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Abstract 

 

A significant part of the North American Cordillera contains a discontinuous north-

northwestern trending chain of Eocene volcanic centers (e.g., the Challis-Kamloops volcanic belt), 

intermittently spanning > 2000 km from southern Idaho and Wyoming in the northwestern United 

States to central British Columbia in western Canada. The core area of this study is southern end 

of the Challis-Kamloops volcanic belt, specifically the Absaroka, central Idaho Challis, and 

Lowland Creek volcanic provinces of the central North American Cordillera. This study shows 

that a combination of regional differences in porphyry mineral systems (e.g., Cu- vs. Mo-

dominated), combined with volcanic types and bulk rock geochemistry of igneous rocks, can be 

used to help decipher complex tectonomagmatic origins. Comparative Sr/Y versus wt% SiO2 and 

(Eu/Eu*)/Yb data (e.g., mean Sr/Y = 77.1), coupled with Cu-porphyry deposits associated with an 

230-km-long belt of stratovolcanoes, supports an arc origin for the Absaroka volcanic province. 

The central Idaho Challis volcanic province has chemical indices not conducive to Cu-porphyry 

mineralization (e.g., mean Sr/Y = 24.0), which, coupled with the presence of Mo-porphyry 

mineralization and a lack of stratovolcanoes, supports an extensional tectonomagmatic origin. 

Together, the disparate types of porphyry ore deposits, geochemical, and geologic data is used to 

create a new regional tectonic model to for the origins of the Absaroka, central Idaho Challis, and 

Lowland Creek volcanic provinces that involves the uneven subduction, tearing, and eventual 

foundering of the Farallon plate between 55 – 45 Ma.  
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Chapter 1 - Introduction 

 

A major part of the North American Cordillera contains a discontinuous north-

northwestern trending chain of Eocene volcanic centers, intermittently spanning > 2000 km from 

southern Idaho and Wyoming in the northwestern United states to central British Columbia in 

western Canada (Dostal & Jutras, 2021). This magmatic belt, termed the Challis-Kamloops 

volcanic belt, is composed of a series of distinct semi-isolated volcanic provinces (Dostal & Jutras, 

2021). The core area of this thesis is the Absaroka, central Idaho Challis, and Lowland Creek 

volcanic provinces of the current northern Rocky Mountain region, in the western and southern 

end of the Challis-Kamloops volcanic belt (Figure 1.1).  

Eastward subduction of the Farallon plate beneath North America led to arc magmatism 

along the Cordilleran margin, which was accompanied by inboard deformation, during the 

Mesozoic (Armstrong & Ward, 1991; Dickinson, 2004). By the Late Cretaceous to Early Eocene, 

an increased rate of shortening across the foreland of the Sevier-Laramide orogen is recorded by 

shortening in the thin-skinned, Sevier fold and thrust belt (Dickinson et al., 1988; DeCelles, 2004; 

Wells et al., 2012). By ~54 - 49 Ma, a transition from shortening to extensional collapse of the 

thrust belt was underway and marked the end of the Laramide Orogeny (Constenius, 2003; Wells 

et al., 2012; Thoresen et al., 2024). In the northern Rockies, specifically northwest Wyoming, 

Idaho, and southwest Montana (USA), this tectonic change was accompanied by Challis-Absaroka 

province magmatism (Figure 1.2), as well as the development of extensional basins, more of which 

are adjacent to and associated with the Challis volcanic province (Janecke & Snee, 1993; Janecke 

et al., 1997; Schwartz & Schwartz, 2013). Regional metamorphic core complexes also started to 

form during the incipient period of extension (Howlett et al., 2021; Schwartz et al., 2019).  
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Figure 1.1 - Paleogeographic map of the northern Rockies and Pacific northwest (U.S.) and 

southern Canada at ~50 Ma. Also depicted are the Absaroka, Challis, and Lowland Creek 

volcanic provinces and ages when active (Norman & Mertzman, 1991;McKervey, 1998; 

Hiza, 1999; Feeley et al., 2002; Lindsay & Feeley, 2003; Dudás et al., 2010), early volcanism 

in the Dillon volcanic field (Fritz et al., 2007); Siletzia collision induced “Breakoff-belt” 

magmatism (Tepper et al., 2023), Challis-Kamloops volcanic belt(Dostal and Jutras, 2001), 

Montana/Great Plains alkalic province (Dudás and Harlan, 1999; Duke, 2009), early 

Clarno volcanism(Appel, 2002; Bestland et al., 2002), Wyoming craton extent (Bedrosian 

and Frost, 2023), Cordilleran core complexes and their cooling ages (Howlett et al., 

2021),the inferred extent of Siletzia (Schmandt and Humphreys,2011), northern slab tear in 

Siletzia (Anderson et al., 2024), and slab tear along southern margin of Siletzia, separating 

steep-dipping, from shallow-dipping slab segments (Humphreys, 2009). Basemap© 2013 

Colorado Plateau Geosystems Inc. 

 

Challis-Absaroka magmatism is often suggested to represent the first “stage” of the ignimbrite 

flareup that swept southward across the central Cordillera from ~50 to 18 Ma (e.g., south through 

Nevada) (Figure 1.1) (Lipman et al., 1972; Coney, 1978; Best et al., 2016). This assertion directly 

links the sweep of magmatism to the effects of the Siletzia Plateau accretion (ca. ~51 – 48 Ma), 

causing removal of the shallow subducting Farallon Plate and exposure of the thinned and hydrated 
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lithosphere to the infilling asthenosphere, generating voluminous magmatism (Humphreys, 2009; 

Best et al., 2016; Eddy et al., 2017; Humphreys & Grunder, 2022; Tepper & Clark, 2024). As the 

shallow slab was steepening and breaking off, it was apparently torn along a slab tear that extended 

northwestward, separated by a steeply dipping slab segment to the north, from a shallower-dipping 

segment to the south (Figure 1.1) (Humphreys, 2009; Colgan et al., 2011; Sigloch, 2011; Camp et 

al., 2017). The northern region, overlain by most of the Challis-Kamloops volcanic belt, was 

essentially over a slab window, or slab-free region (Figure 1.1) (Breitsprecher et al., 2003; Tepper 

& Clark, 2024). Siletzia accretion and this induced Farallon slab breakoff also led to establishment 

of the Cascades arc, ca. ~46 Ma, though that has been recently called into question by Tepper and 

Clark (2024). 

 

Figure 1.2 - Graph showing the timeline of regional volcanism, including the division of the 

Washburn, Sunlight, and Thorofare Creek groups of the Absaroka volcanic province 

(Norman & Mertzman, 1991; McKervey, 1998; Hiza, 1999; Feeley et al., 2002; Lindsay & 

Feeley, 2003; Dudás et al., 2010; Gaschnig et al., 2011; Scarberry, 2019) and significant 

regional tectonic events ((Humphreys, 2009; Best et al., 2016; Eddy et al., 2017; Humphreys 

& Grunder, 2022; Tepper & Clark, 2024 Thoresen et al., 2024). 
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The 54 – 44 Ma Absaroka volcanic province (Figure 1.2) consists of a northwest-trending 

series of stratovolcanoes, shield volcanoes, and dike swarms located mainly in northwestern 

Wyoming and extending into southern Montana (Sundell, 1993; Lindsay & Feeley, 2003; Feeley, 

2003). The ~50 – 45 Ma central Idaho Challis volcanic province (Figure 1.2) were sourced from 

mafic and intermediate fissure vents and intermediate to felsic calderas in central and southwestern 

Idaho and is the largest Eocene volcanic province in comparison to other regional Eocene volcanics 

(Norman & Mertzman, 1991; Sanford, 2005; Dostal & Jutras, 2021). The ~52.9 – 48.6 Ma 

Lowland Creek volcanic province, is subordinate in volume to Challis and Absaroka provinces, 

but generally is temporally coincident and consists of an elongated northeast-southwest trending 

volcanic field made up of at least one caldera complex with resurgent domes in western Montana 

(Figure 1.2) (Dudás et al., 2010).  

An often-overlooked component of regional Eocene magmatism in the central Cordillera, 

and the Challis and Absaroka provinces, are coeval, and temporarily coincident, porphyry mineral 

systems. Many porphyry ore systems originate from magmatically dominated hydrothermal fluids 

and most known Cu-porphyry deposits are genetically related to intermediate to felsic (52 – 77 wt 

% SiO2) calc-alkaline magmas (e.g., hypabyssal intrusions below arc volcanoes) in volcanic arcs 

above active subduction zones (Richards, 2009; Ridley, 2013). Although magmas with these 

characteristics most commonly form directly in response to inputs from the subduction zone, it is 

also possible to extract compositionally and isotopically similar magmas, and associated 

hydrothermal systems, from upper plate lithosphere that has been modified by prior subduction 

processes (Richards, 2009; Holwell et al., 2019). These systems are inferred to be in response to a 

variety of mechanisms such as lithospheric thickening and thermal rebound, subcontinental 

lithospheric mantle (SCLM) delamination, or lithospheric extension (Richards, 2009). In contrast 
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to Cu-rich porphyry systems that characterize volcanic arcs, porphyry systems can also be 

dominated by Mo-rich mineral systems (Taylor et al., 2012). Porphyry systems in extensional 

settings are usually less Cu-rich and dominated by Mo and W, and associated with high-Si rhyolite 

magmas, often sourced from calderas (Seedorff et al., 2005; Taylor et al., 2012). Thus, porphyry 

mineralization styles, combined with magma types and the physical volcanology of volcanoes for 

a given volcanic province, have the potential to clarify the tectono-magmatic origins of enigmatic 

belts of magmatism.  

 The geodynamic context for Eocene magmatism in the central Cordillera, including the 

Challis-Kamloops belt, is still debated (Glazner, 2022). Proposed tectonic models include the 

subduction of the Farallon plate (shallow or steeply dipping), coupled with post ~50 Ma rollback 

(Coney & Reynolds, 1977; Feeley et al., 2002; Dostal et al., 2003; Lindsay & Feeley, 2003; Li et 

al., 2021; Tikoff et al., 2023) or regional extension resulting from the post-Laramide orogenic 

plateau collapse (Norman & Mertzman, 1991; Gaschnig et al., 2011; Dostal & Jutras, 2021).  

 The goal of this study is to show that a combination of regional differences in porphyry 

mineral systems (e.g., Cu- vs. Mo-dominated) can be used, in combination with volcanic types and 

bulk rock geochemistry of igneous rocks, to decipher complex tectonomagmatic origins. This will 

be applied to the Eocene Absaroka, central Idaho Challis, and Lowland Creek volcanic provinces 

in the central region of the North American Cordillera to decipher their controversially complex 

tectono-magmatic origin.  
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Chapter 2 - Background of Regional Volcanic Provinces 

 

2.1 Introduction 

 The key volcanic provinces of this study include the Absaroka volcanic province 

predominantly in Wyoming, the central Idaho Challis volcanic province, and the Lowland Creek 

volcanic province of western Montana. The selection of volcanic provinces is based on the 

availability of literature, geochemical data, age, and proximity to each other at the southern end of 

the Challis-Kamloops belt. Additionally, notable Eocene volcanic units exist throughout this 

region of the North American Cordillera, including the Dillon volcanics of Montana. However, 

this study does not include these units due to insufficient available or existing geochemical and 

isotope data. This chapter provides a general overview, geologic background, and geochemical 

analysis of the Absaroka, central Idaho Challis, and Lowland Creek volcanic provinces.  

 

2.2 Absaroka Volcanic Province 

 The Absaroka volcanic province consists of a northwest-trending belt of stratovolcanoes, 

shield volcanoes, dike swarms, lavas, pyroclastic deposits, and thick packages of volcaniclastic 

sedimentary strata located predominantly in northwestern Wyoming, extending into southern 

Montana and part of eastern Idaho (Figure 2.1) (Chadwick, 1970; Smedes & Prostka, 1972; Fritz, 

1982; Sundell, 1993; Feeley, 2003; Lindsay & Feeley, 2003). The Absaroka volcanic province 

comprises ~30,000 km3 of basaltic to rhyolitic rocks distributed over an area exceeding 23,000 

km2, occupying a shallow Laramide foreland basin that formed concurrently with surrounding 

basement uplifts (Sundell, 1993; Feeley, 2003; Lindsay & Feeley, 2003). Based on field 

relationships and stratigraphy of the Eocene volcaniclastic and igneous units, the Absaroka 
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Supergroup is divided into the 54 Ma northern Washburn group, the 49 Ma Sunlight group, and 

the 47 Ma southern Thorofare Creek group (Figure 2.1) (Smedes & Prostka, 1972; Sundell, 1993).  

 

Figure 2.1 - Regional map of the Eocene Absaroka Volcanic Supergroup, separated by age 

of volcanism (53 Ma Washburn Group in red; 49 Ma Sunlight Group in yellow; 47 Ma 

Thorofare Creek Group in magenta), stratigraphy and geological unit mapping. Subset 

map is of the Absaroka Volcanic Province. Yellowstone National Park is highlighted in 

white for reference location. Dark bule line denotes the boundary between the eastern high-

K shoshonitic belt and western low-K calc-alkaline belt (Vuke et al., 2013; Wyoming State 

Geological Survey, 2013; U.S. Geological Survey, 2013; U.S. Geological Survey, 2023). 
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40Ar/39Ar dates from volcanic and intrusive rocks of the Absaroka volcanic province yield ages 

from 53 – 45 Ma, following or overlapping the latest phases of Laramide deformation (Hiza, 1999; 

Feeley et al., 2002; Feeley, 2003; Lindsay & Feeley, 2003). The Laramide orogenic belt, extending 

from New Mexico to Canada, is characterized by basement-cored uplifts and associated basins that 

formed during the Cretaceous and early Paleogene (Lageson et al., 2022). Uplift of the Archean 

basement accommodated horizontal crustal shortening across the Laramide foreland regionally 

(Lageson et al., 2022).  

 

2.2.1 Geologic History 

 The Absaroka volcanic province rests unconformably on deformed Paleozoic to Mesozoic 

sedimentary strata and on the Wyoming Province’s high-grade metamorphic and igneous crustal 

basement. This Archean craton underlies much of Wyoming, Montana, and southeastern Idaho 

(Figure 1.1) (Lindsay & Feeley, 2003; Bedrosian & Frost, 2023). Seismic refraction studies 

indicate that the continental crust beneath the Absaroka volcanic province is ~45 – 50-km-thick 

with the overall lithospheric thickness estimated to be at least 170-km-thick (Prodehl & Lipman, 

1989; Iyer & Hitchcock, 1989; Feeley, 2003). The bulk of Absaroka volcanic province magmas 

erupted beginning with the 54 - 52 Ma Washburn group, followed by the 49 – 48 Ma Sunlight 

group, and ending with the 47 – 44 Ma Thorofare Creek group (Hiza, 1999; Feeley et al., 2002; 

Feeley, 2003; Lindsay & Feeley, 2003). The Absaroka volcanic province consists of 13 major 

volcanic centers situated along the subparallel western low-k (calc-alkaline) belt and eastern high 

– K (shoshonitic) belt (Figure 2.1) (Feeley, 2003). Although some of the Absaroka volcanic 

province is in Yellowstone National Park, it is much older and unrelated to the < 2.1 Ma 

Yellowstone Plateau volcanic field (Lindsay & Feeley, 2003). These nearly parallel belts likely 



9 

reflect the occurrence of deep structural control (e.g., lithosphere-scale) on controlling magma 

ascent and thus stratovolcano occurrence (Chadwick, 1970; Feeley, 2003). 

 

2.2.1.1 Wyoming Province 

 The Wyoming province is one of several large Archean cratonic blocks within the core of 

North America and located south of the Medicine Hat Block and Herne Province and west of the 

Superior Province (Figure 1.1) (Bedrosian & Frost, 2023). The Wyoming province, exposed in the 

cores of Laramide foreland uplifts, consists mainly of Neoarchean (2.8 – 2.6 Ga) granitoid 

intrusions, supra-crustal belts, and older gneiss (Yonkee & Weil, 2015). The lithosphere of the 

Wyoming province has a distinctive velocity structure that distinguishes it from adjacent younger 

lithosphere (Foster et al., 2006). Lithospheric thickness is estimated to be at least 170 km based on 

a weak low-velocity zone between 170 – 225 km depth (Prodehl & Lipman, 1989; Lindsay & 

Feeley, 2003).  

 

2.2.1.2 Laramide Orogeny 

 The Laramide orogenic event in the western United States consisted of basement-involved 

uplifts with intervening basins and inboard migration of igneous activity from the continental 

margin magmatic arc in the western interior of the U.S. during the late Cretaceous-early Cenozoic 

(Dickinson, 2004; Yonkee & Weil 2015; Heller & Liu, 2016; Carrapa et al., 2019). Laramide-style 

(basement-involved) deformation formed east of the Sevier thrust front (Figure 1.1) in the western 

United States Cordillera (Jackson et al., 2019). During the late Cretaceous in southwestern 

Montana and northwestern Wyoming, the orogen consisted of an outboard accretionary belt, a 
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continental-margin magmatic arc, and an eastward verging retroarc fold-thrust belt (Carrapa et al., 

2019). 

 Regional Laramide deformation is broadly coincident with eastward shifting and local 

shutdown in arc magmatism, interpreted to record the developmental region of low-angle to 

shallow-slab subduction along the Cordilleran margin, with or without the involvement of a 

subducted oceanic plateau (e.g., conjugate Shatsky or conjugate Hess plateaux) (Liu et al., 2010; 

Weil & Yonkee, 2012; Copeland et al., 2017). Crustal weakening, resulting from lower-crustal 

hydration, has been invoked to explain the co-location of more extensive basement involved 

foreland shortening of the Laramide foreland (Erslev et al., 2022). Association of crustal hydration, 

caused by low-angle subduction, may have detached previously stable continental crust, and 

caused Laramide-style basement-involved detachment into the center of the North American 

continent (Erslev et al., 2022).  

 

2.2.1.3 Post-Laramide Collapse and Extension (Eocene – Oligocene) 

 A transition from shortening to extension marked the end of the Laramide orogeny (Wells 

et al., 2012; Weeks, 2022). Shortening ended between 54 – 51 Ma and extensional collapse of the 

thrust belt began by 49 Ma (Wells et al., 2012). Eocene extension was driven by the combination 

of gravitational potential energy resulting from thickened Sevier-Laramide crust, removal of the 

Farallon slab, upwelling asthenosphere, and a decrease in compressional forces across the plate 

boundary (Constenius, 1996; Wells et al., 2012). Eocene extension affected a wide region, 

including southwestern Montana and adjacent Idaho (Constenius, 1996; Schwartz & Schwartz, 

2013).  
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2.2.2 Geochemistry of the Absaroka Volcanic Province 

 The Absaroka volcanic province suite is composed mainly of rocks with a broad spectrum 

of mafic to intermediate compositions with well-defined calc-alkaline arrays (Figure 2.2A) (Hiza, 

1999). Samples from the Washburn Group form a medium- to high-K calc-alkaline suite in 

composition from basaltic andesite through rhyolite (Feeley et al., 2002). Sunlight and Thorofare 

Creek Group lavas have a wider range of compositions than the Washburn Group, with dominant 

basaltic trachyandesitic and trachyandesitic rock types (Hiza, 1999). Washburn Group rocks are 

dominantly subalkaline (e.g., calc-alkaline) (Figure 2.2B). 

 Major element diagrams for the sample suite (Figure 2.3) show strong linear arrays for 

wt% FeO*, TiO2, and CaO decreasing compared to an increase in wt% SiO2 (Feeley et al., 2002). 

Additionally, the Washburn Group rocks have positive arrays for wt% Na2O and K2O compared 

to wt% SiO2. The remaining major elements of the Washburn, Sunlight, and Thorofare Creek 

Group samples have more dispersed chemical data distributions (Feeley et al., 2002).  

 The Absaroka volcanic province samples suite (Figure 2.4) is broadly characterized by 

enrichment of large ion lithophile elements compared to primitive mantle (Lindsay & Feeley, 

2003). The suite is also characterized by a relative depletion in high field strength elements 

compared to primitive mantle (Lindsay & Feeley, 2003). The Thorofare Creek Groups has the least 

amount of variation in trace element compositions compared to the Washburn and Sunlight 

Groups. The Washburn and Thorofare Creek Group have less depletion in high field strength 

elements compared to the Sunlight Group.  

 The Nd and Sr isotope ratios for the Washburn Group rocks have relationships of many 

other volcanic suites resulting from assimilation of or mixing with continental crust, suggesting 

that crustal material was important to their genesis (Feeley et al., 2002). Whole-rock Sr and Nd 
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isotope data for the Sunlight Group suggests crustal contamination, crystallization differentiation, 

and crystal accumulation were important for their creation (Feeley & Cosca, 2003). The overall 

arrays in Sr and Nd isotopes for the Thorofare Creek Group rocks suggest that magma is sourced 

from progressively shallower sources, followed by a deeper mantle source (e.g., primarily 

lithospheric) (Hiza, 1999; Feeley, 2003). 

 

 

Figure 2.2 - (A) Total alkali versus silica diagram for the Absaroka volcanic province 

(Washburn Group shown by green triangles; Sunlight Group shown by blue squares; 

Thorofare Creek Group shown by black stars) with the Le Maitre et al., (1989) 

classification. (B) AFM diagram for the subalkaline series of the Absaroka volcanic 

province (Hiza, 1999; Feeley et al., 2002; Lindsay & Feeley, 2003). 
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Figure 2.3 - Major element versus silica diagrams of the Washburn, Sunlight, and 

Thorofare Creek Groups of the Absaroka volcanic province (symbols same as in Figure 

2.2) (Hiza, 1999; Feeley et al., 2002; Lindsay & Feeley, 2003). 
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Figure 2.4 - Primitive mantle-normalized multi-element diagrams using the normalization 

of Sun and McDonough (1989) for the Absaroka volcanic province divided into the 

Washburn, Sunlight, and Thorofare Creek unit Groups and a comparative diagram of the 

entire sample suite (Hiza, 1999; Feeley et al., 2002; Lindsay & Feeley, 2003). 

 

2.3 Central Idaho Challis Volcanic Province 

 The central Idaho Challis volcanic province, referred here as the Challis volcanic province, 

comprises mafic, intermediate, and silicic lavas and tuffs, as well as interbedded volcaniclastic 

deposits, that were sourced from fissure vents and calderas in central and southwestern Idaho 

between ~50 – 45 Ma (Figure 2.5) (Norman & Mertzman, 1991; Dostal & Jutras, 2021). The 

Challis volcanic province is the largest Eocene volcanic province in comparison to other regional 

volcanic provinces like the Absaroka and Lowland Creek volcanics (Sanford, 2005; Dostal & 

Jutras, 2021). Where well documented, Challis volcanic province pyroclastic deposits and lavas 



15 

are up to 2.5 km-thick and overall, deposits cover > 25,000 km2 area (Sanford, 2005; Dostal & 

Jutras, 2021). The eruptive history of the Challis volcanic province is divided into early effusive 

volcanism, followed by caldera-forming ash-flow tuff eruptions, and late-stage intrusions of domes 

and plugs (Sanford, 2005). Challis volcanic province rocks have high-K, calc-alkaline 

compositions and include minor shoshonites (Norman & Mertzman, 1991; McKervey, 1998; 

Dostal & Jutras, 2021).  

 Depositional relationships of the Challis volcanic province are complex due to a large 

topographic relief on the pre-Challis surface, the multitude of volcanic centers, and the relative 

inaccessibility of exposures (Sanford, 2005). The Challis volcanic province was deposited on an 

irregular pre-volcanic terrane consisting of Precambrian through Cretaceous batholiths and 

sedimentary strata with more than 300 m of structural and topographic relief (McKervey, 1998). 

Compression and peak metamorphism were associated with significant crustal thickening, 

suggesting that the Challis volcanic province erupted through continental crust that was ~40 – 45-

km-thick (McKervey, 1998).  

 

2.3.1 Geologic History 

 Challis magmatism in Idaho was a brief, voluminous magmatic event that resulted in thick 

accumulations of effusive and explosive volcanics (McKervey, 1998). The two general groups 

identified within the Challis volcanic province consist of a lower sequence of mafic to intermediate 

lavas and an upper sequence of more silicic ash-flow tuffs and lavas (Norman & Mertzman, 1991). 

The lower sequence of the Challis volcanic province overlies a basal conglomerate and is 

predominantly mafic-intermediate effusive lavas and breccias with minor pyroclastics derived 
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from scattered vent and small down complexes (McKervey, 1998). The upper sequence is overlain 

by multiple explosive eruptions derived from large, nested caldera complexes (McKervey, 1998).  

 

Figure 2.5 - Map of the Eocene central Idaho Challis volcanic province, divided into the 

Challis volcanics and Challis intrusives. Caldera structural boundaries are estimated, 

outlined in white. The Trans-Challis Fault System is shown in blue. Subset shows the 

regional location of the central Idaho Challis volcanic province, highlighted in red. Not 

depicted are Eocene rocks mapped as Challis volcanics south of the Snake River plain (e.g., 

Owyhee Mountains and vicinity, ID) (Lewis et al., 2012; Vuke et al., 2013; U.S. Geological 

Survey, 2019; U.S. Geological Survey, 2022; U.S. Geological Survey, 2023). 
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2.3.1.1 Idaho Batholith 

 The 98 – 53 Ma Idaho batholith is unique from other major North American Cordillera 

batholiths, because it is primarily characterized by peraluminous compositions and emplaced in 

Precambrian continental crust (Gaschnig et al., 2011). The other Cordilleran batholiths are 

characterized by primarily metaluminous compositions and found mostly within accreted juvenile 

crust (Gaschnig et al., 2011). All units of the Idaho batholith are cut by Eocene plutons and dikes, 

associated with the Challis volcanic province in east-central Idaho (Gaschnig et al., 2011). These 

intrusives are depicted on Figure 2.5.  

 

2.3.1.2 Trans-Challis Fault System 

 A prominent regional structural feature known as the Trans-Challis Fault System appears 

to influence the nature of the Challis volcanic province magmatism (McKervey, 1998). The Trans-

Challis Fault System is a northeast-trending zone up to 24-km-wide of numerous, closely spaced, 

Eocene normal faults (McKervey, 1998). Situated on this tectonic lineament are some of the major 

caldera structures of the Challis volcanic province, major grabens, numerous late-stage dike 

swarms, and significant porphyry mineralization (McKervey, 1998).  

 

2.3.2 Geochemistry of the central Idaho Challis Volcanic Province 

 Challis volcanic province rocks are predominantly basaltic-trachyandesites, 

trachyandesites, and dacites (Figure 2.6A) (McKervey, 1998). Challis intrusives are dominantly 

dacite, trachydacite and trachyte, and rhyolite. The Challis sample suite plot as transitional 

subalkaline to mildly alkaline (McKervey, 1998). The Challis volcanic province rocks plot 

dominantly calc-alkaline (Figure 2.6B). With increasing wt% SiO2 (Figure 2.7), the concentrations 

of TiO2, FeO, MgO, CaO, and P2O5 in the Challis volcanic province samples tend to decrease. In 
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the Challis volcanic units Al2O3, Na2O, and K2O increase, while the Challis intrusives decrease in 

Al2O3 with increasing wt% SiO2 (Norman & Mertzman, 1991; McKervey, 1998; Gaschnig et al., 

2011). 

 

Figure 2.6 - Figure 2.6 - (A) Total alkali versus silica diagram for the Challis Volcanic 

Province with the classification of Le Maitre et al. (1989). (B) AFM diagram for the 

subalkaline series of the Challis volcanic province (volcanics from Norman & Mertzman, 

1991; McKervey, 1998; intrusives from Gaschnig et al., 2011). 
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Figure 2.7 - Major element versus silica variation diagrams of the Challis volcanics and 

Challis intrusives of the Challis volcanic province (Norman & Mertzman, 1991; McKervey, 

1998; Gaschnig et al., 2011). 
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 The Challis volcanic province sample suite (Figure 2.8) is characterized by the enrichment 

of large ion lithophile elements and by a relative depletion in the high field strength elements 

relative to primitive mantle (Norman & Mertzman, 1991; McKervey, 1998; Gaschnig et al., 2011). 

Both units have similar patterns of rare earth element distributions compared to the Absaroka 

volcanic province. The Nd, Sr, and Pb isotopic ratios for the central Idaho Challis volcanic 

province rocks reflect partial melting of enriched lithospheric mantle and melts that variably 

interacted with continental crust (Norman & Mertzman, 1991; McKervey, 1998; Gaschnig et al., 

2011). The Nd and Sr isotopic ratios for the effusive products of the central Idaho Challis volcanic 

province reinforce these interpretations (Norman & Mertzman, 1991; McKervey, 1998).  

 

Figure 2.8 - Primitive mantle-normalized multi-element diagrams using the normalization 

of Sun and McDonough (1989) for the Challis volcanic province divided into the Challis 

volcanics, the Challis intrusives, and comparative diagrams (Norman & Mertzman, 1991; 

McKervey, 1998; Gaschnig et al., 2011). 
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2.4 Lowland Creek Volcanic Province 

 The Lowland Creek volcanic province (Figure 2.9) in western Montana is an elongated 

northeast-southwest trending volcanic field that fills a half-graben bounded on the southeast by an 

Eocene age normal fault that displaces the upper Cretaceous Boulder batholith (Dudás et al., 2010). 

The Lowland Creek volcanic province is divided into six laterally discontinuous units that form 

two cycles (Smedes, 1962; Dudás et al., 2010). The lower cycle consists primarily of tuffs, tuff 

breccias, and volcaniclastic sedimentary rocks, where the upper cycle consists dominantly of lavas 

(Dudás et al., 2010). 

 

Figure 2.9 - Regional map of the Eocene Lowland Creek Volcanic Province showing local 

deformation structures and LCVP caldera boundary. Subset shows the regional location of 

the Lowland Creek Volcanic Province (Foster, 1987; Vuke et al., 2013; Geological Survey, 

2013). 
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            The 40Ar/39Ar dates of the Lowland Creek volcanic province show magmatism occurred 

from ~52.9 to 48.6 Ma, establishing that it was active contemporaneously with the calc-alkaline 

Absaroka and Challis magmatic events (Dudás et al., 2010). The volume and size of the Lowland 

Creek volcanic province require the participation of mantle melts as a heat source, though erupted 

products of this province only have a limited compositional range from andesite to rhyolite (Dudás 

et al., 2010; Young-Dahl, 2021).  

 

2.4.1 Geologic History 

  The Lowland Creek volcanic province covers an estimated area of about 2000 km2 and 

has an aggregate thickness of 2 km (Smedes, 1962; Dudás et al., 2010). The Lowland Creek 

volcanic province can be characterized by multiple large, tuff-forming eruptions characterized by 

caldera complexes with a resurgent dome complex northwest of Butte, Montana (Dudás et al., 

2010).  In most places, the Lowland Creek volcanic province directly overlies rocks of the upper 

Cretaceous Boulder batholith and the Elkhorn Mountain Volcanics (Dudás et al., 2010).  

 

Boulder Batholith 

 The upper Cretaceous aged Boulder batholith encompasses about 4000 km2 in southwest 

Montana (du Bray et al., 2012). The batholith lies in the Helena embayment of the Mesoproterozoic 

belt Supergroup and the foreland of the Late Cretaceous fold and thrust belt (du Bray et al., 2012). 

The Boulder batholith consists of a series of related plutons emplaced into Mesoproterozoic to 

Mesozoic sedimentary rocks and into cogenetic rocks of the Late Cretaceous Elkhorn Mountains 

Volcanics (du Bray et al., 2012).  
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2.4.2 Geochemistry of the Lowland Creek Volcanic Province 

The whole rock compositions of the Lowland Creek volcanic province lavas and tuffs range 

from 60 – 76 wt% SiO2 and range from andesite to rhyolite (Figure 2.10A) (Dudás et al., 2010). 

Moderately to strongly altered rhyolitic and rhyodacitic tuffs are volumetrically dominant with the 

Lowland Creek volcanic province, but dacite is the dominant lithology among the less altered lavas 

(Dudás et al., 2010). The major element compositions of the Lowland Creek volcanic province are 

subalkaline and calc-alkaline, with somewhat elevated alkali element contents in rocks above ~70 

wt% SiO2 (Figure 2.10B) (Dudás et al., 2010). With increasing wt% SiO2 (Figure 2.11), Al2O3, 

MgO, FeO, TiO2, Cao, and P2O5 concentrations in the Lowland Creek volcanic province sample 

suite show linear decreasing arrays (Dudás et al., 2010). K2O has a more diffuse positive array 

with increased wt% SiO2 content, while Na2O has no identifiable array (Dudás et al., 2010). The 

Lowland Creek volcanic province sample suite (Figure 2.12) is characterized by the enrichment of 

LILEs and a relative depletion in the high-field strength elements, relative to primitive mantle 

(Dudás et al., 2010). The Nd and Pb isotopic compositions of the Lowland Creek volcanic province 

rocks suggest that the province is the product of mixing between the lithospheric mantle and lower 

and middle crust (Dudás et al., 2010). 
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Figure 2.10 - (A) Total alkali versus silica diagram for the Lowland Creek volcanic 

province with the classification of Le Maitre et al. (1989). (B) AFM diagram for the 

Lowland Creek volcanic province (Dudás et al., 2010; Scarberry, 2019). 
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Figure 2.11 - Major element versus silica variation diagrams of the Lowland Creek 

volcanic province (Dudás et al., 2010; Scarberry, 2019). 
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Figure 2.12 - Primitive mantle-normalized multi-element diagram using the normalization 

of Sun and McDonough (1989) for the Lowland Creek volcanic province (Dudás et al., 

2010; Scarberry, 2019). 
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Chapter 3 - Background of Regional Porphyry Mineral Systems 

 

3.1 Introduction 

 Porphyry ore systems originate from high-temperature magmatic hydrothermal fluids and 

are called “porphyry deposits” because of the porphyritic texture of the mineralized intrusions 

(Pirajno, 2009). Porphyry Cu ± Mo ± Au deposits are intrusion centered and are formed at ~1 to 

7-km-depth, by fluids exsolved from magmas emplaced at ~5 to 15-km-deep in the upper crust 

(Richards, 2009; Park et al., 2021). The ore zones in porphyry deposits are a thick-walled, inverted 

“cup” over the parent intrusion (Amdt et al., 2015). Most known deposits are genetically related 

to intermediate to felsic (52 - 77 wt% SiO2) calc-alkaline magmas in volcanic arcs (Richards, 2003; 

Richards, 2009; Ridley, 2013). Copper porphyry deposits are directly linked to the petrogenesis of 

arc magmas, and derive their fundamental characteristics (e.g., relatively high oxidation state and 

enrichment in alkalies, S, Cl, H2O, metals, and metalloids) from subduction processes and 

metal(loid)-rich lithospheric mantle (Richards, 2003; Richards, 2009). 

 Arc magmas area enriched in H2O, Cl, S and moderately oxidized (ΔFMQ = +1 to +2) 

relative to most other mantle derived magmas (ΔFMQ ≤ 0) (Richards, 2021). These magmas are 

predominantly formed by partial melting of the metasomatized wedge of asthenospheric mantle 

(Richards, 2003; Richards, 2009). Although magmas with these characteristics most commonly 

form directly in response to inputs from the subduction zone, it is also possible to extract 

compositionally and isotopically similar magmas from upper plate lithosphere that has been 

modified by prior subduction processes (Richards, 2009). Crustal thickness influences porphyry 

mineralization through volume of magmatic activity, timing of sulfide saturation, chalcophile 

element fertility and emplacement depth (Park et al., 2021). Thick crust (> 40 km) can influence 
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and create the necessary conditions for porphyry Cu deposits, while thin crust (< 40 km) increases 

Au-rich porphyry Cu ore formation (Richards, 2003; Holwell et al., 2019; Park et al., 2021). Thick 

crust can also force deep crystallization of garnet-bearing cumulates that drive the oxidation 

associated with Cu mobilization and porphyry Cu deposits (Lee & Tang, 2020); much of this 

crystallization occurs at the base of the crust in MASH (e.g., melting-assimilation-storage-

hybridization) zones (Hildreth & Moorbath, 1988; Richards, 2003). Garnet will preferentially 

incorporate Fe2+, thus the resultant magma becomes enriched in Fe3+, and more oxidized. The 

higher oxidation state leads to sulfide oxidation, where Cu is liberated into magmatic fluids (Lee 

& Tang, 2020). High La/Yb and Sr/Y ratios in arc magmas most likely reflect deep crustal garnet 

fractionation (as well as possible amphibole stability and melting of deep crustal plagioclase), with 

Yb and Y being compatible in garnet (Lee & Tang, 2020). As a result, Sr/Y and (Eu/Eu*)/Yb, 

another trace element ratio indicative of deep crustal magma fractionation have been utilized as 

proxies for Cu-fertility in magmas (Loucks, 2021). In this scheme, Sr/Y > 35 and (Eu/Eu*)/Yb > 

2 reflect Cu-fertile magmas, while Sr/Y < 35 and (Eu/Eu*)/Yb < 2 characterize Cu-infertile 

magmas (Loucks, 2021; Lamont et al., submitted).  

Porphyry Cu deposit formation is likely influenced and controlled by repeating, short-lived 

(e.g., ~3 m.y.) magmatic and hydrothermal injections (Mercer et al., 2015).  The location of Cu 

porphyry systems (and coeval volcanic localizations) in the crust also appears to be partially 

controlled by fault systems, which act to focus coeval magmatism and porphyry-system 

development. For example, inherited trans-lithospheric fault systems apparently control the 

location of Au-rich Cu porphyry systems along the Central and South America Cordillera margin 

(Farrar et al., 2023; Wiemer et al., 2023).   
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 As the magmas ascend into the upper crust, evolved melt further crystallizes and 

depressurizes, resulting in exsolution of dissolved volatiles which can either be brought to the 

surface through volcanic eruptions, fumarolic emissions, or form subsurface hydrothermal systems 

(Richards, 2021). Metal(loid)s dissolved in the magma preferentially partition into the magmatic 

fluids, resulting in their precipitation into economic porphyry, epithermal, and skarn deposits 

enriched in Cu, Mo, Au, and other similarly volatile elements (Richards, 2009; Saunders & 

Brueseke, 2011; Richards, 2021). Some porphyry deposits were also apparently formed from 

hydrous magmas derived by partial remelting of the metasomatized lithospheric roots and hydrous 

cumulate zones of former arc systems, as well as in regions devoid of volcanism but characterized 

by overthickened crust and lower-mid-crustal anatexis (Richards, 2009; Lamont et al., submitted). 

In the former, these systems are inferred to be in response to a variety of mechanisms that might 

generate magmatism, such as lithospheric thickening and thermal rebound, subcontinental 

lithospheric mantle delamination, or lithospheric extension (Richards, 2009). In the latter, the Cu-

porphyry mineralization has been suggested to result from previously enriched (in metals and 

metalloids) mafic and felsic lower crustal rocks that then undergo crustal melting, generating 

metal(loid)-rich metals and ultimately porphyry Cu-systems (Lamont et al., submitted).  

 While porphyry Cu-systems generally have predominantly mantle sources, porphyry Mo-

systems can be contributed by a subducting slab or lithospheric crust (Seedorff et al., 2005). Arc-

related porphyry Mo-systems form in similar tectonic environments as many porphyry Cu-

systems, and are considered to be an end-member or transitional spectrum of porphyry Cu-Systems 

(Taylor et al., 2012). The alkali-feldspar rhyolite-granite porphyry Mo-systems, or Climax type 

Mo-systems, formed in extensional environments (Taylor et al., 2012).    
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3.2 Absaroka Porphyry Mineral Systems 

 Mineralization associated with the Absaroka volcanic province generally occurs as 

disseminations and stockwork in intensely altered rock, and in fractures and veins that transect 

both mineralized intrusives and vent-series wall rocks (Hausel, 1982). Cu, Mo, and trace Au 

occupy the central portion of the provinces porphyry complexes and give way to Zn, Pb, and Ag 

ores laterally away from the centers of the complexes (Hausel, 1982). The primary districts and 

mineralized intrusives in the Absaroka volcanic province lie along a prominent north- northwest 

structural trend located several miles east of the Yellowstone National Park border (Figure 3.1) 

(Hausel, 1982), but overall effectively align with both different belts of Absaroka volcanoes 

(Chadwick, 1971).  

 The 54 – 52 Ma Washburn Group only contains one primary area of mineralization, the 

New World-Cooke City district, which lies on the Montana Wyoming border (Figure 3.1) (Hausel, 

1982). The 50 – 48 Ma Sunlight Group contains three primary centers of mineralization and 

consists of the Sunlight, Eagle Creek, and Clouds Home Peak mineralized areas (Figure 3.1) 

(Hausel, 1982). The 47 – 44 Ma Thorofare Creek Group contains the greatest number of 

mineralized areas of the AVP, hosting the Kirwin-Wood River, Yellow Ridge, Birthday, Stinking 

Water, Robinson Creek, and Silver Creek mineralized areas (Figure 3.1) (Hausel, 1982). 
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Figure 3.1 - Regional map of the major mineralized areas of the Eocene Absaroka Volcanic 

Province, divided into the 54 – 52 Ma Washburn group, the 50 – 48 Ma Sunlight group, 

and the 47 – 44 Ma Thorofare Creek group. Yellowstone National Park is outlined in black 

for reference location. Blue dots represent the locations of the major Cu-porphyry systems 

(Hausel, 1982; Vuke et al., 2013; Wyoming State Geological Survey, 2013; U.S. Geological 

Survey, 2013; U.S. Geological Survey, 2023). Notice how the Cu-porphyry systems are 

intimately linked to Absaroka stratovolcanoes and hypabyssal dike swarms. 
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3.3 Challis Porphyry Mineral Systems 

 The dominant porphyry systems within the central Idaho Challis volcanic province are 

Eocene molybdenum dominated porphyry mineralized systems, where Mo is the principal 

potentially economic product (Worthington, 2007). While porphyry Cu is present within the 

province, the region is primarily dominated by Mo porphyry systems (Whitney, 1975; 

Worthington, 2007). The Tertiary porphyry deposits within the central Idaho Challis volcanic 

province are post-Laramide, upper Paleocene to Eocene (55 – 36 Ma), which includes a large area 

of the Sawtooth batholith and two major deposits in the Idaho porphyry belt (Worthington, 2007). 

The Idaho porphyry belt is a northeast trending linear zone of rhyolite dikes, mostly within the 

Idaho batholith (Worthington, 2007).  

 The two main deposits within the Idaho porphyry belt include the Little Falls and CUMO 

deposits located in Boise County, Idaho (Worthington, 2007). These deposits consist of northeast 

trending rhyolite dikes that cut the Idaho batholith with siliceous pyritic zones containing 

molybdenite and Cu-bearing minerals in thin quartz veins (Whitney, 1975; Worthington, 2007). 

The Red Mountain prospect and the Walton deposit are located within Custer County, Idaho 

(Worthington, 2007). The deposits consist of quartz stockworks and veins containing molybdenite 

in Eocene granite (Worthington, 2007). The White Mountain prospect is similar and occupies the 

same small stock as the Walton deposit (Worthington, 2007). Other Mo-rich deposits include the 

West Eight Mile deposit, Ima deposit, and Rocky Bar District, which all host molybdenite 

associated with either small dikes or mineralized stocks (Worthington, 2007). 
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Figure 3.2 - Regional map of the Eocene Challis volcanic province, divided into the Challis 

volcanics and Challis Intrusives showing caldera boundaries, regional deformation 

structures, and areas of Eocene mineralization. Blue dots represent the locations of the 

major mineralization (Worthington, 2007; Lewis et al., 2012; Vuke et al., 2013; U.S. 

Geological Survey, 2019; U.S. Geological Survey, 2022; U.S. Geological Survey, 2023). 
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3.4 Lowland Creek Porphyry Mineral Systems 

Evaluation of the Lowland Creek volcanic province indicates that the upper ash-flow tuff 

sequence erupted from a caldera (Foster, 1987). In the Lowland Creek volcanic province, Eocene 

epithermal precious metal systems are present and formed in response to caldera formation and 

accompanying hydrothermal system development (Foster, 1987). These include the Ruby mine 

(and associated prospects), the Tuxedo and Flume Gulch mines, and the Montana Tunnels gold 

deposit (Foster, 1987. No apparent porphyry mineralization is associated with the Lowland Creek 

volcanic province. 

 

Figure 3.3 - Regional map of the Eocene Lowland Creek volcanic province showing local 

deformation structures, caldera boundary, and mining locations. Blue dots represent the 

locations of the major mineralization (Foster, 1987; Vuke et al., 2013; U.S. Geological 

Survey, 2013). 



35 

Chapter 4 - Methods 

 

The mapping of volcanic provinces and porphyry mineral systems plays a crucial role in 

this study, providing visual identification of trends in the emplacement of these units. Shapefile, 

raster, and vector datasets were acquired from Idaho, Montana, and Wyoming state geological 

surveys and state organizations, as well as the United States Geological Survey (USGS), to create 

all maps in this study (Appendix A). Available raster datasets were merged and converted into 

hillshade using ESRI ArcGIS Pro before being overlayed with shapefiles of state boundaries 

collected from the state organizations, and the Absaroka, Challis, and Lowland Creek volcanic 

provinces collected from 500,000 and 100,000 scale geologic map shapefiles from the respective 

state geologic surveys. Geospatial data points for known mines and mine claims of Eocene 

porphyry mineral systems were downloaded from the state geological surveys and the USGS. 

These shapefile points were overlayed on the created maps to identify associated trends between 

these systems and the regional volcanic provinces.   

             Raw Absaroka, central Idaho Challis, and Lowland Creek volcanic provinces' 

geochemical data were compiled from relevant literature and online databases. A total of 248 

whole rock major and trace element analyses make up the sample suite used in this study. The 

Absaroka volcanic province is divided by the province Supergroup members with 67 samples for 

the Washburn Group (5 taken from Hiza (1999); 46 taken from Feeley et al. (2001);16 taken from 

Lindsay & Feely (2003)), 35 samples for the Sunlight Group (8 taken from Hiza (1999); 27 taken 

from Feeley (2003)), and 10 samples for the Thorofare Creek Group (taken from Hiza (1999)) for 

a total of sample suite of 112. The central Idaho Challis province consists of 108 samples divided 

into Challis intrusives (8 samples taken from Gaschnig et al. (2011)) and Challis volcanics (100 
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samples taken from McKervey (1998)). The Lowland Creek volcanic province samples suite 

consists of 28 samples (13 samples taken from Dudás et al. (2010); 15 samples taken from 

Scarberry (2019)). In all the major element data collected, iron was presented as either FeOT or 

Fe2O3
T and was adjusted to the ratio of FeO and Fe2O3 using the Le Maitre (1976) method for 

volcanic rocks (data used can be found in the supplemental file). With the ratio between FeO and 

Fe2O3 determined, the major element data was recalculated to anhydrous. 

 Literature and data on regional porphyry mineral systems were compiled from available 

literature. A total of 21 regional mineralized areas are examined in this study. A total of 10 Eocene 

age mineralized areas for the Absaroka volcanic province are taken from Hausel (1982). A total of 

7 mineralized areas for the central Idaho Challis volcanics are taken from Worthington (2007). A 

total of 4 mineralized areas for the Lowland Creek volcanic province are taken from Foster (1987). 

The information shows locations of mines and claims, ore and igneous geochronology, and the 

region’s associated mineralization of ore systems within the Absaroka, central Idaho Challis, and 

Lowland Creek volcanic provinces. 
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Chapter 5 - Results and Discussion 

 

5.1 Results 

The Absaroka volcanic province consists of basaltic to rhyolitic stratovolcanoes, shield 

volcanoes, and dike swarms which erupted between 54 – 44 Ma (Figure 5.1). The northwest-

trending belt erupted through the 170 km-thick lithosphere of the Wyoming Craton. The central 

Idaho Challis volcanic province is comprised of basaltic andesite to rhyolite fissure vent and 

caldera eruptions that occurred between ~50 – 44 Ma (Figure 5.1). The Lowland Creek volcanic 

province formed due to trachyandesite to rhyolitic caldera eruptions between 53 – 49 Ma (Figure 

5.1). The Challis and Lowland Creek volcanics erupted through thinner (90 – 120 km-thick) 

lithosphere. 

 

Figure 5.1 - Comparative total alkali versus silica diagram for the Absaroka (blue squares), 

central Idaho Challis (red circles), and Lowland Creek volcanic provinces (yellow crosses) 

with the Le Maitre et al., (1989) classification grid (Absaroka data: Hiza, 1999; Feeley et 

al., 2002; Lindsay & Feeley, 2003) (Challis data: Norman & Mertzman, 1991; McKervey, 

1998; Gaschnig et al., 2011) (Lowland Creek data: Dudás et al., 2010; Scarberry, 2019). 
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Figure 5.2 - Comparative major element versus silica variation diagrams of the Absaroka, 

central Idaho Challis, and Lowland Creek volcanic provinces (symbols same as in Figure 

5.1) (Absaroka data: Hiza, 1999; Feeley et al., 2002; Lindsay & Feeley, 2003) (Challis data: 

Norman & Mertzman, 1991; McKervey, 1998; Gaschnig et al., 2011) (Lowland Creek data: 

Dudás et al., 2010; Scarberry, 2019). 
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Figure 5.3 - Comparative trace element versus silica diagrams for the Absaroka, central 

Idaho Challis, and Lowland Creek volcanics (symbols same as in Figure 5.1) (Absaroka data: 

Hiza, 1999; Feeley et al., 2002; Lindsay & Feeley, 2003) (Challis data: Norman & Mertzman, 

1991; McKervey, 1998; Gaschnig et al., 2011) (Lowland Creek data: Dudás et al., 2010; 

Scarberry, 2019). 

 

Comparative major element diagrams for the Absaroka, central Idaho Challis, and Lowland 

Creek volcanic provinces show strong negative arrays for wt% FeO*, TiO2, and CaO vs. wt% SiO2 

and slightly more scattered arrays for wt% MgO and P2O5 vs. wt% SiO2 that decrease compared 

to an increase in wt% SiO2 (Figure 5.2). All three volcanic provinces show variable increases of 

wt% K2O and Na2O in a scattered array with increasing wt% SiO2 (Figure 5.2). The Absaroka and 
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central Idaho Challis volcanic provinces show an array with an increase in wt% Al2O3 between 45 

– 65 wt% SiO2 before transitioning to a decreasing array that matches with the Lowland Creek 

volcanic province for wt% SiO2 contents greater than ~65 wt% (Figure 5.2). 

The variation in trace element concentrations vs. SiO2 is shown in Figure 5.3 for all three 

provinces. The diagrams show that trends in enrichment and depletion relative to wt% SiO2 are 

similar for all three localities for SiO2 concentrations between 45 – 77 wt% SiO2. All three volcanic 

provinces show similar general patterns of enrichment in LILE and depletion of HFSE compared 

to primitive mantle (Figure 5.4). The Absaroka volcanic province shows more depletion in Th, Nb, 

Zr, Ti, Y, Yb, and Lu and more enrichment in U and Pb compared to the central Idaho Challis and 

Lowland Creek volcanic province (Figure 5.3; Figure 5.4). The central Idaho Challis volcanic 

province shows more enrichment in Cs, La, Nd, Zr, Sm, Eu, and Dy compared to the Absaroka 

and Lowland Creek volcanic provinces (Figure 5.3; Figure 5.4). The comparative primitive 

mantle-normalized diagram for all three provinces follows similar enrichment and depletion trends 

between 45 – 77 wt% SiO2 with some anomalous enrichment in the more silica-rich samples. The 

Lowland Creek volcanic province shows more depletion in Ba and Sr compared to the Absaroka 

and central Idaho Challis volcanic provinces in the primitive mantle-normalized diagram, but Ba 

and Sr concentrations decrease with increasing wt% SiO2 for both the Absaroka and central Idaho 

Challis volcanic province (Figure 5.3; Figure 5.4).  

The major mineral systems associated with the Absaroka volcanic province consist of Cu-

dominated porphyry deposits that spatially are linked to the same north-northwestern trend of the 

Absaroka volcanoes (e.g., Absaroka Cu-porphyry systems are only found where eroded 

stratovolcanoes exist). In a plot of Sr/Y versus wt% SiO2 (Figure 5.5A) the Absaroka volcanics lie 

predominantly within the porphyry Cu-fertile zone of Loucks (2021), having a range of Sr/Y 
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values between 27.2 to 247.3 and a mean value of 77.1. The lowest Sr/Y values for the Absaroka 

volcanics are from the samples taken from the Washburn Group, while the highest values are from 

the Thorofare Creek Group. The Absaroka volcanics also plot within the Cu-fertile magma region 

on the Sr/Y versus (Eu/Eu*)/Yb diagram (Figure 5.4B), having Sr/Y > 35 and (Eu/Eu*)/Yb > 2.  

In contrast, the central Idaho Challis volcanics contain Mo-dominant porphyry mineral 

systems throughout the province, with rare occurrences of W-Cu porphyry systems. These 

volcanics have Sr/Y values that are predominantly < 35, ranging from 1.7 to 69.7 and having a 

mean value of 24.9, plotting within the porphyry Cu-infertile region of the Sr/Y vs. SiO2 diagram 

(Figure 5.4A). The Sr/Y vs. (Eu/Eu*)/Yb (Figure 5.4B) values for the central Idaho Challis 

volcanic province sample suite follow the same pattern. The zones of mineralization for the central 

Idaho Challis volcanic province are situated mainly around the vent facies of the province.  

The Lowland Creek volcanics have Sr/Y values ranging from 0.96 to 245.8, with a mean 

value of 53.2 (Figure 5.4A). Despite having values within the porphyry Cu-fertile range on the 

Sr/Y vs. SiO2 diagram, the Lowland Creek volcanic province is not known to contain any Eocene 

porphyry mineral systems.  
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Figure 5.4 – Primitive-mantle-normalized multi-element diagram using the normalization of 

Sun and McDonough (1989) (Absaroka data: Hiza, 1999; Feeley et al., 2002; Lindsay & 

Feeley, 2003) (Challis data: Norman & Mertzman, 1991; McKervey, 1998; Gaschnig et al., 

2011) (Lowland Creek data: Dudás et al., 2010; Scarberry, 2019). 

 

 

Figure 5.5 - (A) Sr/Y versus wt% SiO2 comparative diagram for the Absaroka, central Idaho 

Challis, and Lowland Creek volcanic province with the boundary for porphyry Cu-fertile 

magmas defined by Loucks, (2021) and Lamont et al. (submitted). (B) Sr/Y versus 

(Eu/Eu*)/Yb comparative diagram for available samples of the Absaroka and central Idaho 

Challis volcanic province using the fertile Cu-magma boundaries defined by Loucks (2021) 

and Lamont et al., (submitted). Symbols same as Figure 5.1. (Absaroka data: Hiza, 1999; 

Feeley et al., 2002; Lindsay & Feeley, 2003) (Challis data: Norman & Mertzman, 1991; 

McKervey, 1998; Gaschnig et al., 2011) (Lowland Creek data: Dudás et al., 2010; Scarberry, 

2019). 
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5.2 Discussion 

The mineralization associated with each of the volcanic provinces provides additional 

insight into their tectonomagmatic origin. The Cu-dominant porphyry systems associated with the 

Absaroka volcanic province follow the generally accepted style of formation within an arc or arc-

like environment based on the models of Richards (2009; -2021). The Sr/Y vs. wt% SiO2 and Sr/Y 

vs. (Eu/Eu*)/Yb diagrams support the arc-like genesis for the Absaroka volcanic province (Figure 

5.5). The timeline for Cu-porphyry system development proposed by Mercer et al. (2014) , further 

supports this theory, with the Absaroka volcanic province having multiple phases of volcanism 

over a few Mya timescale (Figure 5.6) that would resupply metals and provide a resurgence of 

heat for continued hydrothermal activity necessary for porphyry Cu development. In contrast, the 

central Idaho Challis volcanic province is dominated by porphyry Mo-systems and its Sr/Y vs. 

(Eu/Eu*)/Yb characteristics also align with a lack of Cu-porphyry systems, supporting the 

tectonomagmatic context that the central Idaho Challis volcanic province formed in an extensional 

environment, unrelated to subduction/compressional tectonics. The Lowland Creek volcanic 

province sample suite shows a decrease in Sr/Y as wt% SiO2 concentrations increases, suggesting 

that rocks in the province with more intermediate compositions could, potentially, host porphyry 

deposits. However, the Lowland Creek volcanic province is also not characterized by 

stratovolcano formation and was only active for a duration of ~4 Myr, neither of which are ideal 

for Cu-porphyry mineralization (Mercer et al., 2014; Richards, 2021). 



44 

 

Figure 5.6 - Graph showing the timeline of regional volcanism, including the division of the 

Washburn, Sunlight, and Thorofare Creek Groups of the Absaroka volcanic province 

(Absaroka data: Hiza, 1999; Feeley et al., 2002; Lindsay & Feeley, 2003) (Challis data: 

Norman & Mertzman, 1991; McKervey, 1998; Gaschnig et al., 2011) (Lowland Creek data: 

Dudás et al., 2010; Scarberry, 2019). 

  

5.2.2. Regional Tectonics and central Idaho Challis-Absaroka volcanism  

There are three major tectonic models used to describe the tectonomagmatic origin for the 

Challis-Absaroka volcanism. The tectonic model of Dostal and Jutras (2021) is focused on slab 

failure of the Farallon plate occurring because of a subduction blockage by the most buoyant 
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portion of Siletzia, coupled with lithospheric weaking induced by the Yellowstone hotspot (e.g., 

Siletzia “source”), and transtensional faulting caused by oblique subduction of the Juan de Fuca 

plate beneath the Cascadia subduction zone. The tectonic model of Feeley (2003) shows initial flat 

slab subduction of the Farallon plate before a separation occurs further west that supplies 

upwelling asthenosphere, as the slab founders away from the continental lithosphere. Both models, 

based on detailed Sr-Nd-Pb isotope studies of the Absaroka province by Feeley (2003), also show 

that Absaroka magmas were sourced either in the Archean lithospheric mantle, or at the base of 

that mantle (e.g., a substantial ancient lithospheric component in Absaroka magmas). The model 

discussed by Breitsprecher et al. (2003) is based on a northwest-southeastern slab tear creating a 

window that supplies the upwelling asthenosphere necessary for the formation of the central Idaho 

Challis and Absaroka volcanic provinces. The tectonic models developed for this study consider 

these previously developed models but is significantly different because it also includes the 

porphyry mineral systems and their constraints on possible sources of magmas, and thus 

tectonomagmatic origin. 

 

5.2.1. Proposed Tectonic Models for the Absaroka-Challis-Lowland Creek Volcanic Provinces 

Prior to the Farallon plate contacting the Wyoming craton, compressional tectonics and 

subduction aided the creation of the Sevier fold-thrust belt and the Laramide orogeny. As the 

shallowly subducting, and eastward moving Farallon plate contacted the lithosphere of the 170-

km-thick, westward moving, Wyoming Craton. At, or perhaps just before this contact, the thick 

North American lithosphere would have induced mantle-flow-related hydrodynamic (viscous) 

“suction” (O/Driscoll et al., 2009; Manea et al., 2012; Benowitz & Mann, in press) in the 

underlying mantle wedge, which acts to keep underlying slabs at shallow dips under continental 
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lithosphere (e.g., van Hunen et al., 2004; Manea & Gurnis, 2007; Rodriguez-González et al., 2012; 

-2014). Hydrodynamic “suction” has been documented in settings characterized with (e.g., van 

Hunen et al., 2004; Benowitz & Mann, in press) and without (e.g., Manea & Gurnis, 2007; 

O’Driscoll et al., 2009; Manea et al., 2009; Rodriguez-González et al., 2012; -2014) the presence 

of subducting oceanic plateaus or overthickened lithosphere. Thus, it is applicable to our model 

for Absaroka-Challis-Lowland Creek volcanism, regardless of whether an oceanic plateau, like the 

conjugate Shatsky rise, was subducted under North America. We estimate that sometime around 

55 Ma (Figure 5.7), a tear or break formed in the slab due to sudden variations in the depth of 

subduction. It is possible that this tear could have been induced as the subducting slab impacted 

existing basal topography of the Wyoming craton or previously subducted material under the 

craton (Klepeis et al., 2019). The timing of this tear correlates with the ending of the Laramide 

orogeny and likely corresponds physically to the “big break” imaged by Sigloch et al. (2008) and 

Sigloch (2011), between older and deeper segments of the geophysically imaged Farallon slab that 

lie under North America (e.g., “Laramide Slab”), and the currently subducting slab.  

As the subducting Farallon plate contacted the Wyoming Craton, the angle of subduction 

was altered and changed from shallow to steeper subduction underneath and shallow- to shallower-

slab subduction west of the Wyoming craton. the subduction angle underneath the Wyoming 

craton allowed for melt generation and the formation of a belt of arc-like volcanoes, the Absaroka 

volcanic province (e.g., the Absaroka Arc), beginning at 54 Ma. This slight steepening of a shallow 

slab is not unique and currently is present under the Trans-Mexico volcanic belt (Arce et al., 2020). 

Under the Wyoming craton in the Eocene, the slab would have stayed in the 130 ± 70 km depth 

threshold for arc magma generation and melt production (Isacks & Barazangi et al., 1977; England 

et al., 2004; Syracuse & Abers, 2006; van Kekan et al., 2011). Edge driven convection effects 



47 

along the western edge of the Wyoming craton would have acted to focus melts upward and help 

to explain the localization of the Absaroka Arc and why this arc-like magmatism was not more 

laterally widespread (King & Anderson, 1998; Jadamec & Billen, 2010; Kaislaiemi & van Hunen, 

2014; Brueseke et al., 2019). Similarly, more diffuse slab edge-driven upwelling to the east and 

north, has been proposed to explain the widespread alkaline magmatism in Montana, Wyoming, 

and South Dakota (Duke, 2009; Duke et al., 2014). Melts would have also been focused through 

the Wyoming craton lithosphere, as suggested by Chadwick (1970), along lithospheric fault 

systems like what has been documented in other volcanic arcs (Rabiee et al., 2020; Farrar et al., 

2023; Benowitz & Mann, in press).  

The northwestward tearing (breaking), and the resulting sudden variation in the depth of 

subduction of the Farallon plate at the northwestern edge of the Wyoming craton provided the 

necessary conditions for the formation of the Lowland Creek volcanic province at 53 Ma. At ~50 

Ma (Figure 5.8), the shallowly subducting Farallon plate detached from the subcontinental 

lithospheric mantle west of the Wyoming craton, likely due to the initial docking and insertion of 

Siletzia further to the west along the Cordilleran margin at 51 Ma (Figure 1.2), which initiated a 

localized magmatic flare-up (e.g., ~52 – 46 Ma “Breakoff Belt” magmatism in Washington; 

Tepper et al., 2023) and regional extension (Humphreys, 2009; Schmandt & Humphreys, 2011; 

Wells et al., 2014; Eddy et al., 2017; Tepper & Clark, 2024).  
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Figure 5.7 – Tectonic model for 55 Ma. (A - A’) Shallow subduction of the Farallon plate 

underneath the region of the central Idaho Challis and Lowland Creek volcanic provinces. 

(B – B’) Contact with the Wyoming craton initiated the “Big Break” (Sigloch et al., 2008; 

Sigloch, 2011) separating the Farallon plate from the “Laramide slab.” 
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Figure 5.8 – Tectonic model for 50 Ma. (A – A’) Slab tear propagates north and west as 

Farallon detachment occurred west and northwest of the Wyoming craton. (B – B’) 

Steepening of subduction angle and hydrodynamic (mantle wedge “suction” force under the 

Wyoming craton, coupled with toroidal flow around the slab edge, triggered subduction and 

Absaroka Arc magmatism. 

 

As the detached Farallon plate began to founder, extension across the region west of the 

Wyoming craton allowed for the formation of Challis volcanism due to channelized flow of 

asthenosphere between the lithosphere and the Farallon plate (Dostal & Jutras, 2021). Underneath 
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the craton, the arc-like subduction dynamics continued, and it is likely that focused mantle flow 

along the craton margin started to destroy the craton (e.g., Crow et al., 2011; Cooper et al., 2021), 

providing more lithospheric contributions to the Absaroka magmatism. The docking of Siletzia 

along the western margin of North America was completed by 49 Ma (Eddy et al., 2017), 

concurrent with the end of the Lowland Creek volcanic province. As extension continued, input 

from the toroidal flow focused along the foundering Farallon plate diminished, and the central 

Idaho Challis volcanic province ceased magmatism at ~45 Ma. As this segment of the Farallon 

plate foundered beneath the craton (Figure 5.9) (Sigloch et al., 2008; Sigloch, 2011) and rolled 

back to the south (Humphreys, 1995; Humphreys, 2009). Absaroka Arc magmatism ended ca. ~44 

Ma. 
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Figure 5.9 – Tectonic model for 44 Ma. (A – A’) Slab foundering occurred underneath the 

region of the central Idaho Challis and Lowland Creek volcanic provinces. (B – B’) Farallon 

plate detaches from underneath the craton.  
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Chapter 6 - Conclusions 

 

1) The Absaroka volcanic province was formed through subduction processes occurring 

around a slab edge, adjacent to the western margin of the Wyoming Craton. Notable 

lithospheric components identified in the geochemistry of the Absaroka volcanics can be 

attributed to interaction with the lithosphere as the magma made its way through the 170-

km-thick Wyoming craton or from melting of the subcontinental lithospheric mantle in 

response to asthenospheric melts emplaced at the lithosphere-asthenosphere boundary, in 

response to the change in subduction angle of the Farallon plate. The presence of Cu-

dominated porphyry deposits within the Absaroka volcanic province, coupled with the 

Sr/Y-SiO2 and Sr/Y-(Eu/Eu*)/Yb geochemistry (e.g., Cu-fertile magma), and the 

occurrence of the Cu-porphyry deposits centered on stratovolcanoes that would have 

resembled those of the modern Cascades, also suggests an arc origin for the Absaroka 

volcanic province. Absaroka magmas and related Cu-porphyry systems were emplaced and 

formed along lithosphere-scale fault corridors, that must reflect inherited structures in the 

Wyoming craton lithosphere. We also suggest that the hydrodynamic (viscous) mantle 

wedge “suction” forces of the Wyoming craton led to, or at a minimum, helped facilitate, 

shallow slab subduction at the western edge of the Wyoming craton. When the slab broke 

ca. ~55 Ma, Absaroka arc volcanism initiated at the dangling slab edge. Absaroka arc 

volcanism ended after Siletzia was fully accreted at 49 Ma. 

2) The central Idaho Challis volcanic province was formed through extensional processes 

caused by delamination and foundering of the ancestral Farallon plate (e.g., Laramide slab) 

after the hydrodynamic (viscous) mantle wedge “suction” forces of the plate under the 
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Wyoming province and additional strain brought about by the docking of Siletzia at ca. 

~51 - 49 Ma. The abundance of Mo-dominant porphyry mineral systems and a lack of Cu-

dominant porphyry mineral systems supports an extensional environment for the formation 

of the central Idaho Challis volcanics. Geochemical variations of the Challis volcanics in 

the Sr/Y vs. SiO2 and Sr/Y vs. (Eu/Eu*)/Yb geochemistry of Challis magmas support this 

theory, with the central Idaho Challis volcanic province plotting predominantly in the Cu-

infertile magmas region of the Cu-fertility discrimination diagram. 

3) The Lowland Creek volcanic province was likely formed due to a combination of uneven 

subduction, related to the tearing (breaking) of the Farallon plate as it subducted under the 

Wyoming Craton to the south and southeast, and slab-window or slab-edge toroidal flow 

around the foundering Laramide slab. While available Sr/Y data shows a variable depletion 

with increasing wt% SiO2, additional geochemical studies need to be conducted to better 

understand the formation of the Lowland Creek volcanic province.  

4) Porphyry mineralized systems associated with magmatism in complex tectonic 

environments are useful for helping to clarify the tectonism that dominates in a specific 

location (e.g., subduction vs. extension). The combination of economically significant 

mineral deposits, geological, and geochemical data allows for the creation of a complex 

tectonic model necessary to understand the tectonomagmatic origins of the Absaroka, 

central Idaho Challis, and Lowland Creek volcanic province. The subduction processes of 

the Laramide slab under this region were dynamic. The processes consisted of a change in 

the angle of subduction leading to the hydrodynamic (viscous) mantle wedge “suction” 

forces of the Farallon plate under the Wyoming Craton. To the west of this region, the 

Laramide slab is presumed to have foundered in response to these forces and release of the 
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plate under the Wyoming Craton, and/or strain induced by the docking of Siletzia to the 

western margin of North America.  

5) Additional work is still needed to align the tectonomagmatic model discussed here, with 

geodynamic models of the region during the Eocene. To fully understand the complexity 

of this region, there is a need for isotopic and additional geochemical data for the volcanic 

provinces, especially the central Idaho Challis and the Lowland Creek volcanic province.  
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Appendix A - GIS Data 

 

Appendix Figure A.1 – State boundary polygon shapefiles for the State of Idaho, State of 

Montana, and State of Wyoming using the NAD 1983 (2011) geographic coordinate system. 
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Appendix Figure A.2 – Geologic units polygon shapefiles for the State of Idaho, State of 

Montana, and State of Wyoming with symbology set to unique values and using unit name 

values. The geographic coordinate system is set to NAD 1983 (2011).  
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Appendix Figure A.3 – Geologic polyline files set to the NAD 1983 (2011) geographic 

coordinate system for the State of Idaho, State of Montana, and State of Wyoming.  
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Appendix Figure A.4 – Yellowstone National Park boundary shapefile using the NAD 1983 

(2011) geographic coordinate system.  
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Appendix Figure A.5 – National elevation 1 arc-second raster datasets: 46.001667 degrees 

to 42.998333 degrees and -112.001667 degrees to -107.998333 degrees (Absaroka volcanic 

region); 47.000556 degrees to 42.999444 degrees and -116.000556 degrees to -112.999444 

degrees (central Idaho Challis volcanic region); 47.000556 degrees to 44.999444 degrees 

and -114.000556 degrees to -111.999444 degrees (Lowland Creek volcanic region).    
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