strat Unit: Tdf; Garden Creek; Locality: 44°29.8'N, 114017.8'W. 
Texture: Fine grained, phenocrystic, cryptocrystalline groundmass 
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Phenocrysts: (20%): P1 (15%): 0.5-2.0 mm, subhedral; Cpx (5%), 0.5 2.0mm, 

subhedral. 
Groundmass: (80%) cryptocrystalline 
Rock type: P1+cpx trachyandesite 

Sample: 95ID-24 
Strat Unit: Tdf; Locality: Garden Creek; 44°31.1'N, 114°16.6'W. 
Texture: Fine grained, phenocrystic, cryptocrystalline groundmass. 
Phenocrysts: (20%): PI (10%): 0.25 - 3.0 mm, subhedral - anhedral fragmentary, 

some with skeletal cores and euhedral rims, oscillatory zoning; Cpx (3-5%): 0.5 - 5.0 

mm, subhedral, glomeroporphyritic, inclusions of opaques; Opx (1-2%): <0.25 mm, 

subhedral; Op (1-2%): <0.25 mm, subhedral; Bt (1%): up to 2mm, subhedral. 
Groundmass: (80%): cryptocrystalline 
Rock type: Pl+cpx+opx+bt+op trachyandesite 

Sample: 951D-25 
Strat Unit: Loose block; Locality: Challis Creek; 114°20.5'W, 44°34.7N. 
Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass 
Phenocrysts: (<10%): Cpx (3-4%): 0.25-1.0 mm, subhedral, 
glomeroporphyritic; 01(2-3%) microphenocrysts: 0.1-0.5 mm, altered, subhedral; Pl 
(<1%) subhedral. 
Groundmass: (90%): PI (50%): <0.25 mm, subhedral laths; Cpx (15%): <0.25 
nun; GI (20%); Op (<5%): <0.1 mm, subhedral. 
Rock type: Cpx+ol trachyandesite 
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Sample: 951D-26 
Strat Unit: Ti; Locality: Challis Creek; 114°20.0'W, 44°34.5'N. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass 
Phenocrysts: (<10%): 01(3-4%): 0.25-2.0 mm, altered, subhedral; Cpx (3-4%): 
0.25-1.0 mm, glomeroporphyritic, subhedral; PI (<1%): up to 0.5 mm, subhedral, 
sieve textured, An30. 
Groundmass: (90%): PI (45%): <0.25 mm, subhedral laths; Cpx (20%): <0.25 
mm, subhedral; GI (25%): intersertal; Op (<1%): <0.1 mm, subhedral 
Rock type: 01+cpx basaltic trachyandesite 

Sample: 95ID-27 
Strat Unit: Ti; Locality: Challis Creek; same as 95-26 different flow. 
Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass 
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Phenocrysts: (5%): Cpx (2%): 0.25-0.75 mm, subhedral; 01 (1%): <0.5 mm, 

altered, subhedral; Opx (? ) (1%): up to 1 mm, subhedral, corona texture with fine 

grained rim of cpx; PI (<1%): up to 1mm, subhedral; Op (<1%): microphenocrysts, 

<0.25 mm. 
Groundmass: (95%): Pl (60-70%): <0.25 mm, subhedral laths; Cpx (15-20%): 

<0.25 mm, subhedral; GI (10-15%); Op (<1%): <0.1 mm. 
Rock type: O1+cpx+opx(? ) basaltic trachyandesite 

Sample: 95ID-28 
Strat Unit: Ti; Locality: Challis Creek; same as 26 different flow 

Texture: Fine grained, phenocrystic, microcrystalline groundmass 
Phenocrysts: (5%): Cpx (2-3%): 0.25-1.0 mm, subhedral; 01 (1-2%): 0.2-0.75 

mm, altered, subhedral; Op (<I%): microphenocrysts. 
Groundmass: (95%): PI (70-80%): <0.25 mm, subhedral laths; Cpx (10%): 

<0.25 mm, subhedral; Op (1-2%): <0.1 mm, subhedral-anhedral; (1-2%) secondary 

carbonate. 
Rock type: O1+cpx trachyandesite 

Sample: 951D. 29 
Strat Unit: Ti; Locality: Challis Creek; 1141119.2'W, 44°34'. 5 N. 

Texture: Fine grained, phenocrystic, microcrystalline groundmass 
Phenocrysts: (5%): 01(3%): up to 0.75 mm, subhedral, altered; Cpx (1-2%): up 
to 0.5 mm, subhedral; Op (<1%): microphenocrysts, <0.25 mm. 
Groundmass: (95%): P1 (40%): <0.25 mm, subhedral, laths; Cpx (25%): <0.25 

mm subhedral; GI (30%); Op (<1 %): <0.1 mm. 
Rock type: O1+cpx basaltic trachyandesite 

Sample: 951D. 30 
Strat Unit: Ti; Locality: Challis Creek; 114°19.0'W, 44°34.5'N. 

Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass. 
Phenocrysts: (5%): Cpx (2-3%): 0.25-1.0 mm, subhedral, glomeroporphyritic; 
01(1 %): 0.25-0.5 mm, altered, subhedral; Opx (<I%): 0.25-0.5 mm, subhedral; PI 
(<I%): up to 0.5 mm, anhedral; Op (<l%): <0.5 mm. 
Groundmass: (95%): PI (50%): <0.25 mm, subhedral laths; Cpx (20%): 0.25 

mm, subhedral; GI (20%): intersertal; Op (1%): <0.1 mm, subhedral-anhedral. 
Rock type: O1+cpx+opx basaltic trachyandesite 

Sample: 95ID-31(a) 
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Strat Unit: TI; Locality: Challis Creek; 114°18.4' W, 4434.4'N. 

Texture: Fine grained, phenocrystic, cryptocrystalline groundmass 
Phenocrysts: (25-30%): Pl (15-20%): 0.5 -7.0 mm, subhedral-euhedral, altered, 

oscillatory zoning; Amph (5%): 0.25-5.0 mm, acicular-euhedral, altered, inclusions 

of opaques; Bt (2-3%): <1 mm, altered, subhedral; Px (? )(2-3%): up to lmm, altered 

to amphibole; Op (1-2%): <0.25 mm, subhedral. 
Groundmass: (70%): cryptocrystalline containing subhedral laths of plagioclase. 
Rock type: Pl+amph+bt+pyx(? )+op andesite (altered) 

Sample: 95ID-31(b) 
Strat Unit: Ti; Locality: Challis Creek; same as 95-31(a), different flow (? ). 

Texture: Fine grained, phenocrystic, microcrystalline groundmass 
Phenocrysts: (20-25%): PI (15%): 0.25-4.0 mm, subhedral-euhedral, oscillatory 

zoned, An 20; Amph (2-4%): 0.5-2.0 mm, acicular-subhedral and euhedral , altered, 

corona texture; Cpx (1-2%): 0.25-2.5 mm, subhedral, glomeroporphyritic, 
inclusions of opaques; Opx (1-2%): 0.25 -1.0 mm, subhedral; Op (<1%): <0.5 mm, 

subhedral. 
Groundmass: (75%): PI (70%): <0.35 mm, subhedral laths; Op (1-2%): <0.1 

mm; Bt (1 %): <0.1 mm. 
Rock type: Pl+amph+cpx+bt+opx+op andesite 
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Sample: 95ID-31(c) 
Strat Unit: TI; Locality: Challis Creek; same as 95-31(a), different flow (? ). 

Texture: Fine grained, phenocrystic, microcrystalline groundmass 
Phenocrysts: (15%): Pl (10%): 0.5-6.0 mm, altered, subhedral, oscillatory 

zoning; Amph (2%): 0.25-2.0 mm, altered relicts, subhedral-euhedral; Pyx (1-2%): 

0.25-1.0 mm, altered, subhedral; Bt (1%): 0.25-1.0 mm, altered, subhedral; Op 

0%): 0.25-0.5 mm. 
Groundmass: (85%): P1 (80%): <0.25 mm, subhedral laths; Op (1-2%): <0.1 

mm; secondary carbonate (2-3%) 
Rock type: P1+amph+bt+pyx+op andesite (altered) 

Sample: 951D-32 
Strat Unit: Ti; Locality: Challis Creek; 44°33.9' N, 114"17.2'W. 
Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass 
Phenocrysts: (15%): 01 (10%): 0.5-2.0 mm, subhedral, altered, cr-spinel 
inclusion; Cpx (5%): 0.5-1.5 mm, subhedral, glomeroporphyritic, some skeletal 

cores. 



286 Appendix A 

Groundmass: (85%): P1 (30-35%): <0.1 mm, dendritic-acicular; GI (20-30%); 

Cpx (20%): <0.2 mm, subhedral; 01 (<10%): <0.2 mm, subhedral, partially altered; 
I% secondary carbonate. 
Rock type: 01+cpx basaltic trachyandesite 

Sample: 951D-33 
Strat Unit: Ti; Locality: Challis Creek; same as 95-32, different now. 

Texture: Fine grained, phenocrystic, microcrystalline groundmass 

Phenocrysts: (10-15%): 01(10%): 0.5-2.0 mm, partially altered, subhedral, cr- 

spinel inclusions; Cpx (5%): 0.5-2.0 mm, subhead, glomeroporphyritic. 
Groundmass: (85%): Cpx (30-40%): <0.25 mm, subhedral; PI (30-40%): <0.1 

mm, dendritic-acicular; 01 (<10%): <0.25 mm, subhedral, partially altered; Op 

(<I%): <0.1 mm. 
Rock type: 01+cpx - phyric basaltic andesite 

Sample: 95ID-34(a) 
Strat Unit: Ti; Locality: Challis Creek; 44°33.8' N, 114'16.9'W. 

Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass 
Phenocrysts: (10-15%): 01 (10%): 0.5-3.0 mm, subhedral, partially altered, Cr- 

spinel inclusions; Cpx (5%): 0.5 -1.5 mm, subhedral, some glass filled skeletal 

cores, glomeroporphyritic. 
Groundmass: (85%): Pl (20-30%): <0.25 mm, dendritic-acicular; Gl (20-30%); 
Cpx (15-20%): <0.25 mm, subhedral; 01 (<10%): <0.25 mm, subhedral; Op (1- 
2%): <0.25 mm, acicular. 
Rock type: O1+cpx basaltic trachyandesite 

Sample: 951D-34(b) 
Strat Unit: Ti; Locality: Challis Creek; same as 95-34(a), different flow (? ). 
Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass 
Phenocrysts: (10-15%): O1(<10%): 0.5-3.0 mm, subhedral, partially altered, Cr- 

spinel inclusions; Cpx (5-7%): 0.5-2.0 mm, subhedral, glomeroporphyritic, some 
skeletal cores. 
Groundmass: (85%): PI (30%): <0.25 mm, dendritic-acicular; Cpx (20-30%): 

<0.25 mm, subhedral, some swallow tail and hollow-textured crystals; GI (<20%); 01 
(<5%): <0.25 mm, subhedral, partially altered; Op (<1-2%): <0.5 mm, acicular. 
Rock type: Ol+cpx basaltic trachyandesite 

Sample: 95ID-35 
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Strat Unit: Ti; Locality: Challis Creek; 44°33.7' N, 114°16.1' W. 
Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass 
Phenocrysts: (5%): Cpx (2-4%): 0.25-1.0 mm, subhedral, glomeroporphyritic; 
Opx (1 %): up to 2mm, anhedral, corona texture of fine grained cpx+altered ol(? ); 01 
(1%) microphenocrysts: 0.25-0.5 mm, subhedral, altered. 
Groundmass: (95%): PI (40%): <0.25 mm, subhedral laths; GI (30%); Cpx (10- 
15%): <0.25 mm, subhedral; O1(<10%): <0.25 mm, altered subhedral; Op (<1%): 

<0.1 mm; 1-2% secondary carbonate 
Rock type: Cpx+opx+ol basaltic andesite 

Sample: 95ID-36 
Strat Unit: Ti; Locality: Challis Creek; 44°33.6' N, 114'15.9'W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass. 
Phenocrysts: (7-8%): Cpx (3-4%): 0.25-2.5 mm, subhedral, glomeroporphyritic; 
01(1-2%) microphenocrysts: 0.25-0.5 mm, subhedral, altered; Opx (1%): up to 0.5 

mm, subhedral, corona of fine grained cpx+ol; PI (<1%): up to 1mm, subhedral, 
embayed. 
Groundmass: (90%): PI (80%): <0.25 mm, subhedral laths; Cpx (10-15%): 

<0.25 mm, subhedral; Op (1-2%): <0.1 mm. 
Rock type: Cpx+ol+opx+pl trachyandesite 

Sample: 951D-37 
Strat Unit: Ti; Locality: Highway 95; 44'42.1'N, 114°02.5' W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass. 
Phenocrysts: (5%): Cpx (2-3%): -<lmm, subhedral; 01 (1-2%): <0.5 mm, 
subhedral , altered. 
Groundmass: (95%): PI (75-80%): <0.1 mm, Cpx (5-10%): <0.1 mm, 
subhedral; Bt (1-2%): <0.25 mm, subhedral; Op (1-2%): <0.1 mm. 
Rock type: Cpx+ol trachyandesite 
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Sample: 95ID-38 
Strat Unit: Ti; Locality: Highway 95; 44°39.8' N, 114°04.8' W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass. 
Phenocrysts: (<5%): Cpx (3-4%): up to 1mm, subhedral, some sector zoning; 
Opx (1-2%): up to 1mm, subhedral, corona of mica (? ); 01 (1%): up to 0.5 mm, 
subhedral, altered. 
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Groundmass: (95%): Pl (70%): <0.25 mm, subhedral laths; Cpx (15-20%): 

<0.25 mm, subhedral; Bt (2-3%): <0.5 mm, subhedral; Op (1-2%): <0.1 mm, 
subhedral. 
Rock type: Cpx+opx+ol andesite 

Sample: 951D-39 
Strat Unit: Tl; Locality: Highway 95; same as 38 different flow. 

Texture: Fine grained, phenocrystic, microcrystalline trachytic groundmass 
Phenocrysts: (5%): Cpx(2-3%): up to 1mm, subhedral; opx (? ): up to 0.5 mm, 
subhedral, corona texture (cpx? ); Amph (1%): up to lmm, subhedral, altered relicts; 
K-spar (1%): up to 4mm, subhedral. 
Groundmass: (95%): P1 + K-spar (? ) (70-80%): <0.1 mm, 'subhedral laths; Bt 
(10-15%): <0.25 mm, subhedral; 
Rock type: Cpx+Opx+amph+K-spar trachydacite 

Sample: 95ID-40 
Strat Unit: Tdf; Locality: Highway 95; 44°38.9' N, 114°05.3' W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass. 
Phenocrysts: (20%): Amph (<10%): 0.5 - 2.0 mm, subhedral-euhedral, acicular, 
some as altered relicts; P1(5-10%): <1 mm, subhedral, oscillatory zoning; Bt (2-3%): 
0.5 - 2.0 mm, subhedral, altered; Op (1%): <0.25 mm, subhedral; K-spar (? ) (1- 
2%): up to lmm, subhedral, sieve textured rim. 
Groundmass: (80%): PI (50 - 60%): <0.2 mm, subhedral laths; K-spar (10- 
20%), subhedral; Op (1-2%): <0.1 mm. 
Rock type: Amph+pl+bt+op+k-spar(? ) trachyandesite 

Sample: 951D-41 
Strat Unit: Ti; Locality: Highway 95; 44°35.4' N, 114°11.5W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass 
Phenocrysts: (5%): Cpx(2-3%): up to lmm, subhedral; Amph (1%): up to lmm, 
subhedral, altered relicts; Opx(1 %): up to 0.5 mm, subhedral, corona of biotite. 
Groundmass: (95%): P1 (50-60%): <0.25 mm, subhedral laths; Bt (5%): <0.25 
mm, subhedral; Op (<5%): <0.1 mm; K-spar (? ) (20-30%): <0.25 mm, subhedral. 
Rock type: Cpx+opx+amph trachyandesite 

Sample: 951D-42(a) 
Strat Unit: Tdf - dyke; Locality: Birch Creek; 44126.6N, 114013.6'W. 
Texture: Fine grained, phenocrystic, cryptocrystalline. 
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Phenocrysts: (30%): PI (15%): 0.5 - 4.0 mm, subhedral - anhedral fragments, 

some with anhedral cores with subhedral rims, oscillatory zoning, skeletal crystals 
with glass inclusions; Opx (10%): 0.5 - 2.0 mm, subhedral - euhedral, numerous 
inclusions of opaques, glass and apatite(? ); Cpx (5%): 0.5 - 2.0 mm, subhedral; Op 
(1-2%): <0.5 mm, subhedral; Bt (1%): 0.5 - 2.0 mm, subhedral. 
Groundmass: (70%): cryptocrystalline. 
Rock type: P1+opx+cpx+bt+op trachyandesite 

Sample: 95ID-42(b) 
Strat Unit: Tdf - dyke; Locality: same as 42(a) different dyke. 
Texture: Fine grained, phenocrystic, cryptocrystalline groundmass 
Phenocrysts: (30-35%): PI (15-20%): 0.5 - 4.0 mm, subhedral - anhedral 
fragments, skeletal cores with numerous glass inclusions; Opx (5-8%): 0.5-2.0 mm, 
subhedral-euhedral, inclusions of opaques; Cpx (<5%): 0.5 - 2.0 mm, subhedral, 
inclusions of opaques; Bt (1-2%): 0.5- 2.0 mm, subhedral; Op (1-2%): <0.5 mm, 
subhedral. 
Groundmass: (65%): cryptocrystalline. 
Rock type: P1+opx+cpx+bt+op trachyandesite 

Sample: 951D-43(a) 
Strat Unit: Tdf - dyke; Locality: same as 42(a) different dyke. 
Texture: Fine grained, phenocrystic, cryptocrystalline groundmass. 
Phenocrysts: (30%): PI (15%): 0.25-4.0 mm, subhedral-anhedral fragments, 

skeletal cores with glass inclusions, inclusions of cpx, some oscillatory zoning; Cpx 
(5%): 0.25-2.0 mm, subhedral, glomeroporphyritic, inclusions of opaques; Opx 
(5%): 0.25 - 1.0 mm, subhedral-euhedral, inclusions of opaques; Bt (1-2%): 0.25 - 
2.0 mm, subhedral; Op (1-2%): <0.25 mm. 
Groundmass: (70%): cryptocrystalline. 
Rock type: Pl+cpx+opx+bt+op trachyandesite 

Sample: 95ID-43(b) 
Strat Unit: Tdf - dyke; Locality: same as 42(a) different dyke. 
Texture: Fine grained, phenocrystic, cryptocrystalline groundmass. 
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Phenocrysts: (30-35%): Pl (15-20%): 0.5 -4.0 mm, subhedral-anhedral 
fragments, skeletal cores with glass & groundmass inclusions, discrete inclusions of 
cpx, some oscillatory zoning; Opx (7-8%): 0.5 - 2.0 mm, subhedral, inclusions of 
opaques and apatite; Cpx (5%): 0.5 - 2.0 mm, subhedral, glomeroporphyritic, 
inclusions of opaques; Bt (1-2%): <0.5mm, subhedral; Op (1-2%): <0.25 mm, 

subhedral-anhedral. 
Groundmass: (65%): cryptocrystalline. 
Rock type: Pl+cpx+opx+op+bt dacite 

Sample: 95ID-44 
Strat Unit: Tdf - dyke; Locality: same as 42(a) different dyke. 
Texture: Fine grained, phenocrystic, cryptocrystalline. 
Phenocrysts: (30%): PI (15-20%): 0.5 - 4.0 mm, subhedral-anhedral fragments, 

some with skeletal cores and glass inclusions, some oscillatory zoning; Opx (7-8%): 
0.5 - 2.0 mm, subhedral, inclusions of opaques; Cpx (4-5%): 0.5 - 4.0 mm, 
subhedral, inclusions of opaques; Op (1-2%): <0.25 mm, subhedral; Bt (1%): 

subhedral. 
Groundmass: (70%): cryptocrystalline. 
Rock type: Pl+opx+cpx+op+bt dacite 

Sample: 951D-45 
Strat Unit: Ti; Locality: Highway 95; 44°26.8' N, 114°08.5' W. 
Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass 
Phenocrysts: (15-20%): 01 (15-20%): 0.5-4.0 mm, subhedral-euhedral, altered, 
inclusions of Cr-spinel, heavily fractured. 
Groundmass: (80%): 01 (10%): <0.5 mm, subhedral; Cpx (20-30%): <0.5 mm, 
subhedral; GI (40%): abundant acicular crystals; <1% secondary carbonate. 
Rock type: of basalt 

Sample: 951D-46 
Strat Unit: Tdf; Locality: Leaton Gulch; 44°30.3' N, 114°08.0' W. 
Texture: Fine grained, phenocrystic, cryptocrystalline groundmass. 
Phenocrysts: (20-25%): Pl (10-15%): 0.5 - 4.0 mm, subhedral-anhedral 
fragments, some skeletal cores with inclusions of glass & groundmass, some 
oscillatory zoning; Cpx (5%): 0.5 - 1.5 mm, subhedral, glomeroporphyritic; Opx 
(5%): 0.5 - 1.5 mm, subhedral, inclusions of opaques and ol(? ); Bt (1-2%): 0.5 - 
1.5 mm, subhedral; Op (1-2%): <0.5 mm, subhedral. 
Groundmass: (75%): cryptocrystalline. 
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Rock type: P1+cpx+opx+bt+op dacite 

Sample: 95ID-47 
Strat Unit: Tdf; Locality: Leaton Gulch; same as 95-46, different flow. 

Texture: Fine grained, phenocrystic, cryptocrystalline groundmass. 
Phenocrysts: (25%): PI (10-15%): 0.5 - 3.0 mm, subhedral - anhedral fragments, 

some skeletal cores with glass inclusions, some oscillatory zoning; Opx (5%): 0.5 - 
1.5 mm, subhedral-euhedral, inclusions of opaques; Cpx (<5%): 0.5 - 6.0 mm, 

subhedral, glomeroporphyritic, inclusions of opaques; Op (1-2%): <0.2 mm. 
Groundmass: (75%): cryptocrystalline. 
Rock type: Pl+opx+cpx+bt+op dacite 

Sample: 95ID-48 
Strat Unit: Tdf; Locality: Leaton Gulch; same as 95-46, different flow. 
Texture: Fine grained, phenocrystic, cryptocrystalline. 
Phenocrysts: (>30%): Pl (15-20%): 0.5 - 4.0 mm, subhedral-anhedral fragments, 

some skeletal cores with glass inclusions, discrete cpx inclusions; Cpx (5%): 0.5 - 
2.0 mm, subhedral, glomeroporphyritic, inclusions of opaques; Opx (5%): 0.5 - 3.0 

mm, subhedral-euhedral; Bt (1%): 0.5 - 1.0 mm, subhedral; Op (1-2%): <0.25 mm, 
subhedral. 
Groundmass: (60-70%): cryptocrystalline 
Rock type: P1+cpx+opx+bt+op dacite 
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Sample: 951D-49 
Strat Unit: loose block; Locality: Birch Creek. 
Texture: Fine grained phenocrystic rock with microcrystalline/glass groundmass 
Phenocrysts: (10%): 01 (5%): 0.3-2.0 mm, subhedral, altered; Cpx (5%): 0.25- 
1.0 mm, subhedral, glomeroporphyritic; Opx (1%): 0.2-1.0 mm, subhedral. 
Groundmass: (90%): PI (60%): subhedral laths, 0.1-0.4 mm; Cpx (10-20%): 

subhedral, 0.1-0.4 mm; GI (5%); Op (55%): subhedral, <0.1 mm. 
Rock type: O1+cpx+opx basaltic trachyandesite 

Sample: 95ID-50 
Strat Unit: Thal; Locality: Birch Creek; 44°15.0'N, 114°26.6'W. 
Texture: Fine grained phenocrystic rock with a microcrystalline groundmass 
Phenocrysts: (10-15%): 01(6-8%): subhedral, altered, 0.5-2.0 mm; Cpx (5-6%): 

subhedral, glomeroporphyritic, 0.25-1.0 mm. 
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Groundmass: (85%): PI (60%): subhedral laths, 0.1-0.4 mm; Cpx (20%): 

subhedral, 0.1-0.4 mm; Op (<5%): subhedral, 0.1mm. 

Rock type: O1+cpx basaltic trachyandesite 

Sample: 95ID-51 
Strat Unit: Ti; Locality: Boulder Creek; 44°07.1'N, 114"27.0'W. 

Texture: Fine grained, phenocrystic, microcrystalline groundmass 

Phenocrysts: (10-15%): PI (7-8%): 0.5 - 3.0 mm, subhedral, some skeletal 

crystals with rounded and embayed rims, oscillatory zoning; Cpx (3-4%): 0.5 -1.5 
mm, subhedral; Opx (3-4%): 0.5 - 1.5 mm, subhedral, corona texture of cpx; 01 

(? )(I%): up to 1.5 mm, altered relicts; Op (microphenocrysts) (<I%): <0.25 mm, 
inclusions in cpx 
Groundmass: (85%): PI (60-70%): <0.25 mm, subhedral laths; Cpx (10%): <0.1 

mm; 01(5%): <0.25 mm, subhedral altered relicts; Op (1-2%): <0.1 mm; secondary 

carbonate (1-2%), filling vesicles. 
Rock type: Pl+cpx+opx+ol(? ) trachyandesite 

Sample: 951D-52 
Strat Unit: Tl(? ); Locality: East Fork Salmon River; 44°08.9' N, 114'21.0' W. 

Texture: Fine grained, phenocrystic, microcrystalline groundmass 
Phenocrysts: (20-25%): PI (10%): 0.5-3.0 mm, subhedral-rounded rims, skeletal 

crystal, some oscillatory zoning, An 30; Py (10%): 0.5-2.0 mm, altered to 

amphibole, subhedral; Bt (2-5%): 0.5-2.0 mm, subhedral. 
Groundmass: (75%): Pl (60%): <0.25 mm, subhedral laths; Op (5%): <0.1mm; 
5-10% secondary carbonate. 
Rock type: Pl+bt+cpx trachyandesite 

Sample: 951D-53 
Strat Unit: Tdf/vs(? ); Locality: East Fork Salmon River; 44°08.8' N, 114°22.6' 
W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass 
Phenocrysts: (10-15%): Cpx (6-8%): 0.5 - 2.0 mm, subhedral, 
glomeroporphyritic; 01 (2-3%): 0.5 - 1.5 mm, altered relicts; Opx (1%): 0.5 -1.5 
mm, subhedral, corona of cpx. 
Groundmass: (85%): Pl (60-70%): <0.25 mm, subhedral laths; Cpx (10-15%): 

<0.1 mm; Op (1-2%): <0.1 mm; Secondary carbonate (3-5%). 
Rock type: Cpx+ol+opx trachyandesite (altered) 
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Sample: 95ID-54 
Strat Unit: Tl?; Locality: East Fork Salmon River; 44°08.7' N, 114°19.9' W. 
Texture: Fine grained, aphyric, microcrystalline groundmass. 
Phenocrysts: (2-3%): 01 (1%): <2mm, subhedral, altered; P1 (1%): <0.5 mm, 
subhedral; Cpx (1%): <0.5 mm, subhedral. 
Groundmass: (95+%): PI (70-80%): <0.5 mm, subhedral laths; Bt (10%): <0.5 
mm, subhedral; Op (2-3%): <0.25 mm, subhedral. 
Rock type: 01+cpx+pl andesite (altered) 

Sample: 95ID-55 
Strat Unit: Tl?; Locality: East Fork Salmon River; 44°09.0' N, 114°18.4' W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass. 
Phenocrysts: (5-10%): 01 (5%): 0.5 - 2.0 mm, subhedral, altered relicts; Cpx 
(5%): 0.5 -2.0 mm, subhedral. 
Groundmass: (90%): PI (70%): <0.25 mm, subhedral laths; Cpx (10%): <0.1 
mm; Op (1-2%): <0.1 mm; Secondary carbonate (10%). 
Rock type: 01+cpx trachyandesite 

Sample: 95ID-56 
Strat Unit: Ti; Locality: East Fork Salmon River; 44°09.4' N, 114° 18.2' W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass. 
Phenocrysts: (15-20%): Cpx (6-7%): 0.5 - 2.0 mm, subhedral; Opx (6-7%): 0.5 

- 2.0 mm, subhedral-euhedral, corona of cpx+ol; 01 (3-4%): 0.5 - 1.. 0 mm, 
subhedral altered relicts. 
Groundmass: (80%): PI (70%): <0.25 mm, subhedral laths; Ol (2-3%): <0.5 
mm, subhedral; Cpx (1-2%): <0.25 mm; Op (1-2%): <0.1 mm; 1-2% secondary 
carbonate. 
Rock type: Cpx+opx+ol trachyandesite 

Sample: 951D-57 
Strat Unit: Tdf/vs (? ); Locality: Highway 95; 44'19.2'N, 114"17.5'W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass, strongly altered. 
Phenocrysts: (<5%): 01(1-2%): <1mm, altered; Cpx (? ) (1-2%): <1mm, altered 
to amph. 
Groundmass: (95%): PL (70-80%): <0.1 mm, subhedral laths; Secondary 

carbonate (10-15%); Op (3-4%): <0.1 mm. 
Rock type: O1+cpx (? ) - phyric basaltic trachyandesite (altered) 
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Sample: 951D-58 
Strat Unit: Tdf/vs?; Locality: Highway 95; 44°20.7' N, 114° 16.3' W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass, strongly altered 
Phenocrysts: (5-10%): 01 (5%): <2mm, altered; Cpx (? ) (5%): <1 mm, 
subhedral, altered to amph. 
Groundmass: (95%): PI (70%): <0.1 mm, subhedral laths; Op (2-3%): <0.1 mm; 
Secondary carbonate (10-15%). 

Rock type: Ol+cpx andesite (altered) 

Sample: 95ID. 59 
Strat Unit: Ti; Locality: Deer Gulch; 44°42.4' N, 114°02.4' W. 
Texture: Fine grained, aphyric, microcrystalline groundmass. 
Phenocrysts: (1-2%): Cpx(1-2%): <0.5 mm, subhedral, microphenocrysts. 
Groundmass: (95%): PI (80%): <0.25 mm, subhedral laths; Cpx (10-15%): 

<0.25 mm, subhedral; Op (1-2%): <0.1 mm. 
Rock type: Aphyric trachyandesite 

Sample: 95ID-60 
Strat Unit: Ti; Locality: Deer Gulch; same as 95-59 different flow. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass. 
Phenocrysts: (<5%): Cpx (2-3%): 0.5-1.0 mm, subhedral, glomeroporphyritic; 
01 (1%): 0.5-1.5 mm, subhedral, altered relicts; Opx (? ) (1%): 0.5-1.0 mm, 
subhedral, corona of mica (? ). 
Groundmass: (95%): Pl (60%): <0.25 mm, subhedral laths; Cpx (20-25%): <0.1 
mm, subhedral; Op (<5%): <0.1 mm, subhedral; Bt (1-2%): <0.1 mm, subhedral. 
Rock type: Cpx+ol+opx(? ) trachyandesite 

Sample: 951D-61 
Strat Unit: Ti; Locality: Deer Gulch; 44°42.1' N, 114°02.6' W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass. 
Phenocrysts: (<5%): Cpx (2-3%): <1mm, subhedral, glomeroporphyritic; 01(1- 
2%): <0.5 mm, subhedral, altered relicts. 
Groundmass: (95%): PI (60%): <0.1 mm, subhedral laths; Cpx (30%): <0.1 
mm, subhedral; OP (5%): <0.1 mm. 
Rock type: Cpx+ol basaltic andesite 

Sample: 95ID-62 
Strat Unit: Tb; Locality: Sage Creek Road; 44°06.5' N, 114"58.5'W. 
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Texture: Fine grained, aphyric, microcrystalline groundmass. 
Phenocrysts: (<5%): Cpx (2-3%): <1mm, subhedral, glomeroporphyritic; 01(1- 

2%) microphenocrysts: <0.5 mm, subhedral. 
Groundmass: (95%): PI (60%): <0.1 mm, subhedral laths; Cpx (30%): <0.1 

mm, subhedral; Op (5%): <0.1 mm. 
Rock type: Cpx+ol basaltic andesite. 

Sample: 95ID-63 
Strat Unit: Ti; Locality: Highway 75; 44°20.1' N, 114°03.0' W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass. 
Phenocrysts: (20-25%): Cpx (10-15%): 0.5-2.0 mm, subhedral - rounded rims, 

glomeroporphyritic, corona of discrete crystals of altered olivine (? )/amph; 01(5%): 

0.25-2.0 mm, altered, subhedral; Opx (5%): 0.5-1.5 mm, subhedral. 
Groundmass: (75%): Pl (50-55): <0.25 mm, subhedral laths; Cpx (15-20%): 

<0.1 mm, subhedral; Op (1-2%): <0.1 mm; 2-3% secondary carbonate. 
Rock type: Cpx+opx+ol trachyandesite. 
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Sample: 95ID-64 
Strat Unit: Ti; Locality: Road Creek; 44°09.4' N, 114°10.2' W. 
Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass 
Phenocrysts: (20%): 01 (10-15%): 0.25 - 2.0 mm, subhedral - skeletal crystals 
with embayed and rounded rims containing glass inclusions, partially altered; Cpx 
(5%): 0.5 -2.0 mm, subhedral - skeletal embayed crystals with rounded rims, 
glomeroporphyritic, inclusions of opaques. 
Groundmass: (80%): Pl (40-50%): subhedral laths, <0.1 mm; GI (20-30%); Cpx 
(10-15 %): subhedral, <0.1 mm. 
Rock type: Ol+cpx andesite 

Sample: 951D-65 
Strat Unit: Ti; Locality: Road Creek; 44°09.7' N, 114"10.8'W. 
Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass 
Phenocrysts: (25-30%): Cpx (10-15%): 0.25 - 4.0 mm, subhedral, 
glomeroporphyritic; 01(5%): 0.5 - 2.0 mm, subhedral, corona of cpx; Pl (5%): 0.5 

-3.0 mm, subhedral - anhedral skeletal crystals; Opx (5%): 0.25 - 1.0 mm, 
subhedral. 
Groundmass: (70%): P1 (20-25%): <0.1 mm, subhedral laths; Cpx (10-15%): 

<0.1 mm; GI (30-40%). 
Rock type: Cpx+ol+pl+opx andesite 
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Sample: 95ID-66 
Stra Unit: Ti; Locality: Road Creek; 44010.2'N, 1140113W. 
Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass. 
Phenocrysts: (25-30%): Cpx (15-20%): 0.5 - 2.0 mm, subhedral, some skeletal, 
inclusions of olivine; 01(10%): 0.25 - 1.0 mm, subhedral - euhedral, some partially 

altered; Op (microphenocrysts) (1%): <0.5 mm, opaques. 
Groundmass: (70%): PI (10-15%): <0.1 mm, subhedral laths; GI (40-50%); Cpx 
(10-15%): <0.1 mm. 
Rock type: Cpx+ol andesite. 

Sample: 951D. 67 
Strat Unit: Ti; Locality: Road Creek; 44'10.5'N, 114111.8'W. 
Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass 
Phenocrysts: (20-25%): Cpx (10-15%): 0.5-5.0 mm, subhedral, some skeletal 

crystals; 01 (5-10%): 0.25 -1.0 mm, subhedral, some skeletal, some completely 

altered; Opx (<5%): 0.5 - 2.0 mm, subhedral, some skeletal; K-spar(? ) (<1%): 

<lmm, glomeroporphyritic, subhedral. 

Groundmass: (75%): Pl (20-25%): <0.1 mm, subhedral laths; Cpx (10-15%): 
<0.1 mm; Gl (30-40%). 
Rock type: O1+cpx+opx+k-spar(? ) andesite 

Sample: 95ID-68 
Strat Unit: Ti; Locality: Horse Basin Creek; 44°1O. 8' N, 114°12. O' W. 
Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass. 
Phenocrysts: (25-30%): 01 (10%): 0.5-2.0 mm, subhedral-euhedral, some 
skeletal; Cpx(10-15 %): 0.5-2.0 mm, subhedral, glomeroporphyritic, some skeletal; 
PI (I%): <Imm, subhedral-anhedral. 
Groundmass: (70%): P1 (25-30%): subhedral laths, <0.1 mm; Cpx (10-15%): 

<0.1 mm; GI (30%). 
Rock type: Ol+cpx+pl andesite 

Sample: 95ID-69 
Strat Unit: Ti; Locality: Horse Basin Creek; same as 95-68, different flow. 
Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass 
Phenocrysts: (25%): Cpx(10-15%): 0.5-2.0 mm, subhedral, glomeroporphyritic, 
some skeletal with rounded rims; 01(5%): 0.5-1.0 mm, subhedral-euhedral, partially 
altered; Opx (<5%): 0.5-1.0 mm, subhedral. 



Appendix A 

Groundmass: (75%): P1(30-35%): <0.1 mm, subhedral laths; GI (30-35%); Cpx 
(10%): <0.1 mm. 
Rock type: Cpx+ol+opx basaltic andesite 

Sample: 95ID-70 
Strat Unit: Ti; Locality: Horse Basin Creek; 44'10.6'N, 114'12.1'W. 
Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass. 
Phenocrysts: (20-25%): Cpx (15%): 0.5-2.0 mm, subhedral, some skeletal with 
embayed rims; 01 (5%) 0.25-1.0 mm, subhedral, some skeletal and embayed, 
partially altered; Opx (<5%): 0.5 -1.0 mm, subhedral, some skeletal with embayed 
rims. 
Groundmass: (75%): GI (50%); PI (10-20%): <0.1 mm, subhedral laths; Cpx 
(10%): <0.1 mm. 
Rock type: Cpx+ol+opx basaltic trachyandesite. 

Sample: 95ID-71 
Strat Unit: Ti; Locality: Road Creek; 44010.7' N, 114012.8' W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass. 
Phenocrysts: (15%): Cpx (6-7%): 0.5 - 2.0 mm, subhedral, glomeroporphyritic; 
Pl (3-4%): 0.5-5.0 mm, subhedral - anhedral fragments, some skeletal with embayed 
rims; Opx (3-4%): 0.5-1.0 mm, subhedral, rounded rims, corona of cpx; 01(1-2%): 
<1 mm, subhedral altered relicts. 
Groundmass: (85%): PI (60-70%): <0.2 mm, subhedral laths; Cpx (5-10%): 
<0.1 mm; Op (1-2%): <0.1 mm; secondary carbonate 1-2%. 
Rock type: Cpx+pl+opx+ol trachyandesite 

Sample: 951D-72 
Strat Unit: Ti; Locality: Road Creek; 44°10.7' N, 114°12.9' W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass. 
Phenocrysts: (15-20%): Cpx (10%): 0.5-2.0 mm, subhedral, ragged resorbed 
rims, glomeroporphyritic; Pl (<5%): 0.5-2.0 mm, subhedral, skeletal; 01 (<5%): 
0.5-4.0 mm, subhedral, altered; Opx (1-2%): 0.5-2.0 mm, subhedral, corona of cpx. 
Groundmass: (80%): PI (75%): <0.2 mm, subhedral laths; Cpx (1-2%): <0.1 
mm; Op (1-2%): <0.1 mm; secondary carbonate 2-3%. 
Rock type: Ol+cpx+opx+pl trachyandesite. 
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Sample: 951D-73 
Strat Unit: Ti; Locality: Road Creek; 44°10.8' N, 114° 13.1' W. 
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Texture: Fine grained, phenocrystic, microcrystalline groundmass. 
Phenocrysts: (15%): Cpx (6-7%): 0.5-2.0 mm, subhedral; PI (1-2%): 0.5 -2.0 
mm, subhedral - anhedral rounded, some skeletal; 01(1-2%): 0.5-1.0 mm, altered 
relicts; Opx (1-2%): 0.5-1.0 mm, subhedral, some rounded rims, inclusions of 
opaques. 
Groundmass: (85%): PI (80%): <0.25 mm, subhedral laths; Op (1-2%): <0.1 
mm. 
Rock type: Cpx+pl+ol+opx trachyandesite. 

Sample: 95ID-74 
Strat Unit: Ti; Locality: Road Creek; 44° 11.0' N, 114°13.3' W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass. 
Phenocrysts: (25%): Cpx (10%): 0.5-2.0 mm, subhedral, some ragged rounded 
rims; 01 (5%): 0.5 -3.0 mm, subhedral altered relicts; Opx (5%): 0.5-2.0 mm, 
subhedral, ragged rims, corona of cpx; PI (5%): 0.5-3.0 mm, subhedral, skeletal 
cores and some ragged rims. 
Groundmass: (75%): Pl (60%): <0.25 mm, subhedral laths; Cpx (15%): <0.2 
mm, altered; Op (1-2%): <0. lmm. 
Rock type: O1+cpx+opx+pl trachyandesite. 

Sample: 95ID-75 
Strat Unit: Ti; Locality: Road Creek; 44°11.2' N, 114°13.7' W. 
Texture: Fine grained, phenocrystic, cryptocrystalline groundmass. 
Phenocrysts: (30%): Cpx (15%): 0.5-2.0 mm, subhedral; Opx (5%): 0.5-1.0 

mm, subhedral, corona of cpx; PI (5%): 0.5-2.0 mm, subhedral, some skeletal with 
rounded rims; 01(1-2%): 0.5-1.0 mm, subhedral, altered relicts. 
Groundmass: (70%): Pl (30%): <0.25 mm, subhedral laths set in 
cryptocrystalline groundmass; 1-2% secondary carbonate in vesicles. 
Rock type: Cpx+opx+pl+ol trachyandesite. 

Sample: 951D-76 
Strat Unit: Ti; Locality: Road Creek; same as 95-75, different flow. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass. 
Phenocrysts: (25%): Cpx (10%): 0.5-2.0 mm, subhedral; PI (5%): 0.5-3.0 mm, 
subhedral, some skeletal cores; Opx (5%): 0.5-2.0 mm, subhedral, embayed rims, 
corona texture of cpx; 01 (2-3%): 0.5-2.0 mm, subhedral altered relicts. 
Groundmass: (75%): Pl (70%): <0.2 mm, subhedral laths; Op (1-2%): <0.1 mm. 
Rock type: Cpx+opx+pl+ol trachyandesite. 



Appendix A 

Sample: 95ID-77 
Strat Unit: TI; Locality: Spar Canyon; 44017.9'N, 114"06.4'W. 
Texture: Fine grained, aphyric, microcrystalline groundmass, strongly altered. 
Phenocrysts: (10%): 01 (5%): <0.1mm, subhedral altered; Cpx (<5%): <1mm, 
subhedral, altered. 
Groundmass: (95%): PI (70-80%): <0.5 mm, subhedral laths - dendritic; Bt (1- 
2%): <0.5 mm, subhedral; Op (1-2%); 10% secondary carbonate. 
Rock type: Cpx+ol andesite. 

Sample: 951D-78 
Strat Unit: Ti; Locality: Spar Canyon; 44° 15.4' N, 114° 11.9' W. 
Texture: Fine grained, phenocrystic, glassy groundmass. 
Phenocrysts: (10%): Cpx (7-8%): 0.5-2.0 mm, subhedral; 01 (2-3%): 0.5-2.0 
mm, subhedral altered relicts. 
Groundmass: (90%): glass (90%). 
Rock type: Cpx+ol andesite. 

Sample: 951D-79 
Strat Unit: Ti; Locality: Spar Canyon; same as 95-78, cross-cutting acidic dyke. 
Texture: Fine grained, phenocrystic, cryptocrystalline groundmass. 
Phenocrysts: (10%): Bt (3-5%): <0.5 mm, subhedral, altered; Op (1-2%): <0.25 
mm; K-spar (1-2%): <0.5 mm. 
Groundmass: (90%): cryptocrystalline containing quartz. 
Rock type: Bt+K-spar rhyolite. 

Sample: 951D-80 
Strat Unit: Ti; Locality: Spar Canyon; 44"15.3'N, 114"12.2'W. 
Texture: Fine grained, phenocrystic, glass groundmass. 
Phenocrysts: (25-30%): Cpx (25%): 0.25-2.0 mm, subhedral-acicular, 
glomeroporphyritic, some swallow-tail habit and hollow cores; 01 (2-3%): 0.5-2.0 

mm, subhedral, altered. 
Groundmass: (70%): GI (100%). 
Rock type: Cpx+ol andesite 

Sample: 95ID-81 
Strat Unit: Ti; Locality: Spar Canyon; 44°13.6' N, 114°16.2 "W. 
Texture: Fine grained, phenocrystic, microcrystalline/glass groundmass. 
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Phenocrysts: (20%): Cpx(10-15%): 0.5-2.0 mm, subhedral, embayed rims, 
inclusions of opaques; 01(2-3%): 0.5-4.0 mm, subhedral, altered, corona texture of 
cpx; Opx (2-3%): 0.5-2.0 mm, subhedral, corona of cpx; PI (2-3%): 0.5-2.0 mm, 
subhedral-rounded anhedral, some skeletal cores; Op (microphenocrysts): (1%): 

<0.25mm. 
Groundmass: (80%): P1(30%): subhedral laths <0.25mm; Gl (50%); 

Rock type: Cpx+opx+pl+ol andesite. 

Sample: 95ID-82 
Strat Unit: Tca; Locality: Highway 75; 43°47.2'N, 114°34.1'W. 
Texture: Fine grained phenocrystic rock with a cryptocrystalline groundmass 
Phenocrysts: (15-20%): PI (10%): subhedral, oscillatory zoning only on some 
crystals, 0.4-4.0 mm, An 25; Amph (5%): euhedral-subhedral, 0.25-1.0 mm; Bt (3- 
5%): subhedral, 0.25-1.5 mm; Cpx (1-2%): subhedral, 0.25-1.0 mm, 
glomeroporphyritic; Op (1%): subhedral, 0.24-0.4 mm. 
Groundmass: (80%). 
Rock type: P1+amph+bt+cpx+op dacite 

Sample: 95ID-83 
Strat Unit: Tca; Locality: Highway 75; 43°47.5'N, 114°34.4'W 
Texture: Fine grained, phenocrystic, cryptocrystalline groundmass 
Phenocrysts: (20-25%): PI (10%): 0.5-3.0 mm, subhedral, An20; Bt (3-5%): 
0.25-2.0 mm, subhedral; Amph (3-5%): 0.25-1.5 mm, subhedral, altered, inclusions 
of zircon (? ); Cpx (1-2%): 0.25-0.5 mm, subhedral; K-spar(? ) (1-2%): 0.5-1.0 mm, 
subhedral; Op (1-2%): 0.1-0.5 mm, subhedral. 
Groundmass: (75%): cryptocrystalline containing feldspar and opaques 
Rock type: Pl+bt+amph+cpx+k-spar+op trachydacite 

Sample: 951D-84 
Strat Unit: Tca; Locality: Highway 75; 43°47.5'N, 114°34.4'W. 
Texture: Fine grained, phenocrystic, cryptocrystalline groundmass 
Phenocrysts: (20-30%): Pl (10%): 0.5-4.0 mm, subhedral, An17; Bt (3-4%): 
0.25-2.0 mm, altered relicts, subhedral; Amph (2-3%): 0.25-1.5 mm, altered relicts, 
subhedral-euhedral; K-Spar(? ) (2-3%): 0.5-2.5 mm, subhedral-anhedral, embayed; 
Op (1-2%): 0.2-0.5 mm, subhedral. 
Groundmass: (70%): cryptocrystalline containing feldspar 
Rock type: P1+bt+amph+K-spar(? )+op trachydacite 

k 
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Sample: 95ID"85 
Strat Unit: Tca; Locality: Highway 75; 43°47.5'N, 114°34.6'W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass 
Phenocrysts: (25-30%): PI (10-15%): 0.5 -6.0 mm, subhedral, some oscillatory 

zoning (not common), An25; Bt (4-5%): 0.25-1.5 mm, subhedral; Amph (2-3%): 

0.25-1.0 mm, subhedral-euhedral, altered; Op (1-2%): 0.1-0.4 mm, subhedral. 
Groundmass: (70%): microcrystalline containing feldspar, quartz and opaques 
Rock type: PI+Bt+amph+op rhyolite 

Sample: 951D. 86 

Strat Unit: Tca; Locality: Highway 75; 43°47.5'N, 114°34.4'W. 
Texture: Fine grained, phenocrystic, cryptocrystalline groundmass 
Phenocrysts: (15-20%): PI (10%): 0.5 - 4.0 mm, subhedral, some oscillatory 
zoning An22; Amph (2-3%): 0.25-1.0 mm, subhedral-euhedral, altered; Bt (2-3%): 
0.5-2.0 mm, subhedral, altered; K-spar (? ) (2-3%): 0.5 -2.0 mm, subhedral; Cpx (1- 

2%): 0.25-0.5 mm. subhedral, altered; Op (1-2%): 0.25-0.5 mm, subhedral. 
Groundmass: (80%): containing feldspar, biotite and opaques. 
Rock type: P1+Amph+bt+cpx+K-spar(? ) trachydacite 

Sample: 95ID-87 
Strat Unit: Tcd; Locality: Silver Creek; 43°47.4'N, 114°33.9'W. 
Texture: Fine grained, phenocrystic, microcrystalline groundmass 
Phenocrysts: (15-20%): PI (10%): 0.5-4.5 mm, subhedral, some oscillatory 
zoning, An24; Bt (2-3%): 0.5 -1.5 mm, subhedral, altered; K-spar (? )(2-3%): 0.5- 

1.5 mm, subhedral-anhedral, embayed; Amph (2-3%): 0.5-1.5 mm, subhedral- 

euhedral, altered; Cpx (1%): 0.5-1.0 mm, subhedral; Op (1-2%): 0.25-0.5 mm, 

subhedral. 
Groundmass: (80%): containing feldspar, quartz and opaques 
Rock type: P1+bt+amph+cpx+K-spar(? ) trachydacite 

Sample: 951D-88 
Strat Unit: Tcd; Locality: Silver Creek; 43°47.4'N, 114°33.9'W. 
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Texture: Fine grained, phenocrystic, cryptocrystalline 
Phenocrysts: (10%): PI (5-6%): 0.5-3.0 mm, subhedral, skeletal texture, sieve 
texture rims, some oscillatory zoning, An25; Cpx (2-3%): 0.25-1.0 mm, subhedral, 
glomeroporphyritic; Opx (1-2%): 0.4-1.5 mm, subhedral; Bt (<1%): 0.25-0.5 mm, 
subhedral altered relicts, inclusions of apatite; Amph (<1%): 0.5 -2.0 mm, subhedral 
altered relicts, inclusions of apatite; Opx (<l%): 0.25-0.5 mm, subhedral. 
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Groundmass: (90%): containing feldspar and quartz 

Rock type: Pl+cpx+opx+amph+bt trachydacite 

Sample: 951D-89 
Strat Unit: Tca; Locality: Highway 75; 43°47.0'N, 114°32.5'W. 

Texture: Fine grained, phenocrystic, cryptocrystalline groundmass 
Phenocrysts: (20-25%): P1 (10%): 0.5-5.0 mm, subhedral, oscillatory zoning, 

skeletal texture, An25; Amph (5-7%): 0.25-2.0 mm, subhedral-euhedral, mantling 

cpx; Bt (2%): 0.25-1.0 mm, subhedral; Cpx(2%): 0.25-1.0 mm, subhedral; Op 

(<1%): <0.25 mm, subhedral-anhedral. 
Groundmass: (75%). 
Rock type: P1+amph+bt+cpx+op dacite 

Sample: 95ID-90 
Strat Unit: Tca; Locality: Baker Creek; 43°46.7'N, 114°34.0'W. 

Texture: Fine grained, phenocrystic, cryptocrystalline groundmass 
Phenocrysts: (<10%): Pl (5%): 0.5-2.0 mm, subhedral, An 27; Bt (2-3%): 0.5- 

1.5 mm, subhedral altered relicts. 
Groundmass: (90%): Alteration to secondary carbonate (5%) 

Rock type: Pl+bt trachyandesite 

Sample: 95ID-91 
Strat Unit: Tca; Locality: Baker Creek; 43°46.6'N, 114°34.0'W. 

Texture: Fine grained, phenocrystic, cryptocrystalline groundmass 

Phenocrysts: (25-30%): PI (5%): 0.5-2.0 mm, subhedral, altered; Bt (5%): 0.5- 

2.0 mm, subhedral; Amph (2-3%): 0.5-1.5 mm, altered relicts; K-spar (? ) (2-3%): 

0.5-1.5 mm, subhedral-anhedral, embayed; Op (<1%): <0.5 mm, subhedral. 
Groundmass: (70%) 
Rock type: P1+bt+amph+K-spar+op rhyolite 

Sample: 951D-92 
Strat Unit: Tca; Locality: Baker Creek; 43°46.6'N, 114°34.0'W. 
Texture: Fine grained phenocrystic, altered cryptocrystalline groundmass, cross- 
cutting veins of quartz and calcite 
Phenocrysts: (15-20%): PI (10%): 0.5-4.0 mm, subhedral, altered; Amph (2- 
3%): 0.25-0.5 mm, subhedral, altered; Bt (1-2%): 0.25-1.0 mm subhedral, altered; 
K-spar (? ) (2-3%): 0.5-1.0 mm, subhedral-anhedral. 
Groundmass: (80%); Rock type: pl+amph+bt+k-spar trachyandesite 



Appendix B: Analytical Methods 

B1: Whole-rock XRF Analysis 

Sample Procedure: 

1. Hand specimens were split using a hydraulic press to small, 3-4 cm long pieces of the 

freshest material and these pieces were reduced to small (1 cm) chips using a hardened steel 

jaw-crusher. 

2.28 gm of these chips were hand picked to fill a1 oz cup and the contents of this cup were 

emptied into a Tema swing mill, with tungsten carbide surfaces, and milled for 2 minutes. 

3.3.5 gm of the powder is then weighed into a plastic mixing jar with 7.0 gm of lithium 

tetraborate (Li2B4O7) and, with an enclosed plastic ball, mixed for ten minutes. 

4. The mixed powder is emptied into a graphite crucible and loaded into a furnace and 

heated at 10001 C for 5 minutes. After cooling each bead is reground in the Tema sawmill 

for 35 seconds, replaced in the graphite crucibles and refused for 5 minutes. 

5. The fused beads are then engraved with the sample number and their lower surface is 

ground on a 600 grit and finished on a glass plate with 600 grit and alcohol. Finally the 

beads are washed in ultrasonic cleaner, rinsed in alcohol and dried. 

Analytical Procedure: 

All glass beads were analysed for major element oxides (Si, Al, Ti, Fe (all Fe as FeO*), Mn, 

Ca, Mg, K, Na, P) and trace elements (Ni, Cr, Sc, V, Ba, Rb, Sr, Zr, Y, Nb, Ga, Cu, Zn, 
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Pb, La, Ce, Th) on an automated Rigaku 3370 XRF spectrometer.. The concentrations of 

the 27 elements in the samples are measured by comparing the X-ray intensity for each 

element with the intensity of two beads each of eight international reference materials (PCC- 

1, BCR-1, BIR-1, DNC-1, W-2, AGV-1, GSP-1 and G-2) (Hooper et al, 1993). Precision 

is measured using two fused beads (BCR-P and GSP-1) which are run every 28 beads (e. g. 

Table B 1, from Hooper et al., 1993). 

Table B1: Determination of Precision for XRF analysis. 
BCR-P (n=11) GSP-1 (n=11) 

Ave. Std. Rel. Std. Ave. Std. Dev. Rel. Std. 
Dev. Dev. Dev. 

wt% 1 sigma Std. wt% 1 sigma Std. 
Dev. /Conc. Dev. /Conc. 

Si02 55.14 0.036 0.065 68.24 0.019 0.027 
A1203 13.58 0.03 0.223 15.33 0.035 0.231 
Ti02 2.297 0.005 0.22 0.675 0.004 0.648 
FeO* 12.8 0.026 0.201 3.87 0.009 0.226 
MnO 0.182 0.001 0.651 0.041 0.001 1.539 
CaO 6.99 0.014 0.194 2.09 0.01 0.456 
MgO 3.54 0.02 0.565 1.01 0.008 0.758 
K20 1.73 0.004 0.206 5.62 0.005 0.098 
Na20 3.36 0.035 1.05 2.83 0.025 0.873 
P205 0.383 0.003 0.672 0.296 0.003 0.887 

ppm 
Ni 0 0.32 0 19 1.29 6.81 
Cr 19 1.83 9.48 15 1.73 11.6 
Sc 31 2.46 8.03 5 2.06 43.78 
V 396 8.69 2.2 47 4.38 9.39 
Ba 681 12.64 1.86 1298 9.46 0.73 
Rb 47 0.84 1.81 254 1.08 0.43 
Sr 326 2.32 0.71 235 0.67 0.28 
Zr 178 0.7 0.39 527 0.94 0.18 
Y 38 0.52 1.37 30 0.67 2.22 
Nb 13.5 0.521 3.849 28.9 0.607 2.1 
Ga 24 1.2 5.01 24 1.48 6.2 
Cu 9 1.85 20.82 35 1.65 4.65 
Zn 129 2.27 1.77 106 1.71 1.61 
Pb 11 2.35 21.74 54 1.78 3.27 
La 25 7.55 29.98 184 9.47 5.14 
Ce 54 11.87 21.95 416 8.18 1.97 
Th 5 1.77 33.34 105 1.05 1.00 
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Accuracy is estimated by comparing the observed X-ray intensity versus the theoretical 

intensity for standard samples. For most elements the variation between the two standard 

sample beads is of the same order as their variation from the given value: i. e. the variation 

due to inhomogeneity resulting from the preparation of the beads is equal to or greater than 

inaccuracies caused by matrix and interference corrections. For major elements these 

variations can be regarded as not significant for the purposes of correlation or petrogenetic 

modelling. The precision for Ni, Cr, Sc, V and Ba (semi-quantitative below 30ppm) is less 

than for Rb, Sr, Zr, Nb, Y, Ga, Cu and Zn (satisfactory precision and accuracy down to 1 to 

3 ppm). La, Ce and Pb values are qualitative only. Table B2 presents a number of repeat 

samples run during the procedure. The samples were analysed by Diane Johnson at WSU. 

Loss on ignition (L. O. I. ) analysis: 

L. O. I. was measured on all XRF sample powders at the Open University. 1 to 2 gm of 

powder was heated at 1000° C for 30 minutes in clean silica crucibles. These were allowed 

to cool for 10 minutes before reweighing. L. O. I. was then calculated as a percentage 

((Crucible + powder weight)before - (Crucible + powder weight)after / (powder weight))* 

100. 

B2: Whole-rock ICP-MS Analysis 

Selected samples were analysed in two batches by inductively coupled plasma source mass 

spectrometry (ICP-MS) at the GeoAnalytical Laboratory at Washington State University 

based on the method of Knaack et al., 1994. The first batch was made from powders milled 

in an Fe bowl at WSU, and the second batch was made from powders ground in an agate 

bowl at the Open University. The powders were made by the author but the remainder of the 

analyses were carried out by C. Knaack at WSU and are reported here from Knaack et al., 

1994. 
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Table B2: Repeat XRF analyses 
95-31 95-50 95-78 

Repeat Repeat Repeat 

Major eleme nts, wt% 
Si02 57.64 57.59 53,76 53.87 60.17 60.06 
A1203 14.96 15.09 13.74 13.76 11.12 11.16 
Ti02 0.911 0.906 0.973 0.972 0.771 0.779 
FeO* 5.86 5.96 6.75 6.58 6.03 5.59 
MnO 0.143 0.142 0.123 0.12 0.102 0.102 
CaO 8.12 8.14 11.49 11.49 8.7 8.77 
MgO 2.59 2.52 3.77 3.95 4.81 4.73 
K20 2.74 2.74 2.77 2.76 1.23 1.23 
Na20 3.07 3.01 3.18 3.13 2.98 2.92 
P205 0.305 0.306 0.493 0.488 0.539 0.534 
Total 96.34 96.40 97.05 97.12 96.45 95.88 

Normalised, anhydrous 
SiO2 59.83 59.74 55.39 55.47 62.38 62.64 
A1203 15.53 15.65 14.16 14.17 11.53 11.64 
Ti02 0.95 0.94 1.00 1.00 0.80 0.81 
FeO* 6.08 6.18 6.96 6.78 6.25 5.83 
MnO 0.15 0.15 0.13 0.12 0.11 0.11 
CaO 8.43 8.44 11.84 11.83 9.02 9.15 
MgO 2.69 2.61 3.88 4.07 4.99 4.93 
K20 2.84 2.84 2.85 2.84 1.28 1.28 
Na20 3.19 3.12 3.28 3.22 3.09 3.05 
P205 0.32 0.32 0.51 0.50 0.56 0.56 

Trace elements, ppm 
Ni 3 5 42 45 42 42 
Cr 73 73 219 224 217 211 
Sc 23 15 20 24 22 28 
V 152 142 170 165 142 143 
Ba 1095 1098 1093 1090 1526 1514 
Rb 70 71 97 98 149 148 
Sr 677 689 722 725 821 824 
Zr 226 227 241 242 241 240 
Y 25 24 24 22 27 27 
Nb 21.1 21.7 16.8 15.2 22.6 21.1 
Ga 19 20 22 20 19 16 
Cu 2 2 47 48 55 59 
Zn 79 75 77 78 60 63 
Pb 13 14 10 9 16 11 
La 50 34 40 42 43 52 
Ce 88 96 86 116 59 61 
Th 10 9 10 12 15 16 

d 
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Sample procedure: 
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1. Two grams of the powder is mixed with an equal amount of lithium tetraborate (Li2B4O7) 

flux and fused in a furnace at 1000° C for 30 minutes. The resulting fusion bead is then 

briefly (25-30 seconds) ground again. 

2.250 mg of this powder is dissolved in an open teflon vial on a hotplate at 110° C, using 6 

ml HF, 2 ml HNO3 and 2 ml HCLO4. The sample is evaporated to dryness. 

3. The sample is redissolved in 2 ml HCLO4 at 165° C to convert insoluble fluorides to 

soluble perchlorates. 

4.3 ml HNO3,8 drops H202,5 drops of HF and an internal standard of In, Re and Ru are 

added to the sample which is then diluted up to 60 ml final volume (1: 240 final dissolution). 

Analytical Procedure: 

All samples are run on a Sciex Elan model 250 ICP-MS. Samples are introduced into the 

argon plasma (plasma power is 1500 watts) at 1.0 ml/min using a peristaltic pump and an 

automated sampler. The selection of which isotope to measure is based on the relative 

abundance and freedom from oxide and isobaric interferences (Knaack et al., 1994). 

Unknown samples are run in sets of 17 with one acid blank and two samples each of the in- 

house standards (BCR-P, GMP-01 and MON-01). These in-house standards have been 

calibrated against 17 international reference materials (Knaack et al., 1994). Reproducibility 

is illustrated by repeat analyses of BCR-P in 24 preparations in 12 separate runs (e. g. Table 

B3, from Knaack et al., 1994). 

Accuracy is estimated by calculating the scatter of individual standards from a calibration line 

which represents the best fit for all the standards (Knaack et al., 1994). Repeat analyses for 

the samples analysed in this study are tabulated in Table B4. 
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Table B3: Precision on BCR-P by ICP-MS 
Element Average(n=24) Std. Dev. 

ppm 
min. max. var. % 

(st. dev. /avg 

Ba 670 13 646 693 1.89 
La 26.26 0.49 25.22 27.43 1.86 
Ce 51.67 0.62 50.05 52.94 1.2 
Pr 6.32 0.06 6.16 6.41 0.98 
Nd 27.36 0.48 26.23 28.42 1.75 
Sm 7.03 0.15 6.7 7.29 2.07 
Eu 2.13 0.05 1.98 2.21 2.48 

Gd 6.75 0.08 6.62 6.86 1.13 
Tb 1.17 0.01 1.15 1.21 1.12 

Dy 7.14 0.1 6.96 7.33 1.33 
Ho 1.44 0.02 1.39 1.48 1.53 
Er 4.05 0.06 3.92 4.18 1.37 

Tm 0.55 0.01 0.53 0.56 1.23 
Yb 3.36 0.03 3.3 3.4 0.94 
Lu 0.52 0.01 0.5 0.54 1.9 
Rb 48.1 0.7 46.9 49.6 1.39 
Y 38.11 0.29 37.57 38.72 0.77 
Nb 13.31 0.29 12.62 13.73 2.16 
Cs 0.96 0.03 0.91 1.02 3.06 
Hf 4.67 0.07 4.56 4.82 1.47 
Ta 0.82 0.02 0.78 0.86 2.7 
Pb 9.11 0.29 8.45 9.58 3.23 
Th 5.13 0.49 3.93 5.85 9.5 
U 1.15 0.11 0.84 1.28 9.34 

B3: Whole-rock Radiogenic Isotope Analysis 

All radiogenic isotope laboratory chemistry and measurements (Sr and Nd) were made at the 

Open University. All reagents used were either two-stage quartz-distilled (QD) or Teflon 

distilled (TD). 

Beaker Cleaning: 

1. Beakers (15 ml for Sr and 30 ml for Nd, screw top Savillex beakers) are rinsed in Ro- 

water. 

2.5-10 ml of 1.5 M HNO3 is added and the beaker is left standing in a fume cupboard 

overnight and then rinsed in Ro-water the next day. 

Ik 
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Table B4: Repeat ICP-MS analyses. 
Sample 95-64 95-64 95-27 95-27 95-41 95-41 95-41 

Run 1 1 2 2 1 2 2 
Trace elements, 'ppm 

Repeat Repeat Repeat 
La 42.65 42.29 36.61 36.34 48.97 50.55 50.1 
Ce 77 76.38 69.99 70.05 91.02 93.99 92.72 
Pr 8.61 8.62 8.1 8.14 10.09 10.51 10.32 
Nd 34.03 34.24 33.35 33.36 39.63 41.45 40.51 
SM "7.25 7.24 7.6 7.48 8.13 8.58 8.5 
Eu 1.82 1.79 2 1.97 2.08 2.14 2.07 
Gd 5.59 5.69 6.7 6.56 6.37 7.01 6.9 
Tb 0.82 0.83 0.99 1.01 1.02 1.09 1.07 
Dy 4.55 4.51 5.83 5.79 5.93 6.08 6.11 
Ho 0.85 0.85 1.12 1.14 1.14 1.18 1.18 
Er 2.29 2.32 2.99 2.94 3.24 3.2 3.2 
Tm 0.31 0.31 0.42 0.43 0.44 0.46 0.46 
Yb 1.93 1.95 2.6 2.63 2.74 2.94 2.86 
Lu 0.29- 0.3 0.41 0.39 0.43 0.44 0.44 
Ba 1551 1536 926 921 1024 1072 1064 
Th 10.52 10.42 5.9 5.8 8.47 8.93 8.54 
Nb 16.39 16.18 16.93 16.97 25.47 26.38 26.26 
Y 24.22 23.99 30.12 30.23 30.68 32.39 32.27 
Hf 4.58 4.65 5.18 5.16 6.74 6.81 6.87 
Ta 0.96 0.95 0.93 0.92 1.46 1.51 1.51 
U 3.31 3.23 1.57 1.55 2.44 2.56 2.39 
Pb 16.86 16.83 11.39 11.28 11.13 11.55 11.38 
Rb 117.4 116.3 81.3 81.3 115.4 121.1 119.6 
CS 6.53 6.52 1.84 1.81 1.78 1.97 1.91 
Sr 622 611 617 623 629 660 655 

3. The beakers are placed in a 51 beaker of concentrated HNO3 and left on a hotplate 

overnight, covered and then rinsed in Ro-water the next day. 

4. The beakers are transferred to a glass beaker of Ro-water and left on a hotplate, covered, 

overnight and then rinsed with Ro-water the next day. 

5.10-15 ml of 6M HC1 is added and the beakers are heated under an evaporating hood for 

half an hour approx. and rinsed once again in Ro-water and left upside down to dry 

thoroughly. 
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Sr and Nd laboratory procedure: 

1.100-150 mg of powder were weighed out into a clean beaker. 

2. The sample was wetted with a few drops of 15M HNO3 and <4 mis of HF was then 

added and the beakers were allowed to stand overnight . 

3. The next day the HF is evaporated off slowly under an evaporating hood. Before the HF 

has evaporated entirely, 2-3 ml HNO3 was added, the beaker placed on the hotplate for 

half and hour, and then evaporated to dryness. 

4.6 ml of 6M HCL was added, using a hotplate as step 3, and then the sample was 

evaporated to dryness. 

5. The dried sample was dissolved in 2 mis of 2.5M HCl and transferred to a rinsed 

centrifuge tube and centrifuged at 4000 rpm for 5 mins. 

6. Sr and Nd fractions were then separated using ion-exchange resin columns, evaporated 

to dryness and are then ready for loading onto filaments. 

7. Sr was loaded onto a single Ta outgassed filament and Nd onto a double Re outgassed 

filament. 

8. Blanks over the entire course of the analysis were <4 ng/g for Sr and <2 ng/g for Nd, 

and these were deemed acceptable considering the high concentrations of Sr and Nd in the 

samples. 

Mass Spectrometry: 

All samples were analysed at the Open University. Sr on a MAT 261 and Nd on a MAT 262 

multi-collector mass spectrometer. 87Sr/86Sr ratios were corrected for mass fractionation 

within each run to 86Sr/88Sr = 0.1194, and Nd ratios were corrected to 146Nd/144Nd = 
0.72190. Measured values were normalised to the laboratory standards NBS 987 for Sr and 
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J&M for Nd (Data normalised to: NBS 987 = 0.71022; J&M = 0.51185). Over the course 

of the study the standards gave the following values: 

NBS 987: 0.710190±22 (la) J&M: 0.511773±14 
0.710194±28 
0.710238±23 
0.710282±24 

B4: Phenocryst Analysis 

All mineral composition analyses were determined at the Open University on a Cameca SX 

100 wavelength dispersive microprobe. Polished thin sections were prepared to a thickness 

of 30 microns (prepared by K. Chambers) and were carbon coated (prepared by J. Watson) 

prior to analysis. Analyses were obtained using a 20 kV accelerating potential, 20 nA beam 

current and a spot size of 20µm; the spot size was defocused to 1µm for Cr-spinel analyses. 

The major elements were analysed using the PET, LiF and TAP diffracting crystals which 

were calibrated the following standards: 

Si, Al, K: fspr-In5; Ti: rutile-BM4; Mg: forsterite-BM4; Ca, Mn: bustamite-ast3; Fe: 

hematite-ast3; Cr: crocoite-ast3; Na: jadeite-BM4; Cl: sylvite-BM4; F. LiF-4 

B5: Whole-rock and Phenocryst laser-probe 40Ar/39Ar Analysis 

Whole-rock slabs and hand-picked biotite and amphibole mineral separates were prepared for 

40Ar/39Ar analysis. The samples were irradiated at Oregon State University reactor in a foil 

cylinder which also included the flux monitor GA1550 (biotite, 97.9 Ma, McDougall & 

Roksandic (1974)) as a standard to monitor the neutron flux during irradiation. The J value 

for each sample is presented with the Ar data in Appendix C. 
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The samples were loaded into a laser port and heated overnight to reduce atmospheric blank 

levels. Argon was extracted from individual grains by firing short pulses (500-2000ms) of a 

continuous Nd YAG laser beam (TEMoo, wavelength 1064nm) through a modified 

petrological microscope to a spot size of -- 20µm. After the argon was purified using a 

SAES GP10 getter at 400°C for 5 minutes its isotopic composition was determined using a 

Mass Analyser Products 215-50 noble gas mass spectrometer. Seven masses were analysed: 

35 through 41. A blank run was performed after every sample run and the blank correction 

for each analysis was the average of the blank before and after each analysis. Average blank 

analyses during the course of the study were (x 10-12 cc STP): 

40Ar: 6.30 ± 2.6 

39Ar: 0.05 ± 0.01 

38gr: 0.07 ± 0.02 

37Ar: 0.90 ± 0.1 

36Ar: 0.1 ± 0.04 

Corrections were applied for mass spectrometer fractionation, background levels of Ar and 

interfering nuclear reactions involving K using the following correction factors (performed 

by S. Kelley): 

36gr/37pr = 0.000264 

39Ar/37Ar-_0.000673 

40Ar/39Ar = 0.00086 

 Afflmlkhý 



Appendix C: Geochemical Data 

Appendix C contains tables of the data generated in this study on the rocks of the Challis 

Volcanic Group. 

Firstly, it contains a table of the whole-rock major element, trace element and radiogenic 

isotope compositions determined. Where rocks were analysed for the same trace elements 

(Nb, Rb, Ba, Y, Sr) by both XRF and ICP-MS, the ICP-MS data is preferred (C. Knaack, 

pers. comm. 1998), though the data from the two techniques agrees well. All Cs data is 

thought to be unreliable due to alteration. As discussed in Chapter Three some of fluid- 

mobile (K, Pb, Sr, Ba, U, Rb and 87Sr/86Sr were analysed) and CaO contents of the high 

L. O. I (generally L. O. I. > 3wt%) rocks are also thought to be unreliable. The rocks affected 

are: 3a, 3b, 5,8,9,11,31a, 31c, 49,50,52,54,55,56,57,58,63,72,77,90,91,92). 

Mg# has been calculated throughout this study as: (molar (MgO / (MgO + 0.85*FeO*))) 

Secondly, a data table is given of all the radiogenic isotope analyses with model ages and the 

¬Nd notation calculated using the constants reported in Appendix D. 

Thirdly, all phenocryst major element compositions are presented sub-divided into tables for 

each mineral analysed. Mineral end-member compositions are calculated after Derr, Howie 

and Zussman (1992). Fe-Ti oxide and Cr-spinel analyses have been recalculated for Fe2+ 

and Fe3+ after the method of Carmichael (1967). 

Fourthly, the data from the 40Ar/39Ar analyses are presented. 

Finally, the calculated normative mineralogy of the samples are presented. 
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Sample 
Lat. 

Long. 
Group 

Strat. Unit 

95ID-32 
44033.9' 
114°17.2' 

TI 
TI 

95ID-33 
44°33.9' 
114°17.2' 

Ti 
TI 

95ID-34A 
44°33.8' 
114°16.9' 

Ti 
TI 

95ID-34B 
44°33.8' 
114°16.9' 

Ti 
TI 

95ID-45 
44°26.8' 
114°08.5' 

Ti 
Ti 

95ID-6 
44°23.6' 
114°17.5' 

TI 
Tbam 

Major elements, wt% (normalised anhydrous) 
Si02 53.38 53.11 54.01 54.10 48.98 56.63 
Ti02 0.82 0.80 0.83 0.83 0.73 0.97 

A1203 9.82 9.51 10.08 10.07 9.55 15.22 
FeO* 8.88 8.67 8.70 8.82 9.45 8.02 
MnO 0.17 0.17 0.16 0.17 0.18 0.16 
MgO 11.42 12.63 10.63 10.45 18.18 5.23 
CaO 9.83 9.84 9.78 9.87 9.64 7.33 

Na2O 2.48 2.28 2.57 2.49 1.84 3.54 
K20 2.88 2.69 2.91 2.89 1.20 2.49 
P205 0.32 0.31 0.32 0.32 0.26 0.41 

L. O. I. 2.64 2.53 2.87 2.86 3.66 1.80 
Mg# 73 75 72 71 80 58 

Trace elements, ppm 
Ni 195 252 173 171 547 0 
Cr 852 1049 813 785 1568 34 
Sc 32 36 34 23 28 19 
V 194 188 194 185 202 198 
Ga 15 16 13 19 13 20 
Cu 119 112 106 110 96 10 
Zn 71 71 69 74 70 77 

Ba 780 739 773 773 489 948 
Rb 89.6 81 83.1 81.9 51.3 117.3 
Sr 526 489 520 518 444 658 
U 1.60 1.62 1.60 0.88 2.06 
Pb 9.75 10 9.20 10.13 6.12 9.75 
Cs 1.20 1.38 1.30 1.98 7.45 
Th 5.39 7 5.51 5.55 2.87 6.65 
Zr 150 143 155 153 95 217 
Y 21.76 21 22.02 22.26 16.56 30.78 
Nb 12.34 11.2 12.49 12.65 7.35 19.02 
HP 3.83 3.94 3.91 2.21 5.56 
Ta 0.70 0.72 0.72 0.39 1.07 

La 28.29 19 28.60 28.67 16.98 40.73 
Ce 54.53 35 55.26 55.08 33.38 78.47 
Pr 6.45 6.51 6.48 4.05 9.11 
Nd 26.82 27.03 26.49 17.25 37.51 
Sm 6.01 6.13 6.02 4.28 8.40 
Eu 1.56 1.59 1.57 1.19 2.18 
Gd 4.80 4.77 4.87 3.72 6.97 
Tb 0.76 0.77 0.76 0.55 1.07 
Dy 4.32 4.43 4.45 3.15 6.05 
Ho 0.83 0.84 0.83 0.62 1.17 
Er 2.20 2.28 2.26 1.64 2.99 
Tm 0.29 0.30 0.30 0.22 0.43 
Yb 1.80 1.86 1.83 1.39 2.66 
Lu 0.28 0.29 0.29 0.21 0.42 

(87Sr/86Sr)i 0.70975 0.70764 0.71002 
(143Nd/144Nd)i 0.51201 0.51218 0.51201 
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Sample 
Lat. 

Long. 
Group 

Strat. Unit 

951D-7 
44024.3' 
114°17.3' 

Ti 
Tham 

951D-10 
44031.5' 
114°06.5' 

Ti 
Tl 

951D-12 
44131.5' 
114°06.5' 

T1 
T1/Tdf? 

951D-13 
44°31.5' 
114°06.5' 

Ti 
TI 

951D-14 
44°31.3' 
114°06.8' 

Ti 
T1/I'df7 

95ID-11 
44°31.5' 
114°06.5' 

Ti 
TI 

Major elements, wt% (normalised anhydrous) 
Si02 57.58 55.73 55.53 58.18 57.55 57.92 
TiO2 0.95 0.99 1.08 1.01 1.02 0.89 

A1203 15.57 14.94 17.06 16.29 15.26 14.23 
FeO* 7.51 7.87 8.10 6.71 7.17 6.82 
MnO 0.14 0.15 0.17 0.13 0.14 0.16 
MgO 4.62 4.94 3.42 3.97 4.83 3.69 
CaO 6.82 9.80 7.12 6.55 8.50 8.79 

Na2O 3.25 2.59 3.59 3.31 2.54 2.95 
K20 3.16 2.64 3.53 3.48 2.62 4.06 
P205 0.40 0.36 0.39 0.37 0.37 0.49 

L. O. I. 1.56 2.47 2.40 1.13 2.07 3.35 
Mg# 56 57 47 55 59 53 

Trace elements, ppm 
Ni 5 20 13 9 19 27 
Cr 47 272 49 30 247 61 
Sc 15 26 20 21 28 30 
V 160 183 190 165 180 179 
Ga 20 16 24 21 19 19 
Cu 24 16 30 9 23 56 
Zn 81 68 79 71 79 69 

Ba 1007 813 998 945 869 1390 
Rb 102.4 85 82 104.7 61 128 
Sr 642 524 556 575 485 801 
U 2.28 2.24 
Pb 11.93 6 13 11.34 10 16 
Cs 2.86 1.27 
Th 8.12 8 10 8.18 9 6 
Zr 241 199 250 239 199 211 
Y 31.05 28 33 30.55 27 25 

Nb 20.36 17.9 20.0 19.66 18.0 18.5 
Hf 6.19 6.27 
Ta 1.13 1.17 

La 45.27 28 35 43.59 27 46 
Ce 85.30 67 103 80.61 87 85 
Pr 9.85 9.14 
Nd 39.33 36.53 
Sm 8.48 7.74 
Eu 2.17 1.90 
Gd 7.08 6.12 
Tb 1.09 1.00 
Dy 6.04 5.80 
Ho 1.16 1.16 
Er 3.07 3.21 
Tin 0.44 0.43 
Yb 2.71 2.72 
Lu 0.41 0.43 

(87Sr/86Sr)i 
(143Nd/144Nd)i 
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Sample 
Lat. 

Long. 
Group 

Strat. Unit 

95ID-23 
44°29.8' 
114°17.8' 

Ti 
Tdf 

95ID-25 
loose block 

TI 
? 

95ID-26 
44°34.5' 
114°20.0' 

Ti 
71 

951D-27 
44°34.5' 
114°20.0' 

TI 
Tl 

95ID-28 
44°34.5' 
1141120.0' 

Ti 
TI 

95ID-29 
44°34.5' 
114°19.2' 

Ti 
71 

Major elements, wt% (normalised anhydrous) 
SiO2 55.50 56.40 54.96 55.13 56.68 55.45 
TiO2 1.04 1.05 0.96 1.03 1.06 1.05 
A1203 14.50 13.97 13.69 14.11 14.01 14.01 
FeO* 8.65 8.15 8.37 8.70 8.21 8.20 
MnO 0.18 0.15 0.16 0.17 0.16 0.15 
MgO 5.40 6.09 7.27 6.25 5.36 7.03 
CaO 8.36 7.94 8.74 8.40 8.13 8.60 
Na2O 2.98 2.93 2.93 2.90 2.83 2.74 
K20 3.03 2.95 2.55 2.94 3.18 2.41 
P205 0.37 0.38 0.37 0.37 0.38 0.37 

L. O. I. 1.53 2.10 2.22 3.04 1.77 1.62 
Mg# 57 61 65 60 58 64 

Trace elements, ppm 
Ni 0 12 18 7 9 14 
Cr 48 106 160 131 109 154 
Sc 28 29 28 20 29 24 
V 201 214 195 202 202 213 
Ga 19 18 15 19 16 19 
Cu 9 26 25 20 20 26 
Zn 83 81 78 80 77 80 

Ba 883 899 946 926 882 862 
Rb 88 98 78.4 81.3 91 81.7 
Sr 600 580 614 617 578 611 
U 1.60 1.57 1.61 
Pb 10 9 9.34 11.39 8 9.22 
Cs 3.68 1.84 3.04 
Th 5 8 5.61 5.90 9 6.12 
Zr 209 214 191 202 214 203 
Y 30 29 27.52 30.12 30 29.93 

Nb 17.1 19.3 15.05 16.93 18.7 17.80 
Hf 4.87 5.18 5.23 
Ta 0.82 0.93 0.97 

La 41 36 34.72 36.61 39 42.02 
Cc 63 108 66.82 69.99 101 78.08 
Pr 7.86 8.10 8.75 
Nd 32.53 33.35 35.16 
Sm 7.34 7.60 7.79 
Eu 1.93 2.00 2.00 
Gd 5.91 6.70 6.71 
Tb 0.95 0.99 1.02 
Dy 5.47 5.83 5.85 
Ho 1.07 1.12 1.14 
Er 2.94 2.99 3.04 
Tm 0.39 0.42 0.43 
Yb 2.41 2.60 2.67 
Lu 0.38 0.41 0.41 

(87Sr/86Sr)i 0.70989 0.70997 
(143Nd/144Nd)i 0.51187 0.51193 

lb, 
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Sample 
Lat. 

Long. 
Group 

Strat. Unit 

951D-30 
44034.5' 
114°19.0' 

Ti 
Ti 

951D-35 
44033.7' 
114°16.1' 

Ti 
71 

951D-36 
44°33.6' 
114°15.9' 

TI 
71 

951D-37 
44°42.1' 
114°02.5' 

Ti 
TI 

951D-38 
44°39.8' 
114°04.8' 

Ti 
TI 

951D-39 
44039.8' 
114°04.8' 

TI 
TI 

Major elements, wt% (normalised anhydrous) 
Si02 56.30 55.29 56.84 57.06 57.80 62.66 
Ti02 1.06 1.03 1.06 0.92 0.98 0.77 

A1203 14.00 13.99 14.32 14.30 15.92 16.20 
FeO* 8.38 8.61 8.36 7.72 6.86 4.97 
MnO 0.16 0.17 0.14 0.17 0.13 0.12 
MgO 5.82 6.77 5.07 5.34 4.61 2.92 
CaO 8.18 8.51 7.71 8.19 7.41 4.76 

Na2O 3.04 2.93 2.93 2.95 3.12 3.46 
K20 2.69 2.33 3.17 2.98 2.85 3.87 
P205 0.38 0.37 0.39 0.38 0.32 0.29 

L. O. I. 2.36 2.89 1.34 1.54 1.12 1.35 
Mg# 59 62 56 59 59 55 

Trace elements, ppm 
Ni 8 10 4 3 30 19 
Cr 110 150 94 81 139 76 
Sc 28 29 21 29 26 20 
V 203 204 208 199 191 106 
Ga 15 16 24 19 22 21 
Cu 22 20 12 36 18 12 
Zn 80 79 80 78 73 73 

Ba 943 874 876 907 794 1127 
Rb 132 85.9 93.9 96 88 135 
Sr 615 604 601 584 481 555 
U 1.53 1.83 
Pb 9 9.32 9.65 10 11 17 
Cs 8.34 1.84 
Th 9 5.70 6.54 10 7 12 
Zr 215 199 219 185 207 262 
Y 29 29.41 30.97 26 28 27 
Nb 19.2 16.59 20.99 11.6 14.9 21.5 
Elf 4.97 5.55 
Ta 0.89 1.13 

La 43 36.36 40.98 45 39 47 
Cc 100 69.30 77.23 92 74 86 
Pr 8.00 8.93 
Nd 32.73 36.35 
Sm 7.47 8.00 
Eu 1.90 2.06 
Gd 6.42 6.52 
Tb 1.00 1.01 
Dy 5.71 5.97 
Ho 1.11 1.16 
Er 2.91 3.24 
Tm 0.41 0.42 
Yb 2.48 2.62 
Lu 0.39 0.41 

(87Sr/86Sr)i 
(143Nd/144Nd)i 
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Sample 951D-41 951D-59 951D-60 951D-61 951D-63 951D-51 
Lat. 44035.4' 441142.4' 441142.4' 44°42.1' 44120.1' 44°07.1' 

Long. 114°11.5' 114°02.4' 114°02.4' 114°02.6' 114°03.0' 114°27.0' 
Group Ti Ti TI Ti Ti T2 

Strat. Unit TI 71 71 TI Ti TI 
Major elements, wt% (normalised anhydrous) 

Si02 60.74 57.27 57.21 55.95 57.05 58.47 
Ti02 0.95 0.99 1.08 0.91 0.97 0.78 

A1203 16.64 16.25 15.42 13.82 13.27 14.59 
FeO* 6.29 7.67 7.75 7.95 8.32 6.76 
MnO 0.11 0.14 0.12 0.17 0.15 0.11 
MgO 2.46 4.33 4.59 6.29 5.93 4.84 
CaO 4.97 6.68 6.88 8.96 7.59 7.94 

Na2O 3.44 3.29 3.06 2.84 2.97 2.87 
K20 3.99 3.06 3.46 2.75 3.24 3.28 
P205 0.40 0.32 0.42 0.37 0.52 0.35 

L. O. I. 0.97 0.74 1.27 1.29 3.51 1.76 
Mg# 45 54 55 62 60 60 

Trace elements, ppm 
Ni 0 16 30 20 44 33 
Cr 3 26 160 124 147 203 
Sc 13 21 18 29 24 22 
V 122 174 170 204 184 172 
Ga 22 19 20 19 21 20 
Cu 0 15 17 38 66 19 
Zn 66 68 76 85 79 73 

Ba 1024 858 947 850 1376 1339 
Rb 115.4 98 107.7 89.7 131 103.8 
Sr 629 520 577 588 701 581 
U 2.44 2.00 1.45 3.43 
Pb 11.13 6 10.64 10.44 12 17.09 
Cs 1.78 1.41 1.10 4.08 
Th 8.47 6 7.78 6.41 8 9.84 
Zr 269 228 252 173 212 165 
Y 30.68 29 32.01 24.77 27 22.36 
Nb 25.47 20.6 20.05 12.02 15.3 15.87 
Hf 6.74 6.29 4.30 4.17 
Ta 1.46 1.12 0.62 1.00 

La 48.97 38 43.78 32.24 - 37 37.53 
Ce 91.02 74 82.59 61.26 71 67.74 
Pr 10.09 9.42 7.02 7.46 
Nd 39.63 37.99 28.73 29.00 
Sm 8.13 8.21 6.53 6.12 
Eu 2.08 2.12 1.71 1.63 
Gd 6.37 6.59 5.13 4.96 
Tb 1.02 1.04 0.79 0.75 
Dy 5.93 6.14 4.52 4.32 
Ho 1.14 1.19 0.90 0.83 
Er 3.24 3.28 2.42 2.31 
Tm 0.44 0.44 0.34 0.31 
Yb 2.74 2.78 2.06 1.94 
Lu 0.43 0.44 0.31 0.31 

(87Sr/86Sr)i 0.70835 0.70961 
(143Nd/144Nd)i 0.51180 0.51189 
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Sample 
Lat. 

Long. 
Group 

Strat. Unit 

951D-64 
44°09.4' 
114°10.2' 

T2 
Ti 

951D-65 
44009.7' 
114°10.8' 

T2 
Ti 

951D-66 
44°10.2' 
114°11.3' 

T2 
Ti 

951D-67 
44010.5' 
114°11.8' 

T2 
Ti 

951D-68 
44°10.8' 
114°12.0' 

T2 
TI 

951D-69 
44°10.8' 
114°12.0' 

T2 
Ti 

Major elements, wt% (normalised anhydrous) 
Si02 57.20 59.42 57.15 57.26 56.90 56.92 
Ti02 0.80 0.75 0.80 0.81 0.80 0.80 

A1203 13.29 13.96 13.19 13.23 13.21 13.15 
FeO* 7.19 6.02 7.20 7.06 7.30 7.54 
MnO 0.14 0.12 0.14 0.14 0.14 0.14 
MgO 7.91 6.76 8.18 8.08 8.27 8.03 
CaO 7.25 6.76 7.25 7.43 7.21 7.26 

Na2O 2.81 3.19 2.84 2.79 2.78 2.73 
K20 3.01 2.65 2.84 2.80 2.98 3.02 
P205 0.41 0.35 0.41 0.41 0.41 0.41 

L. O. I. 1.53 2.06 1.80 1.66 1.51 1.74 
Mg# 70 70 70 71 70 69 

Trace elements, ppm 
Ni 104 105 109 105 106 102 
Cr 478 390 501 503 493 478 
Sc 23 18 41 43 39 44 
V 163 152 166 158 153 165 
Ga 15 18 17 19 16 18 
Cu 51 42 46 44 53 47 
Zn 72 73 74 73 70 70 

Ba 1551 1671 1478 1614 1547 1543 
Rb 117.4 95 134.2 133 140.5 136 
Sr 622 687 588 628 602 600 
U 3.31 3.21 3.17 
Pb 16.86 18 16.27 15 16.83 16 
Cs 6.53 6.56 7.10 
Th 10.52 15 10.20 11 10.40 12 
Zr 181 174 182 183 182 183 
V 24.22 21 23.51 23 23.78 23 
Nb 16.39 17.6 15.67 15.8 15.68 17.5 
Hf 4.58 4.50 4.55 
Ta 0.96 0.92 0.95 

La 42.65 37 41.34 36 42.80 43 
Ce 77.00 77 74.73 63 78.11 57 
Pr 8.61 8.36 8.77 
Nd 34.03 33.23 34.83 
Sm 7.25 7.11 7.53 
Eu 1.82 1.79 1.85 
Gd 5.59 5.53 6.07 
Tb 0.82 0.82 0.85 
Dy 4.55 4.43 4.71 
Ho 0.85 0.85 0.90 
Er 2.29 2.23 2.23 
Tm 0.31 0.32 0.32 
Yb 1.93 1.91 1.97 
Lu 0.29 0.29 0.30 

(87Sr/86Sr)i 0.70977 0.70975 
(143Nd/144Nd)i 0.51188 
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Sample 951D-70 951D-71 951D-72 951D-73 951D-74 961D-75 
Lat. 44°10.6' 44°10.7' 44°10.7' 44°10.8' 44°11.0' 44°11.2' 

Long. 114°12.1' 114°12.8' 114°12.9' 114°13.1' 114°13.3' 114°13.7' 
Group T2 T2 T2 T2 T2 72 

Strat. Unit Ti TI TI T1 TI TI 
Major elements, wt% (normalised anhydrous) 

Si02 56.92 58.04 57.49 58.59 58.99 58.08 
TiO2 0.79 0.74 0.73 0.73 0.75 0.75 
A1203 13.02 13.57 13.32 13.64 13.99 13.78 
FeO* 7.49 6.76 6.49 6.54 6.40 6.93 
MnO 0.14 0.12 0.13 0.14 0.12 0.13 
MgO 8.09 7.03 7.80 6.36 6.24 6.33 
CaO 7.30 6.96 7.28 7.16 6.46 7.16 

Na2O 2.57 2.85 2.83 2.89 3.04 2.86 
K20 3.28 3.56 3.55 3.59 3.65 3.60 
P205 0.40 0.37 0.37 0.37 0.36 0.38 

L. O. I. 1.40 2.72 3.08 1.33 1.65 2.69 
Mg# 69 69 72 67 67 66 

Trace elements, ppm 
Ni 102 125 141 136 97 115 
Cr 491 460 463 454 365 421 
Sc 21 19 27 25 23 23 
V 156 150 150 149 139 153 
Ga 19 20 16 19 21 18 
Cu 46 44 38 37 40 25 
Zn 71 76 68 78 66 70 

Ba 1549 1512 1606 1568 1625 1609 
Rb 126 109.3 112 111 114 114 
Sr 583 647 656 640 637 668 
U 3.84 
Pb 15 18.97 20 22 21 19 
Cs 2.68 
Th 11 11.16 15 13 14 14 
Zr 180 170 168 170 177 174 
Y 24 19.98 21 21 22 22 
Nb 16.6 16.73 16.5 18.0 19.3 17.9 
Hf 4.22 
Ta 1.04 

La 36 40.92 44 48 46 47 
Ce 79 71.50 76 69 69 72 
Pr 7.71 
Nd 30.04 
Sm 6.17 
Eu 1.64 
Gd 4.69 
Tb 0.69 
Dy 3.80 
Ho 0.72 
Er 1.92 
Tm 0.27 
Yb 1.63 
Lu 0.26 

(S7Sr/86Sr)i 
(143Nd/144Nd)i 
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Sample 95ID-81 95ID-76 95ID-78 951D-80 95ID-77 95ID-52 
Lat. 44°13.6' 44°11.2' 44°15.4" 44°15.3" 44017.9' 44°08.9" 

Long. 114°16.2' 114°13.7' 114°11.9' 114°12.2' 114°06.4' 114°21.0' 
Group T2 T2 T2 T2 T2 T2 

Strat. Unit 71 Ti Ti TI Ti Ti? 
Major elements, wt% (normalised anhydrous) 

Si02 57.82 57.86 62.38 58.11 56.90 57.55 
Ti02 0.73 0.74 0.80 1.04 0.97 0.78 

A1203 13.36 13.75 11.53 12.85 12.10 14.63 
FeO* 6.72 6.48 6.25 7.07 7.66 6.87 
MnO 0.13 0.13 0.11 0.13 0.23 0.15 
MgO 8.30 6.00 4.99 5.67 4.79 3.87 
CaO 7.00 8.21 9.02 9.99 9.89 9.68 

Na2O 2.98 2.87 3.09 3.06 1.66 2.71 
K20 2.57 3.58 1.28 1.40 5.21 3.39 
P205 0.39 0.38 0.56 0.68 0.61 0.38 

L. O. I. 2.60 2.19 6.33 6.87 8.89 6.43 
Mg# 72 66 63 63 57 54 

Trace elements, ppm 
Ni 148 118 42 50 41 100 
Cr 495 429 217 222 127 367 
Sc 22 24 22 31 24 20 
V 141 151 142 185 172 143 
Ga 20 18 19 16 16 17 
Cu 36 34 55 62 60 39 
Zn 66 69 60 73 71 74 

Ba 1621 1597 1526 2521 2002 1592 
Rb 62.8 114 149 130 183 97 
Sr 708 661 821 1952 629 734 
U 4.07 
Pb 19.17 18 16 19 17 21 
Cs 15.91 
Th 11.91 13 15 13 12 14 
Zr 171 174 241 307 244 188 
Y 20.78 21 27 28 30 22 
Nb 16.47 18.1 22.6 22.4 16.5 20.4 
Hf 4.24 
Ta 1.07 

La 43.07 45 43 62 46 51 
Ce 75.33 39 59.00 92.00 61.00 64 
Pr 8.22 
Nd 31.79 
Sm 6.71 
Eu 1.74 
Gd 5.38 
Tb 0.76 
Dy 4.08 
Ho 0.75 
Er 1.92 
Tm 0.27 
Yb 1.69 
Lu 0.27 

(87Sr/86Sr)i 0.70893 
(143Nd/144Nd)i 0.51194 
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Sample 
Lat. 

Long. 
Group 

Strat. Unit 

951D-53 
44°08.8' 
114°22.6' 

T2 
Tvs? 

951D-54 
44°08.7' 
114°19.9' 

T2 
TL 

951D-55 
44°09.0' 
114°18.4' 

T2 
Ti 

951D-56 
44°09.4' 
114°18.2' 

T2 
71 

951D-15 
44°30.5' 
114°07.7' 

2-pyx 
Tdf 

951D-20 
44°29.4' 
114°18.8' 

2-pyx 
Tdf 

Major elements, wt% (normalised anhydrous) 
Si02 59.36 59.96 56.78 57.20 63.95 65.16 
Ti02 0.72 0.92 0.89 0.74 0.74 0.76 

A1203 13.22 15.78 15.04 13.74 15.75 16.14 
FeO* 6.63 6.27 7.25 6.84 4.65 3.76 
MnO 0.10 0.09 0.13 0.13 0.09 0.06 
MgO 4.31 3.46 3.61 5.19 3.15 2.06 
CaO 8.81 7.27 9.80 9.65 5.04 4.18 

Na20 2.88 3.27 2.63 2.78 3.70 3.69 
K20 3.53 2.63 3.38 3.32 2.68 3.90 
P205 0.43 0.35 0.48 0.40 0.24 0.28 

L. O. I. 3.31 4.13 3.67 3.10 2.23 2.19 
Mg# 58 54 51 61 59 53 

Trace elements, ppm 
Ni 57 68 40 78 14 12 
Cr 328 139 208 448 68 67 
Sc 17 20 27 30 13 14 
V 147 123 175 158 105 123 
Ga 19 22 20 17 20 21 
Cu 52 21 22 49 9 12 
Zn 71 74 78 76 65 64 

Ba 2769 1173 1836 1633 1127 1231 
Rb 76 63.0 101 97 118 102.5 
Sr 946 643 758 690 506 407 
U 1.80 2.92 
Pb 20 11.87 18 18 16 16.25 
Cs 0.98 1.48 
Th 11 8.58 11 14 14 12.86 
Zr 177 223 171 173 206 202 
Y 23 17.18 24 21 22 23.92 
Nb 15.9 25.82 17.2 17.3 19.5 16.86 
Hf 5.36 5.33 
Ta 1.12 1.15 

La 48 58.65 31 41 42 42.84 
Ce 73 101.02 38 51 85 78.19 
Pr 10.58 8.50 
Nd 39.04 32.79 
Sm 7.17 6.72 
Eu 1.96 1.61 
Gd 4.99 5.04 
Tb 0.70 0.78 
Dy 3.57 4.44 
Ho 0.65 0.85 
Er 1.64 2.36 
Tm 0.21 0.32 
Yb 1.38 2.00 
Lu 0.21 0.32 

(87Sr/86Sr)i 0.70803 
(143Nd/144Nd)i 0.51178 
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Sample 
Lat. 

Long. 
Group 

Strat. Unit 

951D-21 
44°29.4' 
114°18.8' 

2-pyx 
Tdf 

9510-22 
44°29.8' 
114°17.8' 

2-pyx 
Tdf 

951D-24 
44°31.1' 
114°16.6' 

2-pyx 
Tdf 

95ID-42A 
44°26.6' 
114°13.6' 

2-pyx 
Tdf 

951D-42B 
44°26.6' 
114°13.6' 

2-pyx 
Tdf 

951D-43A 
44°26.6' 
114°13.6' 

2-pyx 
Tdf 

Major elements, wt% (normalised anhydrous) 
SiO2 64.31 64.84 64.14 64.14 64.42 64.22 
Ti02 0.74 0.72 0.73 0.74 0.73 0.74 

A1203 15.31 15.65 15.53 15.33 15.52 15.58 
FeO* 4.62 3.98 4.64 4.97 4.79 4.74 
MnO 0.09 0.09 0.08 0.09 0.09 0.09 
MgO 2.92 2.81 2.93 3.02 2.91 2.96 
CaO 4.84 4.63 4.68 4.90 4.92 4.85 

Na2O 3.34 3.54 3.43 3.51 4.04 3.81 
K20 3.58 3.50 3.60 3.07 2.35 2.78 
P205 0.24 0.23 0.23 0.24 0.23 0.23 

L. O. I. 1.00 0.76 1.07 1.97 2.22 1.72 
Mg# 57 60 57 56 56 57 

Trace elements, ppm 
Ni 10 10 11 12 12 11 
Cr 71 67 66 68 67 69 
Sc 16 13 10 14 18 15 
V 100 97 84 90 89 98 
Ga 22 20 21 22 21 20 
Cu 9 31 7 15 8 10 
Zn 69 68 62 66 66 66 

Ba 1136 1118 1128 1124 1133 1146 
Rb 109 108 113 112 121 120 
Sr 475 481 493 502 528 531 
U 
Pb 14 17 16 16 16 18 
Cs 
Th 13 14 15 16 14 15 
Zr 204 199 204 206 207 204 
Y 24 22 22 22 23 22 
Nb 17.4 17.2 17.4 18.4 18.5 19 
Hf 
Ta 

La 49 44 43 47 38 43 
Ce 87 76 83 94 79 58 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 

(87Sr/86Sr)i 
(143Nd/144Nd)i 
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Sample 951D-43B 95ID-44 9510-46 951D-47 951D-48 9510-85 
Lat. 44026.6' 44°26.6' 44°30.3' 44°30.3' 44°30.3' 43047.5' 

Long. 114°13.6' 114013.6' 114°08.0' 114°08.0' 114°08.0' 114°34.6' 
Group 2-pyx 2-pyx 2-pyx 2-pyx 2-pyx amp+bt 

Strat. Unit Tdf Tdf Tdf Tdf Tdf Tca 
Major elements, wt% (normalised anhydrous) 

Si02 64.47 64.16 64.38 64.91 64.20 71.67 
Ti02 0.74 0.73 0.73 0.75 0.75 0.48 

A1203 15.34 15.35 15.49 15.30 15.45 14.60 
FeO* 4.67 4.73 4.61 4.45 4.72 3.11 
MnO 0.09 0.09 0.09 0.09 0.09 0.03 
MgO 3.04 3.25 2.99 3.08 3.08 0.67 
CaO 4.80 4.88 4.84 4.81 4.93 2.07 

Na2O 4.07 3.71 3.90 3.96 3.90 3.10 
K20 2.54 2.87 2.74 2.40 2.64 4.09 
P205 0.24 0.24 0.23 0.24 0.24 0.18 

L. O. I. 1.72 1.68 1.60 2.24 1.63 2.22 
Mg# 58 59 58 59 58 31 

Trace elements, ppm 
Ni 12 10 9 12 16 13 
Cr 66 70 69 70 70 30 
Sc 18 21 12 18 15 6 
V 94 91 102 101 92 50 
Ga 22 18 24 21 20 18 
Cu 8 4 8 10 20 5 
Zn 64 63 65 67 67 49 

Ba 1114 1108 1141 1094 1109 1434 
Rb 157.3 126 119 152.0 115 135 
Sr 519 509 495 495 492 433 
U 3.37 3.38 
Pb 16.74 16 16 16.47 15 27 
Cs 9.29 8.88 
Th 12.77 14 14 12.74 15 24 
Zr 206 208 201 208 202 183 
Y 21.81 23 22 21.70 23 16 
Nb 17.56 19 19 17.53 20 24 
Hf 5.49 5.36 
Ta 1.15 1.15 

La 44.24 43 36 44.46 50 56 
Ce 79.73 79 90 79.03 91 124 
Pr 8.61 8.52 
Nd 32.65 32.23 
Sm 6.53 6.41 
Eu 1.51 1.49 
Gd 4.81 4.79 
Tb 0.74 0.73 
Dy 4.22 4.10 
Ho 0.80 0.79 
Er 2.19 2.17 
Tm 0.30 0.29 
Yb 1.86 1.82 
Lu 0.30 0.29 

(87Sr/86Sr)i 0.70795 0.71005 
(143Nd/144Nd)i 0.51205 

k 
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Sample 
Lat. 

Long. 
Group 

Strat. Unit 

95ID-89 
43047.0" 
114°32.5' 
amp+bt 

Tca 

95ID-82 
43°47.2' 
114°34.1' 
amp+bt 

Tca 

95ID-83 
43°47.5' 
114°34.4' 
amp+bt 

Tca 

9510-84 
43047.5' 
114°34.4' 
amp+bt 

Tca 

9510-86 
43047.5' 
114°34.4' 
amp+bt 

Tca 

951D-87 
43047.4' 
114°33.9' 
amp+bt 

Tcd 
Major elements, wt% (normalised anhydrous) 

Si02 66.53 67.78 65.07 65.14 65.09 66.48 
Ti02 0.62 0.54 0.65 0.64 0.66 0.57 
A1203 14.41 13.51 14.52 14.92 14.95 14.46 
FeO* 4.00 3.75 4.39 5.27 5.09 4.03 
MnO 0.09 0.08 0.11 0.02 0.06 0.12 
MgO 2.48 4.00 2.59 3.32 3.14 3.11 
CaO 4.20 3.36 4.65 2.47 2.72 3.80 
Na2O 3.44 2.94 3.34 3.21 3.31 3.41 
K20 3.96 3.83 4.35 4.68 4.64 3.79 
P205 0.26 0.21 0.33 0.34 0.35 0.21 

L. O. I. 0.86 1.99 2.16 2.41 1.82 1.60 
Mg# 57 69 55 57 56 62 

Trace elements, ppm 
Ni 34 46 28 29 31 44 
Cr 150 212 61 65 63 222 
Sc 9 15 13 10 16 12 
V 90 77 98 88 98 106 
Ga 21 18 18 19 18 18 
Cu 23 24 26 25 22 22 
Zn 67 54 68 68 70 57 

Ba 1578 1400 1377 1429 1411 1410 
Rb 130 113 135 144 144 120 
Sr 566 419 543 535 538 523 
U 
Pb 23 22 22 23 23 21 
Cs 
Th 21 19 20 20 20 19 
Zr 190 166 202 196 205 178 
Y 22 19 22 20 22 19 
Nb 22 20 22.0 21.7 22.2 22.2 
Hf 
Ta 

La 65 34 60 62 71 44 
Ce 70 66 98 97 102 95 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 

(87Sr/86Sr)i 0.70929 
(143Nd/144Nd)i 
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Sample 951D-88 951D-90 95ID-92 951D-91 951D-31B 951D-40 
Lat. 43°47.4' 43°46.7' 43°46.6 43°46.6' 44°34.4' 44°38.9' 

Long. 114°33.9' 114°34.0' 114°34.0' 114°34.0' 114°18.4' 114°05.3' 
Group amp+bt amp+bt amp+bt amp+bt amp+bt amp+bt 

Strat. Unit Tcd Tca Tca Tca Ti Tdf 
Major elements, wt% (normalised anhydrous) 

Si02 65.83 60.34 61.96 70.58 60.64 63.05 
Ti02 0.61 0.72 0.70 0.47 0.98 0.57 
A1203 15.57 14.79 14.83 14.66 15.51 18.51 
FeO* 3.96 5.61 5.47 3.09 6.11 4.29 
MnO 0.07 0.14 0.09 0.05 0.14 0.10 
MgO 2.16 3.86 3.69 1.46 4.07 1.48 
CaO 4.00 6.57 5.57 2.26 6.11 4.55 
Na2O 3.61 2.65 2.62 2.80 3.25 4.44 
K20 3.96 4.84 4.66 4.45 2.87 2.75 
P205 0.23 0.48 0.42 0.16 0.33 0.27 

L. O. I. 1.12 5.59 5.90 3.79 2.05 1.24 
Mg# 53 59 59 50 58 

. 42 
Trace elements, ppm 

Ni 14 50 53 19 5 8 
Cr 44 292 234 34 83 1 
Sc 6 10 15 2 23 7 
V 90 120 107 52 157 83 
Ga 19 15 19 17 21 21 
Cu 9 50 33 10 3 6 
Zn 64 74 65 49 84 61 

Ba 1637 1297 1478 1606 1028 1187 
Rb 121 145 117 134 68.3 78.1 
Sr 572 665 554 300 615 614 
U 2.25 2.84 
Pb 27 21 19 25 14.51 15.21 
Cs 1.66 1.76 
Th 16 21 26 22 8.58 10.16 
Zr 190 217 207 178 224 219 
Y 19 26 25 19 24.69 18.60 
Nb 18.8 18.7 20.0 25.0 21.63 24.05 
Ht' 5.63 5.31 
Ta 1.22 1.19 

La 43 82 72 52 43.54 53.97 
Cc 64 109 108 64 79.48 92.85 
Pr 8.76 9.49 
Nd 34.21 34.35 
Sm 7.10 5.81 
Eu 1.82 1.58 
Gd 5.34 4.12 
Tb 0.83 0.62 
Dy 4.83 3.53 
Ho 0.94 0.69 
Er 2.58 1.94 
Tin 0.35 0.27 
Yb 2.18 1.69 
Lu 0.34 0.28 

(87Sr/86Sr)i 0.70826 0.71135 
(143Nd/144Nd)i 0.51198 0.51169 

obb, 
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Sample 951D-19 951D-31A 951D-31C 95ID-16 951D " 17A 951D -17C 
Lat. 44°29.4' 44°34.4' 44°34.4' 44°29.2' 44°29.2' 44°29.2' 

Long. 114°18.8' 114°18.4' 114°18.4' 114°19.2' 114°19.2' 114°19.2' 
Group amp+bt amp+bt amp+bt Early Ta Early Ta Early Ta 

Strat. Unit Tdf TI Ti Thai Thal Thai 

327 

Major elements, wt% (normalised anhydrous) 
SiO2 64.25 62.71 59.83 55.48 55.50 55.60 
Ti02 0.76 0.86 0.95 1.01 1.00 1.00 

A1203 16.39 15.80 15.53 14.11 13.96 13.98 
FeO* 4.26 5.60 6.08 7.21 7.12 6.90 
MnO 0.14 0.09 0.15 0.13 0.13 0.13 
MgO 2.38 2.05 2.69 7.31 7.50 7.67 
CaO 4.53 6.29 8.43 8.25 8.05 8.04 

Na20 3.61 3.25 3.19 3.51 3.47 3.47 
K20 3.44 3.05 2.84 2.49 2.77 2.71 
P205 0.25 0.29 0.32 0.51 0.51 0.50 

L. O. I. 2.17 3.90 6.13 2.98 2.70 2.90 
Mg# 54 43 48 68 69 70 

Trace elements, ppm 
Ni 12 4 3 58 63 66 

Cr 66 61 73 283 293 295 
Sc 12 16 23 23 27 27 
V 101 137 152 170 173 164 
Ga 21 22 19 19 19 21 
Cu 9 1 2 51 52 49 
Zn 61 79 79 77 81 79 

Ba 1185 1269 1095 1115 1088 1071 
Rb 105 73 70 83.1 70.2 73.0 
Sr 474 624 677 805 766 756 
U 2.59 1.68 1.63 1.54 
Pb 17 15.60 13 12.57 12.09 11.87 
Cs 1.59 7.52 6.06 6.41 
Th 14 9.63 10 8.51 8.18 7.83 
Zr 201 227 226 249 242 241 
Y 23 24 25 23.71 24.01 23.68 
Nb 16.6 22.23 21.1 16.63 16.17 15.88 
Hf 5.79 6.20 6.16 5.75 
Ta 1.31 0.86 0.80 0.75 

La 37 45.98 50 52.76 51.23 50.75 
Ce 94 81.61 88 100.85 97.72 96.78 
Pr 8.97 11.62 11.47 11.28 
Nd 34.34 47.84 47.13 46.09 
Sm 6.87 9.75 9.65 9.53 
Eu 1.74 2.47 2.47 2.36 
Gd 5.11 7.30 7.22 7.08 
Tb 0.82 0.97 0.99 0.96 
Dy 4.69 5.13 4.99 4.84 
Ho 0.90 0.94 0.92 0.88 
Er 2.53 2.32 2.23 2.16 
Tin 0.34 0.33 0.31 0.29 
Yb 2.17 1.93 1.88 1.82 
Lu 0.34 0.29 0.28 0.26 

(87Sr/86Sr)i 0.70833 0.70718 0.70718 
(143Nd/144Nd)i 0.51197 0.51151 0.51152 
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Sample 
Lat. 

Long. 
Group 

Strut. Unit 

95ID-18 
44°29.2' 
114°19.2' 
Early Ta 

Thai 

951D-17B 
44°29.2' 
114°19.2' 
Early Ta 

Thal 

95ID-49 
loose block 

Early Ta 

95ID-50 
44°15.0' 
114°26.6' 
Early Ta 

Thal 

951D-8 
loose block 

Early Ta 
? 

95ID-3A 
44°20.9' 
114°15.9' 
Early Ta 

Tvs? 

Major elements, wt% (normalised anhydrous) 
SiO2 55.45 56.39 55.95 55.39 53.02 56.67 
Ti02 0.98 1.03 1.03 1.00 1.07 1.25 

A1203 13.92 14.29 14.55 14.16 14.88 17.33 
FeO* 7.55 7.13 6.68 6.96 7.56 5.83 
MnO 0.12 0.14 0.12 0.13 0.14 0.14 
MgO 7.39 5.73 438 3.88 5.26 2.01 
CaO 7.69 8.73 10.60 11.84 11.40 10.88 

Na2O 3.46 3.36 3.60 3.28 3.37 3.07 
K20 2.94 2.69 2.59 2.85 2.76 2.39 
P205 0.50 0.52 0.51 0.51 0.55 0.43 

L. O. I. 2.85 2.21 3.16 4.72 3.80 7.98 
Mg# 67 63 58 54 59 42 

Trace elements, ppm 
Ni 66 59 39 42 61 83 
Cr 298 299 208 219 315 287 
Sc 20 23 26 20 26 27 
V 165 167 164 170 175 134 
Ga 23 19 23 22 21 26 
Cu 51 51 57 47 47 17 
Zn 74 78 79 77 87 94 

Ba 1092 1164 1089 1060 1068 1241 
Rb 101 64 80.5 97.5 67.9 56 
Sr 722 792 795 735 783 644 
U 1.75 1.65 1.69 
Pb 8 12 11.87 11.51 11.99 14 
Cs 3.59 1.01 0.38 
Th 9 7 7.67 8.18 8.59 5 
Zr 241 251 255 241 261 271 
Y 24 23 24.46 23.75 25.74 23 
Nb 17.1 16.8 17.66 15.78 17.13 23.5 
Hf 5.99 5.99 6.34 
Ta 0.85 0.77 0.84 

La 47 40 51.90 52.65 54.44 58 
Ce 134 149 98.51 100.45 102.41 130 
Pr 11.37 11.64 12.02 
Nd 46.41 47.22 49.64 
Sm 9.51 9.53 10.18 
Eu 2.42 2.45 2.61 
Gd 6.79 7.22 7.47 
Tb 0.95 0.98 1.02 
Dy 5.05 4.99 5.32 
Ho 0.91 0.91 0.96 
Er 2.39 2.26 2.37 
Tm 0.30 0.30 0.33 
Yb 1.85 1.87 1.95 
Lu 0.28 0.27 0.29 

(87Sr/86Sr)i 0.70713 0.70717 
(143Nd/144Nd)i 0.51154 0.51154 
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Sample 
Lat. 

Long. 
Group 

Strat. Unit 

95ID-3B 
44°20.9' 
114015.9' 
Early Ta 

Tvs? 

951D-57 
44°19.2' 
114°17.5' 
Early Ta 

Tvs? 

95ID-58 
44°20.7' 
114°16.3' 
Early Ta 

Tvs? 

951D-5 
44°23.6' 
114°17.5' 
Early TB 

Tham 

95ID-9 
44°23.4' 
114°17.4' 
Early TB 

Tham 

95ID. 1 
44°21.8' 
114°15.8' 

high Nb/La 
Til 

Major elements, wt % (normalised anhydrous) 
Si02 60.09 53.84 58.14 51.42 50.08 52.31 
Ti02 1.20 1.32 1.38 0.92 1.37 1.47 
A1203 16.74 16.72 16.41 12.54 14.38 14.65 
FeO* 5.63 7.73 6.38 7.64 9.13 10.06 
MnO 0.10 0.15 0.13 0.17 0.17 0.19 
MgO 2.37 2.61 4.31 9.95 8.85 7.65 
CaO 7.90 11.72 7.61 11.15 10.01 8.96 
Na20 3.20 3.23 2.87 3.76 3.88 3.04 
K20 2.38 2.25 2.34 1.81 1.09 1.41 
P205 0.41 0.42 0.43 0.35 0.86 0.26 

L. O. I. 5.19 8.63 6.53 6.33 4.07 2.00 
Mg# 47 41 59 73 67 61 

Trace elements, ppm 
Ni 82 102 112 225 36 117 
Cr 274 243 312 826 376 268 
Sc 17 32 30 29 32 26 
V 129 132 158 182 237 166 
Ga 22 25 20 18 19 24 
Cu 15 22 27 53 18 26 
Zn 94 109 94 80 105 106 

Ba 1220 1177 1207 758 2138 288 
Rb 50.8 48.4 49 46.8 17.2 51.0 
Sr 759 769 646 652 1002 339 
U 1.75 1.85 0.74 3.13 1.00 
Pb 14.27 15.99 9 8.30 11.65 3.57 
Cs 1.36 1.74 9.68 11.12 1.28 
Th 9.10 9.55 10 4.04 9.89 3.31 
Zr 260 279 270 154 272 179 
Y 21.54 21.69 23 20.50 38.69 30.53 
Nb 22.10 28.06 25.2 16.23 19.12 27.00 
Elf 7.20 6.65 3.66 6.46 4.85 
Ta 1.03 1.21 0.79 0.89 1.49 

La 62.32 70.31 50 34.55 70.57 27.18 
Ce 108.61 118.66 72 62.81 136.14 54.94 
Pr 11.71 12.72 7.26 16.28 6.61 
Nd 44.24 47.46 29.40 68.53 28.14 
Sm 8.52 8.94 6.07 15.73 6.90 
Eu 2.29 2.35 1.74 4.30 1.97 
Gd 6.28 6.69 5.01 12.08 6.46 
Tb 0.88 0.90 0.74 1.71 1.04 
Dy 4.57 4.57 4.13 8.51 6.02 
Ho 0.82 0.80 0.77 1.45 1.15 
Er 2.02 1.92 2.01 3.60 2.94 
Tin 0.28 0.26 0.28 0.45 0.42 
Yb 1.72 1.57 1.75 2.70 2.46 
Lu 0.26 0.24 0.26 0.41 0.37 
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(87Sr/86Sr)i 0.70801 0.70673 0.70730 0.70677 
(143Nd/144Nd)i 0.51194 0.51221 0.51234 
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Sample 95ID-2 951D-4 95ID-62 95ID-79 
Lat. 44°21.8' 44°19.5' 44°06.5' 44"15.4' 

Long. 114°15.8' 1141117.4' 114058.5' 114°11.9' 
Group high Nb/La high Nb/La ? ? 

Strat. Unit Ti! Ti! ? ? 

Major elements, wt% (normalised anhydrous) 
SiO2 53.01 52.12 57.42 83.83 
TiO2 1.38 1.31 0.93 0.34 

A1203 -15.36 15.01 15.65 7.75 
FeO* 10.12 9.12 7.23 0.94 
MnO 0.16 0.16 0.14 0.01 
MgO 5.35 8.91 4.43 0.22 
CaO 9.42 8.07 7.02 0.42 
Na2O 3.04 2.92 2.38 0.14 
K20 1.85 2.06 4.34 6.25 
P205 0.30 0.31 0.47 0.10 

L. O. I. 2-33 2.22 1.03 1.47 
Mg# 53 67 56 33 

Trace elements, ppm 
Ni 132 117 10 32 
Cr 308 327 45 34 
Sc 24 26 21 6 
V 177 183 197 27 
Ga 21 22 19 13 
Cu 29 23 48 18 
Zn 111 96 - 81 25 

Ba 341 394 1537 329 
Rb 78.0 81.0 152 93 
Sr 338 339 575 48 
U 1.38 1.48 
Pb 5.70 6.24 17 8 
Cs 1.79 4.52 
Th 4.49 5.30 12 7 
Zr 200 194 194 92 
Y 31.29 29.30 27 9 

Nb 26.77 23.25 13 li 
Hf 5.21 5.17 
Ta 1.48 1.31 

La 3239 34.74 31 37 
Ce 64.99 70.03 77 28 
Pr 7.77 8.42 
Nd 32.57 34.98 
Sm 7.77 8.04 
Eu 2.12 2.17 
Gd 6.98 7.03 
Tb 1.10 1.08 
Dy 6.36 5.98 
Ho 1.19 1.13 
Er 3.07 2.87 
Tin 0.42 0.40 
Yb 2.60 2.40 
Lu 0.38 0.37 

(87Sr/86Sr)i 0.70810 0.70832 
(143Nd/144Nd)i 0.51228 0.51219 
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Sample 87Sr/86Sr 143Nd/144Nd 87/86 143/144 eSr eNd Model Ages 

measured measured @48Ma 048Ma @48Ma @48Ma CHUR DM 
(Ga) 

Ti 
95-6 0.71037±2 0.51205±1 0.71002 0.51201 76.3 -10.8 1.41 1.80 
95-26 0.71015±2 0.51191±1 0.70989 0.51187 74.5 -13.5 1.77 2.05 
95-27 0.71023±3 0.51198±1 0.70997 0.51193 75.6 -12.2 1.64 1.97 
95-32 0.71000±2 0.51205±1 0.70975 0.51201 72.5 -10.7 1.40 1.79 

95-45 0.70787±2 0.51223±1 0.70764 0.51218 42.5 -7.4 1.25 1.77 
95-61 0.70865±2 0.51184±1 0.70835 0.51180 52.6 -14.8 1.97 2.19 
T2 
95-51 0.70996±2 0.51193±1 0.70961 0.51189 70.4 -13.1 1.51 1.84 
95-54 0.70822±2 0.51181±1 0.70802 0.51178 48.0 -15.2 1.42 1.73 
95-66 0.71022±2 - 0.70977 - 72.8 - - - 
95-68 0.71021±2 0.51193±1 0.70975 0.51188 72.5 -13.2 1.59 1.91 
95-81 0.70911±2 0.51198±1 0.70893 0.51194 60.9 -12.1 1.41 1.77 

amph+bt dacite 
95-31A 0.70856±3 0.51200±1 0.70833 0.51197 52.4 -11.6 1.23 1.61 
95-31B 0.70848±2 0.51202±1 0.70826 0.51198 51.4 -11.4 1.28 1.67 
95-40 0.71160±3 0.51172±1 0.71135 0.51169 95.1 -16.9 1.44 1.72 
95-85 0.71067±2 - 0.71005 - 76.8 - - - 
95-89 0.70974±2 - 0.70929 - 65.9 - - - 
2-pyroxene dacite 
95-43B 0.70855±2 0.51208±1 0.70795 0.51205 46.9 -10.0 1.07 1.50 
Early TA 
95-3b 0.70814±2 - 0.70801 - 47.8 - - - 
95-8 0.70734±2 0.51158±1 0.70717 0.51154 35.9 -19.9 2.16 2.30 
95-16 0.70738±2 0.51155±1 0.70718 0.51151 36.0 -20.5 2.20 2.33 
95-17A 0.70736±2 0.51156±1 0.70718 0.51152 36.0 -20.2 2.19 2.32 
95-49 0.70733±2 0.51158±1 0.70713 0.51154 35.3 -19.9 2.16 2.30 
Early TB 
95-5 0.70687±2 0.51198±1 0.70673 0.51194 29.7 -12.1 1.35 1.71 
95-9 0.70733±2 0.51226±1 0.70730 0.51221 37.7 -6.7 0.94 1.50 
high Nb/La 
95-1 0.70708±2 0.51238±1 0.70677 0.51234 30.2 -4.3 0.73 1.43 
95-2 0.70856±2 0.51232±1 0.70810 0.51228 49.1 -5.4 0.85 1.47 
95-4 0.70880±2 0.51224±1 0.70832 0.51219 52.2 -7.1 1.00 1.54 
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Sample 
Lat. 

Long. 
Group 

Strat. Unit 

951D-2 
44°21.8' 
114°15.8' 

high Nb/La 
Til 

951D-4 
441119.5' 
114°17.4' 

high Nb/La 
Til 

951D-62 
44°06.5' 
114°58.5' 

? 
? 

951D-79 
44°15.4' 
114°11.9' 

? 
? 

Major elements, wt% (normalised anhydrous) 
Si02 53.01 52.12 57.42 83.83 
Ti 02 1.38 1.31 0.93 0.34 

A1203 15.36 15.01 15.65 7.75 
FeO* 10.12 9.12 7.23 0.94 
MnO 0.16 0.16 0.14 0.01 
MgO 5.35 8.91 4.43 0.22 
CaO 9.42 8.07 7.02 0.42 
Na2O 3.04 2.92 2.38 0.14 
K20 1.85 2.06 4.34 6.25 
P205 0.30 0.31 0.47 0.10 

L. O. I. 2.33 2.22 1.03 1.47 
Mg# 53 67 56 33 

Trace elements, ppm 
Ni 132 117 10 32 
Cr 308 327 45 34 

Sc 24 26 21 6 
V 177 183 197 27 
Ga 21 22 19 13 
Cu 29 23 48 18 
Zn 111 96 81 25 

Ba 341 394 1537 329 
Rb 78.0 81.0 152 93 
Sr 338 339 575 48 
U 1.38 1.48 
Pb 5.70 6.24 17 8 
Cs 1.79 4.52 
Th 4.49 5.30 12 7 
Zr 200 194 194 92 
Y 31.29 29.30 27 9 

Nb 26.77 23.25 15 11 
Hf 5.21 5.17 
Ta 1.48 1.31 

La 32.39 34.74 31 37 
Ce 64.99 70.03 77 28 
Pr 7.77 8.42 
Nd 32.57 34.98 
Sm 7.77 8.04 
Eu 2.12 2.17 
Gd 6.98 7.03 
Tb 1.10 1.08 
Dy 6.36 5.98 
Ho 1.19 1.13 
Er 3.07 2.87 
Tm 0.42 0.40 
Yb 2.60 2.40 
Lu 0.38 0.37 

(87Sr/86Sr)i 0.70810 0.70832 
(143Nd/144Nd)i 0.51228 0.51219 
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Sample 87Sr/86Sr 143Nd/144Nd 87/86 143/144 eSr eNd Model Ages 

measured measured @48Ma @48Ma @48Ma @48Ma CHUR DM 
(Ga) 

T1 
95-6 0.71037±2 0.51205±1 0.71002 0.51201 76.3 -10.8 1.41 1.80 
95-26 0.71015±2 0.51191±1 0.70989 0.51187 74.5 -13.5 1.77 2.05 
95-27 0.71023±3 0.51198±1 0.70997 0.51193 75.6 -12.2 1.64 1.97 
95-32 0.71000±2 0.51205±1 0.70975 0.51201 72.5 -10.7 1.40 1.79 
95-45 0.70787±2 0.51223±1 0.70764 0.51218 42.5 -7.4 1.25 1.77 
95-61 0.70865±2 0.51184±1 0.70835 0.51180 52.6 -14.8 1.97 2.19 
T2 
95-51 0.70996±2 0.51193±1 0.70961 0.51189 70.4 -13.1 1.51 1.84 
95-54 0.70822±2 0.51181±1 0.70802 0.51178 48.0 -15.2 1.42 1.73 
95-66 0.71022±2 - 0.70977 - 72.8 - - - 
95-68 0.71021±2 0.51193±1 0.70975 0.51188 72.5 -13.2 1.59 1.91 
95-81 0.70911±2 0.51198±1 0.70893 0.51194 60.9 -12.1 1.41 1.77 

amph+bt dacite 
95-31A 0.70856±3 0.51200±1 0.70833 0.51197 52.4 -11.6 1.23 1.61 
95-31B 0.70848±2 0.51202±1 0.70826 0.51198 51.4 -11.4 1.28 1.67 
95-40 0.71160±3 0.51172±1 0.71135 0.51169 95.1 -16.9 1.44 1.72 
95-85 0.71067±2 - 0.71005 - 76.8 - - - 
95-89 0.70974±2 - 0.70929 - 65.9 - - - 
2-pyroxene dacite 
95-43B 0.70855±2 0.51208±1 0.70795 0.51205 46.9 -10.0 1.07 1.50 
Early TA 
95-3b 0.70814±2 - 0.70801 - 47.8 - - - 
95-8 0.70734±2 0.51158±1 0.70717 0.51154 35.9 -19.9 2.16 2.30 
95-16 0.70738±2 0.51155±1 0.70718 0.51151 36.0 -20.5 2.20 2.33 
95-17A 0.70736±2 0.51156±1 0.70718 0.51152 36.0 -20.2 2.19 2.32 
95-49 0.70733±2 0.51158±1 0.70713 0.51154 35.3 -19.9 2.16 2.30 
Early TB 
95-5 0.70687±2 0.51198±1 0.70673 0.51194 29.7 -12.1 1.35 1.71 
95-9 0.70733±2 0.51226±1 0.70730 0.51221 37.7 -6.7 0.94 1.50 
high Nb/L a 
95-1 0.70708±2 0.51238±1 0.70677 0.51234 30.2 -4.3 0.73 1.43 
95-2 0.70856±2 0.51232±1 0.70810 0.51228 49.1 -5.4 0.85 1.47 
95-4 0.70880±2 0.51224±1 0.70832 0.51219 52.2 -7.1 1.00 1.54 
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Geochemistry: Ar/Ar analyses 

Sample 40/39 38/39 37/39 36/39 39Ar 40*/39 J Age +- 

Mineral Seperates Amounts 39Ar cc STP x 10e-12 (Ma) (Ma) 
95-15 
biol 7.573 0.014 0.205 0.002 28.890 6.902 0.000004 62.05 0.98 
bio2 6.591 0.013 0.101 0.001 76.594 6.324 0.000005 56.93 0.81 
bio3 6.677 0.014 0.058 0.001 80.618 6.404 0.000005 57.65 0.82 
bio4 6.448 0.014 0.025 0.001 93.717 6.218 0.000005 56.00 0.78 
bio5 6.342 0.014 0.057 0.001 99.629 6.178 0.000005 55.65 0.78 
bio6 6.435 0.013 0.150 0.001 55.314 6.200 0.000005 55.84 0.67 
NO 6.937 0.014 0.075 0.001 113.181 6.548 0.000005 58.92 0.61 
bio8 6.688 0.014 0.014 0.001 133.384 6.401 0.000005 57.61 0.70 
NO 6.577 0.014 0.059 0.001 56.806 6.200 0.000005 55.83 0.63 
biolO 6.653 0.014 0.068 0.001 129.417 6.370 0.000005 57.35 0.43 
biolO 6.609 0.014 0.046 0.001 112.823 6.278 0.000005 56.52 0.79 
95-43a 
biol 6.654 0.014 0.061 0.001 75.086 6.427 0.000005 57.85 0.85 
bio2 6.452 0.014 0.004 0.001 23.778 6.191 0.000005 55.76 1.07 
bio3 6.554 0.013 0.019 0.001 105.965 6.345 0.000005 57.12 0.65 
bio4 6.190 0.014 0.003 0.000 17.022 6.044 0.000005 54.46 1.74 
bio5 6.633 0.014 0.020 0.001 70.514 6.371 0.000005 57.35 0.78 
bio6 6.704 0.014 0.010 0.001 46.908 6.440 ' 0.000005 57.97 0.61 
bio7 6.659 0.013 0.022 0.001 34.611 6.302 0.000005 56.74 1.06 
bio8 6.515 0.013 0.040 0.001 75.059 6.245 0.000005 56.24 0.70 
NO 6.891- 0.014 0.039 0.002 65.964 6.339 0.000005 57.07 0.93 
biolO 6.985 0.014 0.032 0.002 218.401 6.511 0.000005 58.59 0.92 
biol1 6.974 0.014 0.009 0.002 39.885 6.290 0.000005 56.64 0.91 

95-43b 
biol 7.116 0.014 0.000 0.002 69.311 6.490 0.000005 58.40 0.72 
bio2 6.696 0.014 0.008 0.002 71.185 6.208 0.000005 55.91 0.63 
bio3 6.394 0.013 0.003 0.001 30.094 6.167 0.000005 55.55 0.78 
bio4 6.765 0.014 0.007 0.002 101.663 6.235 0.000005 56.15 0.55 
bio5 7.193 0.015 0.111 0.004 8.573 5.899 0.000006 53.16 2.99 
bio6 6.320 0.013 0.013 0.001 76.225 6.159 0.000005 55.47 0.79 
bio7 6.454 0.013 0.013 0.000 67.035 6.362 0.000005 57.27 0.52 
bio8 6.885 0.014 0.011 0.001 114.123 6.538 0.000005 58.83 0.88 
NO 7.349 0.014 0.007 0.003 69.751 6.585 0.000005 59.25 0.92 
biolO 6.598 0.014 0.016 0.001 144.296 6.290 0.000005 56.63 0.58 

359 



360 Appendix C 

Sample 40/39 38/39 37/39 36/39 39Ar 40*/39 J Age 

Mineral Seperates (continued) Amounts 39Ar cc STP x 10e-12 (Ma) (Ma) 
95.43b 

amp! 12.409 0.018 12.563 0.010 5.452 9.522 0.000002 85.06 5.37 

amp2 9.952 0.030 84.330 0.016 0.920 5.089 0.000008 45.96 21.73 

amp3 15.700 0.034 74.760 0.025 2.109 8.317 0.000003 74.51 11.61 

amp4 8.864 0.046 75.197 0.019 1.341 3.179 0.000020 28.85 18.65 

amp5 9.247 0.050 122.291 0.001 0.812 8.890 0.000003 79.54 30.22 

amp6 16.257 0.031 47.816 0.025 3.719 8.821 0.000003 78.94 6.67 

amp7 10.142 0.016 2.887 0.009 48.773 7.543 0.000004 67.71 1.60 

amp8 7.743 0.016 2.639 0.006 50.687 5.868 0.000006 52.89 0.75 
amp9 19.390 0.050 104.947 0.031 2.530 10.192 0.000002 90.89 7.87 
amplO 13.188 0.026 13.874 0.020 4.497 7.237 0.000004 65.01 6.33 

ampl1 9.543 0.023 35.460 0.010 6.570 6.652 0.000005 59.84 4.33 
amp12 7.275 0.020 40.419 0.006 4.867 5.595 0.000006 50.46 5.71 

amp13 46.942 0.051 102.693 0.086 1.835 21.505 0.000000 186.70 18.94 

amp14 10.165 0.017 3.970 0.012 22.569 6.654 0.000005 59.86 1.85 

amply 7.215 0.019 48.587 -0.004 1.578 8.266 0.000003 74.07 17.32 

amp16 13.411 0.033 79.329 0.014 1.980 9.279 0.000002 82.94 13.80 

amp17 11.776 0.018 23.497 0.012 11.103 8.195 0.000003 73.44 3.47 
ampl8 6.533 0.015 8.306 0.001 12.233 6.219 0.000005 56.01 1.79 
amp19 13.801 0.020 46.521 0.005 4.071 12.262 0.000001 108.81 9.01 
amp20 76.511 0.021 13.209 0.018 18.768 71.065 0.000000 555.13 7.71 
amp2l 210.904 0.152 64.355 0.428 4.228 84.302 0.000000 642.01 30.92 

amp22 12.994 0.019 25.130 0.014 12.830 8.819 0.000003 78.91 4.74 

amp23 10.228 0.019 31.250 0.008 11.605 7.809 0.000003 70.05 3.29 

amp24 18.053 0.024 20.305 0.025 17.729 10.578 0.000002 94.25 2.85 

amp25 9.205 0.016 14.565 0.008 6.145 6.912 0.000004 62.14 5.09 
amp26 31.010 0.033 42.912 0.024 2.763 24.038 0.000000 207.47 10.73 
amp27 7.558 0.015 1.252 0.006 151.849 5.645 0.000006 50.91 1.01 
amp28 10.933 0.018 39.075 0.011 10.163 7.765 0.000003 69.66 2.76 
95-43a 

ampl 8.026 0.020 21.554 0.005 6.987 6.694 0.000004 60.21 3.64 
amp2 11.398 0.019 43.494 0.016 6.217 6.619 0.000005 59.55 5.66 
amp3 14.971 0.025 52.091 0.021 6.153 8.662 0.000003 77.54 5.80 
amp4 11.248 0.019 30.847 0.013 8.203 7.384 0.000004 66.31 3.14 
amps 7.268 0.017 18.819 0.002 8.671 6.666 0.000005 59.97 2.87 
amp6 6.215 0.016 17.922 0.000 3.051 6.194 0.000005 55.78 8.11 
amp7 10.043 0.017 3.730 0.011 25.205 6.708 0.000004 60.33 1.71 
amp8 25.065 0.033 48.233 0.041 2.456 12.841 0.000001 113.79 10.00 
amp9 11.109 0.018 19.457 0.012 17.000 7.558 0.000004 67.84 2.18 
amplO 20.554 0.026 32.999 0.031 10.350 11.446 0.000002 101.77 5.50 



Geochemistry: Ar/Ar analyses 361 

Sample 40/39 38/39 37/39 36/39 39Ar 40*/39 1 Age +. 

Whole-rocks Amounts 39Ar cc Si'? x IOe-12 (Ma) (Ma) 
95-4 

1 2.676 0.014 1.499 0.002 0.031 2.180 0.00004 19.83 1.23 
2 2.730 0.014 1.892 0.001 0.024 2.565 0.00003 23.31 1.64 
3 2.970 0.015 1.941 0.001 0.022 2.574 0.00003 23.39 2.82 
4 2.653 0.014 1.850 0.002 0.031 2.036 0.00005 18.53 1.25 
5 2.843 0.014 1.796 0.002 0.018 2.337 0.00004 21.25 3.28 
6 2.681 0.013 1.391 0.001 0.013 2.351 0.00004 21.38 4.96 

95.17c 
1 3.274 0.016 1.228 0.001 0.019 3.064 0.00002 27.81 3.47 
2 4.335 0.015 1.008 0.005 0.029 2.952 0.00002 26.80 1.67 
3 3.150 0.015 1.011 0.002 0.024 2.558 0.00003 23.25 2.03 
4 2.797 0.014 1.065 0.002 0.023 2.164 0.00004 19.69 2.14 
5 2.828 0.014 1.196 0.003 0.020 1.957 0.00005 17.82 2.45 
6 3.437 0.016 4.586 0.005 0.017 1.838 0.00006 16.73 2.92 
7 3.913 0.017 2.324 0.005 0.026 2.412 0.00003 21.93 1.87 
8 6.112 0.017 3.136 0.006 0.019 4.271 0.00001 38.65 2.09 
9 2.915 0.015 0.973 0.002 0.032 2.297 0.00004 20.89 1.20 

10 3.247 0.016 1.112 0.004 0.028 2.065 0.00005 18.79 1.76 
95.2 

1 3.763 0.014 1.497 0.003 0.013 2.996 0.00002 27.19 3.65 
2 3.533 0.014 2.003 0.004 0.012 2.424 0.00003 22.04 8.65 
3 3.649 0.015 1.628 0.001 0.016 3.210 0.00002 29.13 2.47 
4 4.149 0.014 2.151 0.005 0.015 2.693 0.00003 24.47 2.64 
5 3.871 0.016 2.025 0.003 0.014 2.972 0.00002 26.98 2.70 
6 3.635 0.014 1.959 0.003 0.013 2.682 0.00003 24.37 2.85 
7 3.887 0.014 2.236 0.004 0.012 2.578 0.00003 23.43 3.18 
8 3.844 0.015 3.186 0.006 0.008 2.152 0.00004 19.57 4.53 

95-37 
1 2.756 0.012 2.521 0.002 0.013 2.181 0.00004 19.84 4.47 
2 3.312 0.012 2.409 0.002 0.011 2.857 0.00002 25.95 3.30 
3 3.661 0.015 2.557 0.004 0.018 2.426 0.00003 22.06 3.42 
4 3.109 0.014 3.054 0.004 0.009 1.853 0.00006 16.87 4.27 
5 3.713 0.015 2.662 0.004 0.019 2.598 0.00003 23.61 3.17 
6 3.266 0.014 2.369 0.001 0.009 2.828 0.00002 25.68 3.99 
7 3.358 0.015 2.638 0.003 0.015 2.389 0.00003 21.72 2.53 
8 3.238 0.014 2.377 0.002 0.017 2.552 0.00003 23.19 3.53 

95-18 
1 4.587 0.015 2.582 0.005 0.018 3.124 0.00002 28.35 2.15 
2 4.473 0.016 3.108 0.005 0.014 3.056 0.00002 27.74 3.01 
3 4.785 0.016 4.209 0.008 0.016 2.535 0.00003 23.04 2.68 
4 4.382 0.016 3.291 0.010 0.011 1.384 0.00010 12.62 4.27 
5 4.306 0.016 2.579 0.004 0.017 3.017 0.00002 27.38 3.97 
6 4.056 0.014 2.597 0.006 0.012 2.221 0.00004 20.20 3.09 
7 5.505 0.014 3.561 0.010 0.015 2.541 0.00003 23.09 3.98 
8 4.297 0.015 2.652 0.005 0.014 2.872 0.00002 26.08 2.63 

95.17b 
1 3.188 0.012 3.030 0.000 0.016 3.236 0.00002 29.36 3.80 
2 2.532 0.015 3.258 -0.001 0.017 2.700 0.00003 24.53 2.22 
3 2.895 0.014 3.211 0.002 0.013 2.332 0.00004 21.21 4.71 
4 2.902 0.014 3.341 0.000 0.020 2.794 0.00003 25.38 2.41 
5 2.619 0.014 3.484 0.001 0.014 2.345 0.00004 21.32 3.58 
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Appendix D: Geochemical Modelling 

Appendix D contains a variety of miscellaneous calculation methods, model constants, 

mineral compositions and partition co-efficients (Dmineral/melt) used in geochemical 

modelling this study: 

Dl: Isotope Geochemistry 

All initial isotopic ratios were calculated from measured data using the equations: 

(87Sr/86Sr)measured = (87Sr/86Sr)initiai + 87Rb/86Sr (eXlt-1) 

(143Nd/144Nd)measured = (143Nd/144Nd)initial + 147Sm/144Nd(0,2t_1) 

where %I = 1.42 x 10-11 yrl and X2 = 6.54 x 10-12 yrl and 

87Rb/86Sr = 2.891 x (Rb/Sr) and 147Sm/144Nd = 0.602 x (Sm/Nd). 

The epsilon (c) notation is calculated after the method of DePaolo and Wasserburg (1976) 

and the following constants have been used when calculating eNd, eSr and Nd model ages, 

where CHUR is the 'chondritic uniform reservoir' and DM is the depleted mantle: 

87Sr/86Srbulk 
earth = 0.7047; 87Rb/86Srbulk 

earth = 0.085; 

143Nd/144NdCHUR(today) = 0.51262; 147Sm/144NddHUR(today) = 0.1967; 

143NdJ144NdDM(today) 
= 0.5131; 147Sm/144NdDM(today) = 0.2238. 
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366 Appendix D 

D2: Major Element Modelling 

Table D1 lists all the mineral compositions used in major element least squares modelling. 

All mineral compositions used are from the database reported in Appendix C except for K- 

feldspar and apatite which were taken from Deer, Howie and Zussman (1966). 

D3: Partition co-efficients (Dmineral/melt) 

Table D2 lists the partition co-efficients (DmineraUmelt) compiled from the literature to model 

processes of fractional crystallisation in Chapter Four. 

Table D3 lists the partition co-efficients and parameters used to model processes of partial 

melting of mantle peridotite (after Thirwall et al., 1994). 

Finally, Table D4 lists the partition co-efficients and parameters used to model processes of 

partial melting and fractional crystallisation involving HFSE-bearing phases in Chapters Five 

and Seven. 
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