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Abstract 

Basalts of the Eocene to Oligo-Miocene Dillon volcanic field Montana (U.S.A.) record 

the change from dominantly compression to extensional tectonics, within the northern Rocky 

Mountains and accordingly, also present across the North American Cordillera. The Dillon 

volcanic field is composed of lavas and intrusives that crop out across southwestern Montana, 

but most prominently in the Gravelly Range, where they define multiple eruptive centers (e.g., 

Black Butte, Lion Mountain, etc.). Prior work suggested lower Dillon volcanism-initiated ca. 

~50-39 Ma, which occurred adjacent to coevally with the 51-40 Ma central Idaho Challis and the 

54-44 Ma Absaroka volcanism. Multiple tectonic models have been proposed to explain the ~33-

16 Ma middle and upper Dillon volcanism (e.g., Farallon slab rollback, slab tearing/foundering, 

lithospheric drip), which erupted during the later period of regional extension and basin 

sedimentation.  

Dillon volcanic rocks have mainly high-K compositions, are primarily subalkaline, but 

include eruptions of small volume alkali basalts. The lower Dillon rocks tend to range from 

basaltic trachyandesites to basaltic andesites. Middle/upper Dillon rocks include basanite, 

trachybasalt, basalt, basaltic andesites, and basaltic trachyandesites. Basalts of the Dillon 

volcanics are often olivine rich with groundmass of clinopyroxene and plagioclase; however, 

middle/upper samples tend to contain titanaugite, reflecting their alkali compositions. Lavas, 

especially dikes and sills in the Gravelly Range, often contain small ~1-2 cm-wide crustal 

xenoliths, such as Eocene Renova formation sediment. Dikes and sills cut Renova strata, and 

some Dillon lavas overlying Renova sediments. These xenoliths, along with microscopic quartz 

xenocrysts, are evidence of crustal interaction, though assimilation-fractional crystallization 

modelling shows that this interaction had a small effect on the basalt bulk rock chemistry and 



their Sr-Nd isotope-compositions. Trace element and Sr-Nd isotope ratios of the lower Dillon 

volcanics display arc-like signatures, which we suggest reflect subduction of the Farallon plate 

(e.g., Ta/Th <0.2, 87Sr/86Sri 0.7072 - 0.7078; 143Nd/144Ndi 0.51204 - 51229). Middle and upper 

Dillon rocks have intermediate Ta/Th (0.2-0.6) coupled with Sr-Nd isotopes (87Sr/86Sr 0.7059 - 

0.7043; 143Nd/144Ndi 0.51204 - 0.51236) suggesting magma sources from metasomatized 

lithosphere mantle. Some middle/upper Dillon rocks have high Ta/Th (>0.6) with low 87Sr/86Sr 

(0.7043-0.7049) which might suggest an asthenosphere source, however, these rocks have lower, 

and thus more enriched, 143Nd/144Ndi (0.51203-0.51232), unlike any other documented regional 

Cenozoic volcanics and we suggest this likely reflects lower crustal interaction.   

We propose that the middle Dillon volcanics are sourced from metasomatized 

subduction-affected lithospheric mantle that melted after the initiation of slab tearing/rollback 

and upwelling asthenosphere. Eruptions of middle Dillon basalts occurred contemporaneously 

with the onset of regional extensional tectonics and Renova basinal strata deposition. Continued 

extension resulted in eruptions of the upper Dillon alkali basalts, which we show were sourced 

from asthenosphere that interacted with low crust (or possibly lithospheric mantle melts) and 

resulted in whole rock 87Sr/86Sri and 143Nd/144/Ndi ratios that resemble enriched mantle (e.g., 

EM1-like). 
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Chapter 1 - Introduction 

Basalt geochemistry provides insights into the petrogenesis of mafic magmatism and in 

combination with modeling and geological constraints, it can elucidate aspects of the regional 

tectonic setting associated with the generation of mafic mantle melts.  

Mafic rocks (basalts) are either sourced from lithospheric mantle or deeper 

asthenosphere. Basaltic magmas are relatively reliable for constraining the tectonic settings they 

form within due to their distinctive geochemical characteristics (Xia and Li 2019). Different 

tectonic settings (e.g., subduction, extension) and processes (e.g., metasomatism of continental 

lithospheric mantle from subducting oceanic lithosphere, decompression melting of upwelling 

asthenosphere mantle in extensional settings, flux-melting of asthenosphere in active subduction) 

impose distinctive geochemical and isotope signatures on the basaltic magmas produced. (Xia 

and Li 2019; Farmer et al., 2020; Farmer et al., 2024). 

Moreover, basalt whole rock incompatible element ratios and isotopic compositions can 

reveal whether they were sourced from lithospheric mantle and/or the asthenosphere and indicate 

crustal interaction, as well as record tectonomagmatic changes through time (Fitton et al., 1991; 

Xia and Li 2019; Farmer et al., 2020; Farmer et al., 2024). Trace element ratios and isotope 

analyses (e.g., Sr-Nd) are also useful in determining the effects of crustal assimilation, because 

contamination of melts may occur when magma ascends through thick continental crust. 

For example, in north-central Colorado (USA), chemical and isotopic analyses of Late 

Cretaceous and post-40 Ma volcanic rocks demonstrate compositional variations over geologic 

time that are interpreted to reflect changing mantle sources (Farmer et al., 2024). During the 

Cretaceous, low (<0.2) Ta/Th magmas were sourced from subduction-affected asthenosphere 

associated with flux melting (e.g., ñtypicalò continental arc volcanism) above a shallow dipping 
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subducting Farallon slab (Farmer et al., 2024). Regional foundering/roll-back of the Farallon slab 

marked the ending of compressional tectonics and the transition to post-40 Ma extensional 

tectonics (Crow et al., 2011; Abbot et al., 2022; Farmer et al., 2024). This resulted in 

asthenosphere upwelling and melting of lithospheric mantle, which is indicated by intermediate 

(0.2-0.6) Ta/Th mafic melts sourced from metasomatized lithospheric mantle (Farmer et al., 

2020; Farmer et al., 2024). In locations where extension is higher and continental lithosphere has 

undergone great degree of thinning, as in the Basin and Range of the western USA, 

decompression melting of upwelling asthenosphere occurs resulting in high (>0.6, ~1) Ta/Th 

basalt magmatism (Farmer et al., 2024). 

A similar sequence of changes is recorded in western Canada, where subduction was the 

dominant tectonic phenomena in the Eocene until the Northern Cordilleran slab window 

developed in the early Miocene, when asthenospheric mantle displaced the hydrated mantle 

wedge (Thorkelson et al., 2011). As a result, Eocene magmatism in western Canada, which is the 

product of subduction tectonics and associated mantle metasomatism, resulted in arc-like 

incompatible trace element ratios (La/Nb > 2:1, Nb/Zr < 0.15) (Thorkelson et al., 2011). 

Tectonic conditions changed, however, resulting in a hiatus in magmatism during the Oligocene 

until intraplate magmatism occurred in the late Oligocene to early Miocene in response to the 

opening of a slab window (Thorkelson et al., 2011). Miocene mafic igneous rocks here show a 

compositional change from arc-like geochemistry to OIB-like incompatible trace element 

compositions (La/Nb < 1:1, Nb/Zr > 0.15) as magma sources changed from slab-metasomatized 

mantle to upwelling asthenosphere (Thorkelson et al., 2011). 

Understanding the petrogenesis of Eocene, Oligocene, and Miocene magmatism in the 

northern Rocky Mountains (USA and Canada) is vital for the creation of tectonic models that 
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accurately link the generation of mantle melts and location of volcanism, with their tectonic 

setting, especially during the period of time just after Laramide compression. Methods used to 

determine the tectonomagmatic setting of these regions can, thus, be used to determine tectonic 

models and evolution paths of less known or debated magmatism and volcanism.  

Southwestern Montana and the northern Rockies/Pacific Northwest (USA) (Fig. 1) were 

affected by the subduction of Farallon plate, ~51-43 Ma Challis and Absaroka magmatism (e.g., 

onset of the ignimbrite flare-up and coincident upper-plate extension) and the subsequent 

collision of the Siletzia oceanic plateau ca. ~50-45 Ma (Constenius, 1996; Dostal et al., 2021; 

Donaghy et al., 2024). Between the Challis and Absaroka volcanic fields in southwestern 

Montana (USA) lies the Eocene to Miocene Dillon volcanic field (DVF) and associated Dillon 

volcanics (Fig. 1). We use the nomenclature of Fritz et al. (2007) who grouped all the ~51-16 Ma 

volcanic rocks in southwestern Montana that were not previously mapped as either Absaroka or 

Challis volcanics, as the Dillon volcanics. Fritz et al. (2007) also defined the overall areal extent 

of these rocks as the ñDillon volcanic fieldò (Fig.1), whereas Chadwick (1985) divided DVF 

rocks into geographically restricted volcanic fields under the borad title ñMiscellaneous Montana 

Fieldsò (e.g., Virgina City volcanic field; Gravelly Range volcanic field, etc.).   

The Dillon volcanics consist of dispersed lavas, intrusions, and volcanic centers (Fig. 1; 

Fritz et al., 2007). The oldest of the Dillon volcanics, the lower member (54-39 Ma), erupted 

contemporaneously with the 50-45 Ma Challis volcanic field to the west in central Idaho, and the 

53-43 Ma Absaroka volcanic field to the east and southeast in Montana, Wyoming, and eastern 

Idaho (Fritz et al., 2007). Unlike the Challis and Absaroka fields, the DVF remained active 

following an ~6 m.y. lull between the lower and middle Dillon members (Fritz et al., 2007; 
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Mosolf, 2021). Dillon volcanism resumed with eruptions of the middle Dillon (33-27 Ma) and 

upper (27-16 Ma) Dillon members (Fritz et al., 2007; Broley et al., 2023).  

While magmatism of the lower Dillon (54-39 Ma) is thought to be associated with 

subduction of the Farallon plate (Fritz et al., 2007), and may be an equivalent to central Idaho 

Challis magmatism, the tectonomagmatic origins of the middle and upper Dillon magmatic 

episodes are not as clear. Tectonic models have been proposed and are debated to explain the 

overall prolonged period of DVF magmatism/volcanism i.e., extensional magmatism for the 

middle and upper DVF, lithospheric drip middle DVF (Fritz et al., 2007; Li et al., 2021). 

 Previous studies of the DVF rely on a limited suite of bulk rock major and trace element 

data. This includes a regional study by Fritz et al. (2007), which included both whole rock 

geochemistry and K-Ar dating of DVF rocks, mapping and whole rock major and trace element 

analyses of 12 mafic lavas near Virginia City, MT, by Mosolf (2021), as well as a few M.S thesis 

from the 1980-90ôs reporting limited bulk rock major element analyses and a few K-Ar and 

40Ar/39Ar ages (Gutmann et al., 1985; Luikart, 1997; and references within). In all the published 

works, there are few samples from the youngest upper Dillon member and, notably, none include 

isotope data for any DVF rocks. While major and trace-element data are important for 

classification and petrologic/tectonic modeling, they have their limitations when distinguishing 

between lithospheric and asthenospheric melt origins. Basalt melts from both the lithospheric 

and asthenospheric mantle may result in overlapping incompatible trace element ratios, making it 

difficult to differentiate between sources. Fractionation of magma and crustal contamination can 

further alter the original geochemical signature of DVF rocks.  

In this study, we combine DVF petrography, whole rock major and trace-element 

geochemistry and 87Sr/86Sr and 143Nd/144Nd isotope ratios to more accurately assess the origins of 
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magmas in the volcanic province, where the DVF rocks likely record the tectonic transition from 

compression to extension. For example, Ta/Th values between 0.2 and 0.6 in DVF basalts, 

coupled with high 87Sr/86Sr and low 143Nd/144Nd (87Sr/86Sr > 0.706 and 143Nd/144Nd < 0.5126), 

would be typical of ancient mantle previously affected by subduction (e.g., WY craton 

lithosphere), while higher Ta/Th (>0.6), coupled with lower 87Sr/86Sr values (< 0.7045 and 

143Nd/144Nd  > 0.5126), suggest an asthenospheric source (Farmer et al., 2020). We can then 

determine if the upper, middle and lower DVF basalts originated in the lithospheric mantle or 

asthenosphere mantle and if the sources of these magmas changed with time reflecting different 

tectonic conditions between ~54 and 16 Ma (e.g., subduction changing to lithosphere drip vs. 

subduction changing to extension and upwelling of depleted OIB-MORB like asthenosphere). 

Whole rock 87Sr/86Sr and 143Nd/144Nd isotope ratios in basalts are less affected by fractional 

crystallization and partial melting, allowing greater clarity in identifying melts originating from 

the deeper asthenosphere or the more enriched continental lithospheric mantle. Sr-Nd isotope 

values can be affected by crustal contamination but still are useful in evaluating if DVF melts 

assimilated mantle and/or crustal materials by recognizing physical evidence (e.g., xenoliths 

and/or xenocrysts) and non-primary incompatible trace element ratios. These data enhance 

interpretations of mantle sources in context of the proposed tectonic models (e.g., lithospheric 

drip or slab rollback/slab window). 

This study refines our understanding of how North America, more specifically the 

northern Rocky Mountains region (USA), responded to the cessation of early Cenozoic 

subduction-related tectonics and a transition into inboard extension during the Eocene to Oligo-

Miocene (where inboard refers to inboard from the Cascades arc). 
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Figure 1: Paleogeographic map of the northern Rockies and Pacific northwest (U.S.A.) and 

southern Canada at ~52-34 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 ñBreakoff-beltò magmatism 

(Tepper et al., 2023), Challis-Kamloops volcanic belt (Dostal and Jutras, 2021), Montana/Great 

Plains alkalic province (Dudás and Harlan, 1999; Duke, 2009), early Clarno volcanism (Appel, 

2002; Bestland et al., 2002), Cascades and diffuse back-arc volcanism (John et al., 2012; Camp 

and Wells, 2021), 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, 2010), 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.  
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Background 

The oldest rocks in the study area are the Archean basement of the Wyoming Craton. 

Dating from 3.3 to 2.5 Ga, they underlie Wyoming, Montana, and southeastern Idaho (Mogk et 

al., 2020; Bedrosian and Frost, 2023) (Fig. 2). The DVF is located within and near the western 

edge of the Wyoming Craton boundary in Montana. West of the craton, near the Tobacco Root 

Mountains, lies the Selway terrane (~2.5-1.6 Ga) and the northern boundary of the study area is 

the Medicine Hat Block (~2.5-3.3 Ga) near Butte, Montana (Mogk et al., 2023). The Wyoming 

Craton is surrounded by collisional Paleoproterozoic orogenic belts, such as the Great Falls 

Tectonic Zone to the northwest just beyond the boundary of the Wyoming Craton and Medicine 

Hat Block, and the Farmington Zone to the west at the boundary of the Selway and Wyoming 

Craton (Mogk et al., 2020). The Wyoming Craton is partially overlain by Mesoproterozoic Belt 

Basin deposits and is mostly covered by Phanerozoic sedimentary strata (Mogk et al., 2020), but 

exposed Precambrian craton crops out in the Tobacco Root Mtns, Ruby Range, Greenhorn Mtns, 

and Blacktail Mtns, as well as the Gravelly Range, which consist mainly of quartzofeldspathic 

gneisses (Harms and Baldwin, 2022; Mogk et al., 2020). 
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Figure 2: Regional tectonic index map of the Archean Wyoming Province (Wyoming Craton 

light orange; dark grey areas are exposures of Archean crystalline rocks). Two Paleoproterozoic 

orogenic belts are shown which surround the Wyoming Craton, The Great Falls Tectonic Zone 

and the Farmington Zone. Dash blue denotes Gravelly Range study area (GR).  Figure based on 

(Mogk et al., 2020) 

 

 During the Late Cretaceous into Eocene, the Wyoming Craton experienced significant 

uplift due to the collision and likely shallow subduction of the Farallon plate, as well as possibly 
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one to two oceanic plateaus, and/or preceded by the Insular Terrane ca. ~100 to 85 Ma (e.g., 

conjugate Shatsky and Hess rises) (Humphreys, 2009; Tikoff et al., 2023). These orogenic events 

resulted in Sevier and Laramide crustal thickening (Humphreys 2009; Scarberry et al., 2022), 

respectively. The Laramide orogeny is mostly attributed to a decrease in the subduction angle of 

the Farallon slab, which enhanced mechanical coupling of the Farallon plate and the overriding 

North American plate (Apen et al., 2024). The Laramide orogeny affected a large region of the 

western North American plate from New Mexico to Canada and exhumed some Archean 

basement, including within the Wyoming Craton (Lageson et al., 2022). Laramide exhumation 

began at ~100 Ma in southwestern Montana and was well established by ca. 80 Ma, which is 

earlier in comparison to other parts of the Laramide foreland in southern regions (Carrapa et al., 

2019). 

Farallon plate subduction-initiated arc magmatism in Montana occurred from 120 to 66 

Ma, resulting in the emplacement of batholiths, volcanic fields, and mixed volcanic sedimentary 

deposits (Scarberry et al., 2022). Magmatism continued, along with the additional collision of the 

Siletzia oceanic plateau onto the western North American margin, coupled with widespread 

extension, resulting in ~51-43 Ma Challis and Absaroka magmatism with coeval lower Dillon 

volcanism (~54-39 Ma) (Constenius, 1996; Fritz et al., 2007; Schmandt and Humphreys, 2010; 

Dostal et al., 2021; Tepper et al., 2023). Following the collision and accretion of Siletzia terrane 

at ca. 50 Ma, the breakoff and rollback of the Farallon slab initiated (Tepper et al., 2023). This 

triggered southwest younging magmatism, the Mid-Tertiary ignimbrite flare-up, which swept 

southward from Challis region, through the northern and then into the central Great Basin 

(Humphreys, 2009; Best et al., 2016). Currently proposed regional Eocene-Oligocene tectonic 

models for the Montana, Idaho and Wyoming tristate region are centered on rollback of the 
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Farallon slab after shallow subduction resulting in extension (Fritz et al., 2007; Smith et al., 

2014; Cassel et al., 2018; Li et al., 2021). 

Eruptions of the 54-39 Ma lower Dillon volcanics are almost exclusively located in 

southwestern Montana (Fritz et al., 2007). The Absaroka Volcanics (53-43 Ma) are found in a 

northwest-trending belt consisting mainly of stratovolcanoes and primarily located in 

northwestern Wyoming but also extending into southern Montana and small portions of eastern 

Idaho (Lindsay and Feeley, 2003; Dudás et al., 2023). The central Idaho Challis volcanic field 

erupted primarily from fissures and calderas ca. ~50-45 Ma (Norman and Mertzman, 1991). 

Lower DVF magmatism was proposed by Fritz et al. (2007) to reflect continental-arc origins 

based on their potassic, alkaline to subalkaline magma affinities and their enrichment in light 

rare earth elements (LREEs) and large-ion lithophile elements (LILEs), with notable Ta and Nb 

depletion.  

Compressional forces transitioned into extension, marking the end of the Laramide 

Orogeny, at ~54-51 Ma south of Montana in the Idaho-Utah-Wyoming region and at ~55-50 Ma 

north of 42°N (Wells et al., 2012). This tectonic event resulted in the Eocene-early Miocene (ca. 

49-20 Ma) extensional gravitational collapse of the over-thickened Cordilleran foreland fold-

thrust belt, removal of the Farallon slab, formation of Paleogene extensional basins, development 

of metamorphic core complexes (for example, the ~53 Ma Anaconda metamorphic core 

complex; Fig. 3), and regional intraplate magmatism resulting from lithospheric thinning and 

asthenosphere upwelling (Constenius, 1996; Wells et al., 2012; Vuke, 2022). The Renova 

Formation, a sedimentary unit accumulated locally during extensional basin development in 

southwestern Montana, is the first record of widespread sedimentation after the end of Sevier and 

Laramide orogenies in southwest Montana. Renova strata consist of volcaniclastic sediments, 
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epiclastic sediments and interbedded lavas (Fritz et al., 2007; Schwartz and Graham, 2017; Vuke 

2022). Renova Formation deposition records initial subsidence followed by the initiation of 

regional extension ca. ~49 Ma to 19 Ma (Thoresen et al., 2024). In the Gravelly Range, the 

Renova sedimentary package is found primarily in a north-south belt along the mountain range 

crest. It is ~200-250 m-thick and either directly underlies DVF lavas or is cut by DVF dikes and 

intrusive bodies (Luikart, 1997; this study). The locally exposed Renova formation also hosts an 

~3-5 Ma disconformity, where the ~37-33 Ma sediment package is missing (Luikart, 1997).  
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Figure 3: Map showing location of Miocene normal faults, the Anaconda Detachment fault 

(AD), modern valleys with Paleogene/Neogene deposits older than Sixmile Creek Formation 

(e.g., Renova Formation brown polygon), Challis volcanics (blue shading), Absaroka volcanic 

field (yellow shading) and DVF sample locations. Map modified from Stroup (2008), and Vuke 

(2022).    

Continued regional extension in southwest Montana resulted in middle/upper DVF 

magmatism at ~33-16 Ma (Broley et al., 2023; Brueseke unpublished 40Ar/39Ar ages). The 

middle DVF occurred coevally with Renova sedimentation and is volumetrically smaller than the 
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lower DVF (Fritz et al., 2007; Schwartz and Schwartz, 2013; this study). The middle DVF is 

predominantly basalt lavas and shallow intrusives; Fritz et al. (2007) speculated that this 

magmatism occurred due to steepening slab angle and associated asthenosphere melting, coupled 

with extension. The upper Dillon volcanics contain basalts and at least one basanite lava and are 

also interpreted to represent derivation from the asthenosphere (Fritz et al., 2007). The upper 

DVF timing also demarcates the initiation of Basin and Range-style faulting, with eruptions 

occurring during the hiatus between deposition of Renova and the younger (~17-2 Ma) Sixmile 

Creek Formation strata (Fritz et al., 2007; Sears et al., 2009; Schwartz and Graham, 2017).  

Other proposed tectonic models include lithospheric drip for the middle DVF, in which 

the continental lithospheric mantle drips into the deeper mantle resulting in uplift directly above 

the drip (Li et al., 2021) or back-arc extension due to Farallon slab steepening, or the collapse of 

overthickened continental lithosphere in response to asthenosphere upwelling for middle and 

upper DVF (Constenius, 1996; Fritz et al., 2007; Smith et al., 2014). The ódripô hypothesis is not 

widely accepted (nor has it been tested on DVF magmatic products) and could indicate that 

lithosphere delamination is a much more important process in locations where transitions from 

compression to extensional tectonics occur. 

Extension From Steepening Slab/Rollback (Middle/Upper Dillon)  

Late Paleogene extensional basins developed in the Cordilleran foreland fold and thrust 

belt, resulting from Farallon slab steepening/rollback in which the middle and upper Dillon 

volcanics coincide spatially with areas of local extensional basin formation (Fritz et al., 2007; 

Schwartz and Schwartz, 2013; Li et al., 2021). One such extensional feature, the Anaconda 

metamorphic core complex, formed at ~53 Ma in Montana along a reactivated fault that 

coincides with the onset of ignimbrite flare-up volcanism (Howlett et al., 2021). The DVF 
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overprints this transition from compressional to extensional tectonics marked with renewed 

magmatism with the middle and upper ~33-16 Ma DVF, coeval with continued sedimentation 

and deposition of the Renova Formation (Schwartz and Schwartz, 2013).    

Lithospheric Drip (Middle/Upper Dillon) 

Lithospheric drip and accompanying delamination are an alternative model that has been 

proposed for the entire DVF (Howlett et al., 2021; Li et al., 2021). A model proposed by Li et al. 

(2021) depicts lower lithospheric removal (lithospheric drip) and concurrent upwelling of the 

asthenosphere along the margins of the drip contributing to Oligocene Dillon volcanism. Li et al. 

(2021) favor lithosphere removal as an explanation for ~32-30 Ma regional uplift occurring post-

orogenic collapse >17 Ma after the start of extension in southwestern Montana. They interpret 

this as contradicting previous assumptions that the Cordillera orogen gradually lost elevation 

during extension. Instead of melting of the upwelling asthenosphere along the margins of the 

dripping lithosphere, as documented for drip-associated basalt magmatism along the margins of 

the Colorado Plateau by Crow et al. (2011), the Li et al. (2021) model depicts no asthenosphere 

melting at the drip margins. Instead, melting is suggested to have occurred within the 

lithospheric drip center and represents the source melts for the Dillon volcanics in the early 

Oligocene. Prolonged Cretaceous and early Paleogene contraction and lithosphere thickening is 

proposed to have set the stage for lithosphere removal, with the subsequent heating and 

weakening of the lithosphere commencing with shallow-slab rollback (Li et al., 2021). 

Howlett et al. (2021) proposes that the foundering of the Farallon slab along a slab tear 

beneath Idaho and western Montana began at ~55 Ma following the accretion of Siletzia in the 

northern Cordillera. South of the slab tear, the Farallon slab became steeply dipping resulting in 
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tearing or necking separation, which enabled southward buckling and dripping of the slab 

(Howlett et al., (2021). 

Chapter 2 - Methods 

Samples of mafic lavas/intrusives were collected based on published geochemical 

datasets and maps of DVF lavas and intrusives from Fritz et al. (2007), Mosolf (2021), and the 

Centennial. Range/Gravelly map from OôNeill and Christiansen (2004). The aim was to obtain a 

representative group of samples from the lower, middle, and upper Dillon volcanics (Fig. 4). 

Emphasis was put into collecting the youngest of the Dillon volcanics (upper member) since 

published geochemical data from upper DVF samples are lacking. We also focused on locations 

on and around the Gravelly Range (and Centennial Valley, MT; Figs. 4 and 5), since prior 

mapping suggested this region hosts the most voluminous and diverse exposures of DVF lavas 

and intrusives and was likely a major DVF volcanic center.  

In total, we collected 26 samples of mafic rocks in southwestern Montana from accessible 

exposures and only the freshest samples were collected from the field. For geochemistry, fist-

sized rock samples were prepared at Kansas State University using a RockLabs Hydraulic Press 

with WC splitting jaws. All weathered surfaces were removed via diamond-tipped rock saw and 

a 60-grit sandpaper grinding wheel. All samples were then cleaned in deionized water with a 

scrub brush and allowed to dry overnight. When dry, all samples were crushed to pea-size gravel 

and smaller fragments using tungsten crushing plates of a RockLabs Hydraulic Press and 

randomized using a cone-and-quarter method on a glass plate. Crushed samples (~40 mL) were 

collected after cone and quartered and powdered for eight minutes using a Spex Industries 

shatterbox with an alumina puck assemblage. 
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All rock sample powders were sent to Hamilton Analytical Laboratory for whole rock 

geochemical analyses.  The samples were analyzed on a Thermo ARL PerformôX x-ray 

fluorescence spectrometer, measuring 44 elements (major and trace). Only major elements are 

reported here and are as weight percent oxide (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, 

Na2O, K2O, and P2O). Total volatiles, as loss on ignition (LOI), were determined for each sample 

by heating overnight in silica crucibles at 900°C. For LA-ICP-MS trace element analysis, low 

dilution lithium-borate-fused glass pellets were analyzed to minimize nugget effects. Moreover, 

an in-house drift monitor (HAL-2A) was used, as it has similar sensitivities at all atomic 

numbers when compared to the standard NIST 160, which is not consistent across a wide range 

of atomic numbers. Hamilton Analytical Labs also uses a newer code, which was written to 

calculate weight means for multiple internal standards. A photon Machines Analyte 193 (G1) 

ablation station (UV excimer laser, 193 nm, with laminar flow frame cell) attached to a Varian 

820 single quadrupole mass spectrometer was used to ablate samples and standard at Colorado 

School of Mines. The laser spot size is 150 ɛm2 and has a 7 hz repetition rate. Helium carrier gas 

carried the ablated material from the laser cell toward the Varian 820 ICPMS, mixing with Ar to 

20 ml before entering the plasma torch. The ICP-MS is run in ñpeak-hopping, time-resolved 

modeò for 53 major and trace element analyses, with dwell times around 10 ms per mass 

(Conrey et al., 2019; Conrey et al., 2023).  Trace element concentrations are presented as parts 

per million (ppm). All major, trace, and rare- earth element (REE) data are presented in 

APPENDIX A. Fe was split according to Le Maitre (1976) and all major element data used in 

diagrams and the discussion are reported as anhydrous using the split Fe data. Though we 

collected the freshest possible samples in the field of mafic rock, LOI values and petrographic 

evidence suggest that some samples have been altered by secondary fluid alteration and/or 
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weathering. This is based on: (1) petrographic observations of secondary phyllosilicate and/or 

carbonate phases; (2) eight samples with LOI > 3.5 wt%; and/or (3) anomalous (i.e., non-

igneous) relationships between Mg, Fe, Ni, Cr, V, and Sc. Our 26 new bulk rock analyses are 

combined with 53 major and trace element analyses of DVF mafic rocks previously reported by 

Fritz et al. (2007), some of which lack modern trace element analyses, Luikart (1997), and 

Mosolf (2021 ï map); in total, 52 mafic DVF rocks are included in our study. 

Sr-Nd Isotopes 

Ten representative DVF samples that encompass all three DVF members (e.g., lower, 

middle, upper) were analyzed for Sr-Nd isotope analyses at Washington State University via a 

Thermo-Finnigan Neptune 28 multicollector (MC)-ICP-MS. Methods for Sr and Nd analysis 

follow those found in Vervoort and Blichert-Toft (1999) and Vervoort (2004), with important 

steps highlighted here for information. For Sr and Nd whole-rock isotopic analysis, ~0.25 g 

aliquots of whole-rock powders were dissolved at high pressure in sealed, steel-jacketed Teflon 

bombs with a 10:1 mixture of concentrated HF and HNO3 acids at 150°C for 5-7 days. After 

conversion from fluorides to chlorides, samples were spiked with mixed 149Sm-150Nd.  Sr 

aliquots were purified using micro-columns (0.18 ml resin volume) with Sr-spec resin and 

HNO3. Nd and Sm were separated from the LREE aliquot on columns with HDEHP-coated 

Teflon powder and HCl (Vervoort and Blichert-Toft, 1999).  Sr analyses were corrected for mass 

fractionation using 86Sr/88Sr=0.1194 and normalized to a value of 0.71024 for the 87Sr/86Sr ratio 

of the NBS-987 standard. Nd analyses were corrected for mass fractionation using 

146Nd/144Nd=0.7219 and normalized to a value of 0.512138 for the 143Nd/144Nd ratio of the Ames 

Nd standard and 0.511858 for the La Jolla standard. Sm analyses were corrected for fractionation 

using 147Sm/152Sm=0.56081. All mass fractionation corrections were made using the exponential 
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law. Recorded 87Sr/86Sr and 143Nd/144Nd values for the DVF samples were corrected to initial Sr-

Nd isotope values (87Sr/86Sri , 
143Nd/144Ndi) using published age dates or to 30 Ma with no 

reported geochronology. 

Chapter 3 - Results 

Field Relations and Physical Characteristics 

Fieldwork in 2021, 2023 and 2024 targeted intrusive and extrusive mafic rocks of the 

DVF (Fig. 4). Fieldwork within the Gravelly Range (Fig. 5) targeted primarily volcanic centers, 

as well as possible related lavas to the south in the Centennial Valley that were originally 

mapped by OôNeil and Christiansen (2004) as Tmv. The Gravelly Range, especially in the 

vicinity of Black Butte and Lion Mountain, were targeted because they are eroded volcanoes 

with vent facies, plugs, and dikes in which we collected samples for modern geochemical and 

isotope analysis. A lava north of Black Butte (WE24-4) and lavas south of the vent facies of Lion 

Mountain (WE24-7, WE24-8) were also sampled. Samples of the DVF were also collected 

outside of the Gravelly Range from lavas in the adjacent Madison valley, as well as the Big Hole 

River Valley, and scattered outcrops to the west around Dillon, Bannack, and Virgina City 

Montana (Fig. 4). 
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Figure 4: Map showing mafic rock sample locations during 2021, 2023, and 2024 field work in 

the DVF. Blue dashed box denotes the Gravelly Range (GR), yellow region is the Absaroka 

volcanic field, and the blue region is the Challis volcanic field outcrops. Sample symbols as in 

Fig.3, where blue square = upper DVF, orange triangle = middle DVF, and green triangle = 

lower DVF.  
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Figure 5: Map of the Gravelly Range in southwestern Montana showing multiple map units 

including DVF lava units and sample locations.  
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Black Butte 

The ~28.6 Ma Black Butte (Gutmann et al., 1989; K-Ar date by Fritz et al., 2007) is an 

eroded volcanic plug and eruptive center within the Gravelly Range at an elevation of 3,215 m 

(Fig. 6). Columnar jointing is observable along most of its sides with piles of talus at its base. 

Pyroclastic vent facies remain on its south slope, including a ~5-10 m thick mantle of scoria and 

bombs and near the summit on the south slope (Fig. 6). The summit is composed of lava, cut by 

an intrusive apatite magnetite olivine gabbro. Hyaloclastic pyroclastic deposits around the base 

of the plug dip away from its core at ~20 degrees and overlie Renova strata; these and are 

interpreted to reflect initial phreatomagmatic eruption activity (Marvin et al., 1974; Gutmann et 

al., 1989; this study).       

Lion Mountain  

Lion Mountain is an eroded volcanic center that was active at ~30.8 Ma (K-Ar date by 

Gutmann et al., 1989; Lofgren et al., 2020). It is characterized by pyroclastic vent facies at its 

summit, as well as dikes and sills and a ~50 m thick package of at least eight ridge-forming lavas 

to its south (Figs. 7, 8). Multiple dikes cut through the ~240 m-thick Renova formation, which is 

now exposed, unconformably overlying Mississippian Madison limestone, and forms slopes and 

cliffs that make up Lion Mountain and the immediate vicinity. A ~50 m-thick sill was observed 

cutting horizontally through Renova formation with only a few meters of Renova sediments at its 

top with a ~ 50-m-thick lava package overlying the Renova sediments above. The top lava on the 

observed and sampled south ridge lava package, approximately 3 km south of the summit of 

Lion Mountain, is vesicular, porphyritic and more silicious in appearance (52.9 wt% SiO2) while 

the lower lava in the package is vesicular and slightly more mafic (50.1 wt% SiO2). Rock 

glaciers occur on the eastern slope of Lion Mountain. A separate columnar intrusive body over 
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0.1 km2 in areal extent was observed and sampled ~2 km west of Lion Mountain, along with an 

additional intrusive body sampled ~ 1km from the ridge lava, ~3.5 km southeast of Lion 

Mountain (Fig. 5). 

Scattered Lava Outcrops 

Numerous mafic samples were collected within and outside the Gravelly Range and 

Centennial Valley. The outcrops ranged from small, poorly exposed lavas within modern valleys, 

to thick ~80 ï 100 m, often columnar jointed lavas, such as those sampled from the Block 

Mountain and Bannack Bench Road columnar lavas (Figs. 7, 9, 10). These scattered outcrops of 

lava throughout southwestern Montana outside of the Gravelly Range region may represent a 

more monogenetic type of volcanism in which lava erupted and then flowed down existing 

paleovalleys rather than forming larger volcanic centers as observed in the Gravelly Range. For 

example, a columnar lava along Bannack RD in Montana is ~88-m-thick and is similar in 

appearance to Columbia River Flood Basalts outcrops suggesting this lava flowed down a 

paleovalley in which it then inflated and thickened. Lavas in Fig. 10A and 10C overlie Renova 

sediments which is evidence of interstitial Dillon volcanism during basin sedimentation. These 

lavas are both faulted, and one is tilted, which shows continued extension in the region.  
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Figure 6: Field photos and photomicrographs of Black Butte. (A) Looking south to Black Butte 

from lava outcrop were sample WE24-4 was collected. (B) Summit of Black Butte looking to the 

east. (C) Volcanic bomb on the south slope of Black Butte. (D) Hyaloclastic pyroclastic deposits 

along the southern slope of Black Butte. (E) Photomicrograph of WE24-1 showing large 

plagioclase clot with phenocrysts of olivine and titanaugite; the sample was taken from the 

summit of Black Butte. (F) Photomicrograph of WE24-2, a more evolved, apatite, magnetite 

bearing gabbro taken from the summit of Black Butte. 
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Figure 7: Field photos and photomicrographs of DVF in the Gravelly Range. (A) Dike cutting 

through Renova Formation along the western slope of Lion Mountain (B). (C) Hand sample of 

dike margin and Renova sediments. (D) Looking west at large columnar intrusive body located 

~2 km west of Lion Mountain. (E) Photomicrograph of intrusive dike (WE24-5) showing calcite 

amygdales and quartz xenocrysts; the samples were collected from location in photo (A). (F) 

Photomicrograph of sample WE24-6, showing olivine phenocrysts and groundmass plagioclase 

that displays trachytic flow textures; the sample was collected from the location shown in photo 

(D). 
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Figure 8: Field photos and photomicrographs of Lion Mountain. (A) Looking north to eroded 

exposures of lava and a sill south of Lion Mountain (yellow dashed lines outline sill ~50m 

thick). Yellow to orange outcrop is Renova sediments that lie below the sill and are found as a 

thin ~ 9 m outcrop above it with a package of lava capping Renova. (B) Looking southwest up at 

a package of multiple lavas south of Lion Mountain where photo (A) was taken. (C) Top of lava 

package that sample WE24-7 was collected. (D) Lava near the base of lava package which 

contains a sedimentary xenolith (E) Photomicrograph of sample WE24-7 showing large oval 

shaped vesicles and a crystal clot consisting of mostly clinopyroxene. (F) Photomicrograph of 

sample WE24-8, collected from basal lava in photos (B) and (D), containing altered 

(iddingsitized) olivine phenocrysts. 
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Figure 9: Field photos and photomicrographs of regional DVF exposures. (A) Small outcrop of 

lava along Antler Trail in Varney Montana, along the north flanks of the Gravelly Range (sample 

WE24-10). (B) Photomicrograph of lava (A), which is highly vesicular and contains quartz 

xenoliths. (C) Small hill composed of lava where sample WE24-11 was collected from a cobble 

near the road, in the eastern Madison Valley. (D) Photomicrograph of sample WE24-11 showing 

multiple olivine phenocrysts in a relatively unaltered sample. (E) Columnar lava south of Block 

Mountain located along Burma Rd Montana. (F) Photomicrograph of Block Mountain lava 
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(WE24-12) containing iddingsitized olivine phenocrysts, quartz xenoliths and pilotaxitic 

groundmass.   

 

Figure 10: Field photos and photomicrographs of regional DVF exposures. (A) Outcrop of lava 

above Renova Formation ~700 m north of Red Butte Montana. Entire outcrop is tilted. (B) 

Photomicrograph of WE24-13 collected from lava in (A) showing olivine and plagioclase 

phenocrysts with iddingsite alteration in some olivine. (C) Columnar outcrop on the east side of 

Bannack Bench Rd Montana (WE24-14). (D) Photomicrograph of WE24-14 with amygdaloidal 
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textures. (E) Small outcrop of lava in northern Big Hole River Valley (WE24-16). (F) 

Photomicrograph of WE24-16 showing zoned and twinned titanaugite and olivine phenocrysts, 

as well as a crystal clot of titanaugite. 

Bulk Rock Geochemistry of the Dillon Volcanic Field  

While the entire DVF includes rock that ranges from basalt to rhyolite (Fritz et al., 2007; 

Mosolf, 2021), our study focused on mafic samples (defined for this study as rocks with <57 

wt% SiO2). All our newly sampled DVF rocks are basalts to basaltic andesites, except for one 

andesite (e.g., lower Dillon Block Mountain lava). All data plotted below includes samples 

prepared at K-State, along with samples from Luikart (1997), Fritz et al. (2007), and Mosolf 

(2021) (e.g., n = 52 total). 

All rocks plot within sub-alkaline and transitional arrays on a total alkali vs. silica 

diagram (Le Bas et al., 1986) (Fig. 11A). The lower Dillon members are more evolved and all 

display > 52 wt% SiO2. The middle Dillon samples plot as sub-alkaline and transitional, ranging 

from mafic compositions (< 52 wt% SiO2) to slightly more evolved (>52 wt% SiO2). The upper 

Dillon rocks are all mafic and plot as sub-alkaline basalts to alkali basalts, basanites, and trachy-

basalts. Sub alkaline DVF rocks plot as calk-alkaline on an alkali-iron-magnesium (AFM) 

diagram (Irvine and Barager, 1971) (Fig. 11B). The majority of DVF rocks plot as high-K and 

have absarokite and shoshonite affinities (Fig. 12). On a Harker diagram (Fig. 13), upper DVF 

rocks tend to have lower wt% K2O in comparison to the middle and lower DVF, and Cr 

concentrations (>600) are higher in the lower DVF than the middle/upper DVF. All collected 

DVF rocks are strongly potassic. 

  All DVF rocks are plotted on an expanded CIPW normative basalt tetrahedra in (Fig.  

15). Here, lower Dillon rocks range from silica saturated (olivine tholeiites) to silica 

oversaturated (quartz tholeiites). Lower DVF samples lie mostly along the 1 atm cotectic (Fig. 

15). Middle Dillon rocks show variability through the entire range but are mostly silica saturated 
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with only three samples that are oversaturated (quartz-tholeiite). Upper Dillon rocks tend to be 

undersaturated alkali basalts, though one sample, WE24-16, plots as an olivine tholeiite which 

could be due to contamination from observed quartz xenocrysts and alteration; they all lie on or 

near the 8 to 35 kbar cotectic (Fig. 15). 

Chondrite normalized REE patterns of the DVF show a gentle decreasing slope from 

LREE to heavy rare earth elements (HREE) with LREE enrichments from ~30 to 300 more than 

chondrite (Fig. 16). Lower DVF rocks have lower LREE and HREE concentrations than the 

other DVF rocks (Fig. 16). Middle DVF displays greater enrichment than the upper DVF in REE 

while upper DVF rocks tend to have lower HREE (Fig. 16). The upper DVF rocks vary; one 

sample has the lowest LREE enrichment but has overlapping MREE and HREE to the rest of the 

DVF, where the other sample has low HREE but much more enriched LREE than most other 

DVF rocks (Fig. 16). Generally, HREE patterns for all DVF rocks are flat to slightly concave 

upwards (Fig. 16). However, sample WE24-16, an upper DVF rock, has a steeper LREE to 

HREE pattern, different from the rest of the DVF samples (Fig. 16). 

Trace and major element concentrations for the DVF show slight variations within each 

of the DVF members. Although all members of the DVF display variable major element 

characteristics, some trace elements stand out, such as the multiple samples from the lower DVF 

that display high Cr (between 500-1200 ppm) and Rb (between 105-150 ppm) (Fig. 14). The 

lower DVF is characterized by its enrichment in LREEs and large ion lithophile elements 

(LILE), notably in Rb, relative to primitive mantle (Fig. 17). The lower DVF is depleted in Ta 

and Nb and shows enrichment in Pb, relative to primitive mantle; these depletions are not present 

in either of the other two DVF units apart from one middle DVF rock, sample VC-35# from 

Mosolf (2021). The middle DVF shows similar REE concentrations as the lower DVF with one 
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difference being its higher enrichment in Cs. Middle DVF rocks also have greater enrichments in 

Ba, Nb and Ta when compared to the lower DVF (Fig. 18). The upper DVF collectively show 

the lowest concentrations of Cs, Ba and Pb relative to the other DVF members and relative to the 

other two members, flatter patterns that are more OIB-like (Fig. 19). 
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Figure 11: (A) Total alkali versus silica diagram for the Dillon Volcanic Field with classification 

grid of Le Maitre et al. (1989). (B) AFM diagram after Irvine and Barager (1971) for the 

subalkaline series of the Dillon Volcanic Field (Luikart, 1997; Fritz et al., 2007; Mosolf 2021; 

this study). 
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Figure 12: K2O vs. SiO2 discrimination diagram after Peccerillo and Taylor (1976). Low-K 

(tholeiites), Medium-K (calk-alkaline), High-K (K-rich calc-alkaline rocks).  
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Figure 13: Harker diagrams illustrating major element variations with wt% MgO. 
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Figure 14: Harker diagrams illustrating trace element variations with wt% MgO. 
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Figure 15: Classification diagram for DVF rocks based on their CIPW normative compositions 

projected in Ne-Ol-Di-Hy-Q compositional space after Thompson (1984). 

 

 

Figure 16: Chondrite normalized multi-element diagram for DVF rocks (Sun and McDonough, 

1989). 
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Figure 17: Primitive mantle-normalized (Sun and McDonough, 1989) trace element variations 

of the lower DVF compared to OIB (Sun and McDonough, 1989). 
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Figure 18: Primitive mantle-normalized (Sun and McDonough, 1989) trace element variations 

of the middle DVF compared to OIB (Sun and McDonough, 1989). 






















































































































































