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Abstract

Basalts of the Eocene to Oligwiocene Dillon volcanic field Montana (U.S.A.) record
the change from dominantly compression to extensional tectonics, within the northern Rocky
Mountainsandaccordingly, also present across im@th American Cordillera. The Dillon
volcanic field is composed of lavas and intrusitres crop out across southwestern Montana,
but most prominently in the Gravelly Range, where they define multiple eruptive centers (e.qg.,
Black Butte, Lion Mountainetc). Prior work suggestedueer Dillon volcanisminitiated ca.
~50-39 Ma, which occurred adjacetcoevally withthe51-40 Ma central Idaho Challis and the
54-44 Ma Absaroka volcanism. Multiple tectonic models have been proposed to explain-the ~33
16 Ma middleandupperDillon volcanism(e.g., Farallon slab rollback, slab tearing/foundering,
lithospheric drip), which erupted during the later period of regional extension and basin
sedimentation.

Dillon volcanicrocks have mainly higi compositionsare primarily subalkaline, but
include eruptions of small volume alkali basaltke lower Dillon rocks tend to range from
basaltic trachyandesites to basaltic andesites. Middle/upper Dilloninmtkdebasanite,
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, taflgtheir alkali compositions. Lavas,
especially dikes and sills in the Gravelly Range, often contain smalicriwide crustal
xenoliths, such aBoceneRenova formation sedimerikes and sillcut Renova strataand
someDillon lavas overlyingRenova sediment3 hese xenoliths, along withicroscopiocquartz
xenocrysts, are evidence of crustal interaction, though assimifagictional crystallization

modelling shows that this interaction hm@malleffect on the basalt bulk rock chemistry and



their SFNd isotopecompositions. Trace element andNBt isotope ratios of the lower Dillon
volcanics display artike signatureswhich we suggest reflestibduction of the Farallon plate
(e.g., Ta/Th <0.27SrP%SK 0.7072- 0.7078;143Nd/ 4Ndi 0.51204- 51229). Middle and upper
Dillon rocks have intermediate Ta/Th (002) coupled with SNd isotopes{'SrféSr 0.7059
0.7043;**NdA*Nd; 0.51204- 0.51236) suggesting magma sources from metasomatized
lithosphere mantle. Some middle/upper Dillonk®bave high Ta/Th (>0.6) with [o#%Srf°Sr
(0.70430.7049) whichmight suggesainasthenosphere source, however, these rocks have lower,
and thus more enrichetf3Nd/A*Nd; (0.512030.51232), unlike any other documented regional
Cenozoic volcanicand we suggest this likely reflects lower crustal interaction

We propose that the middle Dillon volcanics are sourced from metasomatized
subductioraffected lithospheric mantthatmelted after the initiation of slab tearing/rollback
and upwelling asthenosphere. Eruptions of middle Dillon basalts occaméshtporaneously
with the onset of regional extensional tectonics and Renovaabasiatadeposition. Continued
extension resulted in eruptions of the upper Dillon alkali basalts, which we show were sourced
from asthenosphere that interacted Watl crust (or pasiblylithospheric mantlenelts)and
resulted in whole rockR’SrPeSr and*Nd/A*/Ndi ratios that resemble enriched mantle (e.g.,

EM1-like).
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Chapterl-l nt roducti on

Basaltgeochemistryprovides insights into the petrogenesis of mafic magmatsia in
combination with modelingnd geological constraints 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
asthenospher 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., raisasarhcontinental
lithospheric mantle from subducting oceanic lithosphere, decompression melting of upwelling
asthenosphere mantle in extensional settings;rflaking 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 isatopipositioncan
reveal whether they were sourced from lithospheric mantle and/or the asthenaspliredecate
crustal interactionas well as record tectonomagmatic changes through time (Ettadn1991;

Xia and Li 2019; Farmer et al., 2020; Farmer et al., 2024). Trace element ratios and isotope
analyses (e.g., 9d) are also useful in determining the effects of crustal assimilation, because
contamination of melts may occur whengna ascends through thick continental crust.

For example, in nortaentral Colorado (USA), chemical and isotopic analyses of Late
Cretaceous and ped40 Ma volcanic rocks demonstrate compositional variations over geologic
time that are interpreted to reflect changing mantle sources (Farmer e24).,20ring the

Cretaceous, low (<0.2) Ta/Th magmas were sourced from subdatfeated asthenosphere

associated with flux melting (e.g., Aitypical o



subducting Farallon slab (Farmer et al., 2024). Regional founderingaail of the Farallon slab
marked the ending of compressional tectonics and the transition td(pb extensional

tectonics (Crow et al., 2011; Abbot et al., 2022; Farmer et &4)2This 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 whedrsion 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 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 astisgmeriomantle 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, resultdikén arc
incompatible tracelement ratios (La/Nb > 2:1, Nb/Zr < 0.15) (Theldon 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 ofaslab window (Thorkelson et al., 2011). Miocene mafic igneous rocks here show a
compositional change from ali&e geochemistry to OlBike incompatible trace element
compositions (La/Nb < 1:1, Nb/Zr > 0.15) as magma sources changed frometiadomatized
mantle to upwelling asthenosphéidorkelson 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



accurately link the generation of mantle melts and location of volcanism, with their tectonic
setting especially during the period of time just after Laramide compreddgiethods 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,-481Ma Challis and Absaroka magmatism (e.g.,
onset of the ignimbrite flarap and coincident uppgrate extension) and ttseibsequent
collision of the Siletzia oceanic plateau ca. -450Ma (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 volcanildf{®VF) and associated Dillon
volcanics (Fig. 1)We use the nomenclature of Fritz et(28007) who grouped all the ~86 Ma
volcanic rocks in southwestern Montana that were not previously mapped as either Absaroka or
Challis volcanics, as the Dillon volcanics. Fritz e{(2007) also defined the overall areal extent
of these rocks as t he whlieas/Chadwick (1983) dved@WFc f i el do
rocks into geographically restricted volcanic
Fieldso (e.g., Virgina City volcanic field; G
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 membe3g3a), erupted
contemporaneously with the 8 Ma Challis volcanic field to the westcentral Idaho, and the
5343 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 lowercamiddle Dillon members (Fritz et al., 2007,



Mosolf, 2021). Dillon volcanism resumed with eruptions of the middle Dillor2881a) and
upper (2716 Ma) Dillon members (Fritz et al., 2007; Broley et al., 2023).

While magmatism of the lower Dillon (839 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 mialtiipper Dillon magmatic
episodes are nais clearTectonicmodels have been proposed and are debated to explain the
overall prolonged period of DVF magmatism/volcanisen, extensional magmatism for the
middle and upper DVF, lithospheric drip middle DVF (Fritz et @02, Li et al., 2021)

Previous studies of the DMEly on a limited suite of bulk rock major and trace element
data. This includes a regional study by Fritz et al. (200/ich included both whole rock
geochemistry and +Ar dating of DVF rocksmapping 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
fromthe198© 06 s reporting | imited dnddfdvKArardk maj or
40Ar/3°Ar ages(Gutmann et al., 1985; Luikart, 1997; and references within)! thepublished
works, there are few samples from the youngest upper Dillon member and, notably, none include
isotope data foany DVF rocks While major and tracelement data are important for
classification and petrologic/tectonic modeling, they have their limitations when distinguishing
between lithospheric and asthenospheric melt origiasalt meltgrom both the lithospheric
and asthenospheric mantle may result in overlappicgmpatible trace element ratiosaking it
difficult to differentiate beween sources. Fractionation of magma and crustal contamination can
further alter the original geochemical signataf®VF rocks.

In this study, we ambine DVF petrographywhole rock major and traeglement

geochemistnand®’Srf°Sr and“**Nd/A*Nd isotope ratioso more accurately assess thragins of



magmas in theolcanic provincewherethe DVF rockdikely recordthe tectonic transition from
compression to extensioRor example, Ta/Th values between 0.2 and 0.6 in DVF basalts,
coupled with hig¥’SrfSr and low**Nd/A*Nd @’Srf°Sr > 0.706 and*Nd/A*Nd < 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 lof/&rf°Sr values (< 0.7045 and
43NdANd > 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 titiegrefféerent
tectonic conditions between ~54 and 16 Ma (e.g., subduction changing to lithosphere drip vs.
subduction changing to extension and upwelling of depletedNDIERB like asthenosphere).
Whole rock®’Srf8Sr and"**Nd/A*4Nd 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 &rdidésotope
values can be affected by crustal contamination but still are useful in evaifitvig melts
assimilated mantle and/or crustal materiaigecognizing physical evidence (e.g., xenoliths
and/or xenocrystgnd norprimary incompatible trace elemieratios 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 Ameritare specifically the
northern Rocky Mountains region (USA), responded to the cessatearlgpfCenozoic
subductiorrelated 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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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 southeasternMitzdlogt
al., 202Q 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 Selwagrrane(~2.51.6 Ga) and the northern boundary of the study area is
the Medicine Hat Block (~2-3.3 Ga) near Butte, Montaii&ogk 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 ketwest 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 imostlycovered by Phanerozoic sedimentary strata (Mogk et al., 2020), but
exposed Precamlam craton crops out in the Tobacco Root Mtns, Ruby Range, Greenhorn Mtns,
and Blacktail Mtns, as well as the Gravelly Rangkich consist mainly of quartzofeldspathic

gneisses (Harms and Baldwin, 2022; Mogk et al., 2020).



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 TEctosic

and the Farmington ZonBash blue denotes Gravelly Range study area (GRjure based on

(Mogk et al., 200Q)

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

uplift due to the collision anlikely shallow subduction of the Farallon plate, as well as possibly



one to two oceanic plategund/orpreceded byhe 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 Laramideustal 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., 202 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 southwestéMontana 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 subductieimitiated 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 theaddcollision of the
Siletzia oceanic plateau onto the western North American margin, coupled with widespread
extension, resulting in ~543 Ma Challis and Absaroka magmatism with coeval lower Dillon
volcanism (~5439 Ma) (Constenius, 1996; Fritz et,&007; Schmandt and Humphreys, 2010;
Dostal et al., 2021; Tepper et al., 20Z)llowing the collisionand accretiowf Siletziaterrane
at ca. 50 Ma, the breakoff and rollback of the Farallon slab init{@&glper et al., 2023). This
triggered southwest younging magmatishe Mid-Tertiary ignimbrite flareup, which swept
southward from Challisegion,through the northern and then into the central Great Basin
(Humphreys, 2009; Best et al., 2016). Currently proposed regional EQligioeene tectonic

models for the Montana, Idaho and Wyoming tristate region are centered on rollback of the



Farallon slab after shallow subduction resulting in extension (Fritz et al., 2007; Smith et al.,
2014; Cassel et al., 2018; Li et al., 2021).

Eruptiors of the 5439 Ma lower Dillon volcanicarealmost exclusively located in
southwestern Montana (Fritz et al., 2007). The Absaroka Volcanie$388) are found in a
northwesttrending belt consisting mainly of stratovolcanoes and primarily located in
northwestern Wyoming but also extending intatkern Montana and small portions of eastern
Idaho (Lindsay and Feeley, 2003; Dudas et al., 2023). The central Idaho Challis volcanic field
erupted primarily from fissures and calderas ca-450/a (Nornan and Mertzman, 1991).

Lower DVF magmatism was proposed by Fritz et al. (2007) to reflect contirsgntatigins

based on their potassic, alkaline to subalkaline magma affinities and their enrichment in light
rare earth elements (LREBEand largeon lithophile elements (LILE), with notable Ta and Nb
depletion.

Compressional forces transitioned into extension, marking the end of the Laramide
Orogeny, at ~5461 Ma south of Montana in the Idaktiah-Wyoming region and at ~550 Ma
north of 42°N (Wells et al., 2012). This tectonic event resulted in the E@egtydMiocene (ca.
49-20 Ma) extensional gravitational collapse of the etzkened Cordilleran foreland fold
thrust belt, removal of the Farallon slab, formation of Paleogene extensional basins, development
of metamorphic core complexes (for example, the M&3Anaconda 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 lgaddiring 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., 2024e @ravelly Range, the

Renova sedimentary package is found primarily in a reotith belt along the mountain range

crest. It is ~20250 mthick and either directly underlies DVF lavas or is cut by DVF dikes and
intrusive bodies (Luikart, 1997; this stydyhe locally exposed Renova formation also hosts an

~3-5 Ma disconformity, where the ~33 Ma sediment package is missing (Luikart, 1997).
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Figure 3: Map showing location dfliocene normal faultshe Anaconda Detachment fault
(AD), modernvalleys with Paleogene/Neogene deposits older than Sixmile Creek Formation
(e.g., Renova Formatidrown polygon), Challis volcanics (i@ shadinyy Absaroka volcanic
field (yellow shading and DVF sample locations. Map modifiedm Stroup (2008)andVuke
(2022)

Continued regional extension in southwest Montasalted ilrmiddle'upperDVF
magmatism at33-16 Ma @Broley et al., 2023Brueseke unpublishedAr/3°Ar ages. The

middle DVFoccurredcoevallywith Renova sedimentation arsivolumetrically smaller than the
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lower DVF (Fritz et al., 20@; Sctwartzand Sclwvartz, 2013 this study. Themiddle DVF is
predominantly basalavas and shallow intrusiveBritz et al. (2007) speculatddat this
magmatism occurred due steepening slab angénd associateasthenosphemmelting, coupled
with extension Theupper Dillon volcanicgontain basaltandat least one basanite laaad are
alsointerpreted to represederivationfrom the asthenosphetgritz et al., 2007). Thapper
DVF timing alsodemarcatethe initiation of Basin and Ranggtyle faulting with eruptions
occurring during the hiatus between deposition of Renovarandunger(~17-2 Ma) Sixmile
CreekFormationstrata(Fritz et al.,2007 Sears et al., 2008chwartz and Graham, 2017

Other proposed tectonic models include lithosphericfdriphe middle DVF, in which
the continental lithospheric mantle drips into the deeper mantle resulting in uplift directly above
the drip (i et al., 2021) or baclarc extension due to Farallon slab steepening, or the collapse of
overthickened continental lithosphere in response to asthenosphere upfeelimddle and
upperDVF( Const eni us, 1996; Fritz et al., 2007; S
widely accepted (nor has it beasted 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 loeatensional basiformation (Fritz et al., 2007,
Schwartz and Schwartz, 2013; Liat, 2021). Onesuch extensional feature, the Anaconda
metamorphic core complex, format~53 Ma in Montana along a reactivated fabét

coincides with the onset of ignimbrite flang volcanism Howlett et al., 2021). ThBVF
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overprints this transition from compressional to extensional tectonics marked with renewed
magmatisnwith the middle and uppet33-16 Ma DVF, coeval with continuededimentation
anddeposition of the Renoweormation (SctvartzandSchwartz, 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) andwwect 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 for3(BRIia regional uplift occurring post
orogenic collapse >17 Ma after therstaf 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 dagsociated basalt magmatism along the margins of
the Colorado Plateau by Crow et al. (2011), the Li.g8R1) model depicts no asthenosphere
melting at the drip margins. Instead, melting is suggested to have occutgdtiaeé
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 removhliivé subsequent heating and
weakening of the lithosphere commencing with shaktat rollback (Li et al., 2021).

Howlett et al. (2021) proposes that the foundering of the Farallon slab along a slab tear
beneath ldaho and western Montana began at ~55 Ma following the accretion of Siletzia in the

northern Cordillera. South of the slab tear, the Farallon slab becaepé/sdgpingresultingin
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tearing or necking separation, which enabled southward buckling and dripping of the slab

(Howlett et al., (2021).

Chapter2-Met hods

Samples of mafic lavas/intrusives were collected basguliblished geochemical
datasets and maps of DVF lavas and intrudingea Fitz et al (2007),Mosolf (2021),and the
Cenennial Range/Gravelly maffomO 6 N e i ChHristiamsen{(2004). The aim waso obtain a
representative group of samples from the lower, mjddidupper Dillonvolcanics(Fig. 4).
Emphasiswas put into collecting the youngest of the Dillon volcanics (upper member) since
publishedgeochemical data from uppBWVF samples are lacking. We also focusedamations
onand around the Gravelly Range (and Centennial Valley, N, 4 ard 5), sinceprior
mapping suggested this region hosts the maisinvinous and diverse exposures of DVF lavas
and intrusivesnd was likely a major DVF volcanic center

In total, wecollected26 sanples of maficocksin southwestern Montana from accessible
exposures and only the freshest samples were collected from th&dieffeochemistry, 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 diaftippdd rock saw and
a 60grit sandpaper grinding wheel. All samplgsre then cleaned in deionized water with a
scrub brush and allowed to dry overnight. When dry, all samples were crusheesipepgiavel
andsmaller fragments using tungsten crushing platesRuickLabs Hydraulic Press and
randomized using a coradquarter method on a glass plate. Crushed samples (~40 mL) were
collected after cone and quartered and powdfneeight minutesising a Spex Industries

shatterboxvith an alumina puck assemblage
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All rock sample powders were sent to Hamilton Analytical Laboratory for whole rock
geochemical anal yses. The sampl esraywer e anal y
fluorescence spectrometer, measuring 44 elements (major and trace). Only major elements are
repated here and are as weight percent oxide {SI{D., Al203, Fex0Os3, MnO, MgO, CaO,

NaO, K20, andP.0). Total volatiles asloss on ignition (LOI) weredetermined for each sample
by heating overnight in silica crucibles at 900°C. ForllC®-MS traceelementanalysis, low
dilution lithium-boratefused glass pellets were analyzed to minimize nugget effects. Moreover,
an inhouse drift monitor (HAE2A) was used, as it has similar sensitivities at all atomic
numbers when compared to the standard NIST 160, whicbticonsistent 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 excimersar, 193 nm, with laminar flow frame cell) attached to a Varian
820 single quadrupole mass spectrometer was used to ablate samples and st@otaatiat
SchoolofMines The | aser $<andhas as7ihzrepetition ratk.3H6liung 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-8i s r u n -hopping,fimercsoked

mo d e 0 3nammrand3race element analyses, with dwell times ardQmds per mass

(Conrey et al., 2019; Conrey et al., 2D23race element concentrations are presented as parts
per million (ppm). All major, trace, and rarearth element (REE) data greesented in
APPENDIXA. Fe wassplit according to Le Maitre (1976) drall 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 sample leen 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; (@ght samples withOl > 3.5 wt%; and/or (3) anomalouse(., noRr
igneous) relationships between Mg, Fe, Ni, Cr, V, andd®ic26 new bulk rock analyses are
combined with63 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 (20217 map); in total52 mafic DVF rocks aréncluded in our study.
Sr-Nd Isotopes

Ten representative DVF samples that encompass all three DVF members (e.g., lower,
middle, upper) weranalyzed for SNd isotope analyses #ashington State Universiiya a
ThermaFinnigan Neptune 28 multicollector (M@EP-MS. Methods for Sr and Nd analysis
follow those found in Vervoort and Blichefoft (1999) and Vervoort (2004), with important
steps highlighted here for information. For Sr and Nd whobd isotopt analysis, ~0.25 g
aliquots of wholerock powders were dissolved at high pressureatesl, steglacketed Teflon
bombs with a 10:1 mixture of concentrated HF and HBbi€)ds at 150°C for-J days. After
conversion from fluorides to chlorides, samples were spiked with Mi%8oh->Nd. Sr
aliquots were purified using micrmolumns (0.18 ml resin volume) with-Spec resin and
HNOs. Nd and Sm were separated from the LREE aliquot on columns with HiaB&ted
Teflon powder and HCI (Vervoort and Blichéroft, 1999). Sr analyses were corrected for mass
fractionation using®Srf8Sr=0.1194 andormalized to a value of 0.71024 for tH&rf°Sr ratio
of the NBS987 standard. Nd analyses were corrected for mass fractionation using
146NdA4“Nd=0.7219 and normalized to a value of 0.512138 for4ind/*4Nd ratio of the Ames
Nd standard and 0.511858 for the La Jolla standard. Sm analyses were corrected for fractionation

using*’sSmA>Sm=0.56081. All mass fractionation corrections were made using the exponential
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law. Recorded’SrPeSrand*3Nd/A4Nd valuesfor the DVF samplewere corrected tinitial Sr-
Nd isotope value${SrfeSr , *3NdA*Nd;) usingpublished age dates or to 30 Ma with no

reported geochronology.

Chapter3-Resul t s

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 RangEig. 5)targeted primarily volcanic centers,
as well as possible related lavas to the south in the Centennial Weiteyere originally
mappedoy O 6 el and Christianse(R004) as Tra. TheGravelly Rangeespecially in the
vicinity of Black Butte and Lion Mountajiwere targeted because they are eroded volcanoes
with vent facies, plugs, and dikes in which we collectedpsesfor modern geochemical and
isotope analysis. A lava north of Black Butte (WER4and lavas south of the vent facies of Lion
Mountain (WE247, WE248) were also sample@amples 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
volcanicfield, and the blue regiois theChallis volcanic fieldbutcrops Sample symbols as in
Fig.3, where blusquare =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 ButtgGutmam et al., 1989K-Ar date by Fritz et al., 2007s 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, dwstpa ~510 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 olivinaldpro. Hyaloclastic pyroclastic deposits around the base
of the plug dip away from its core at ~20 degraed overlie Renova strata; thesel 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 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 ame50 m thick package of at leasghtridge-forming lavas
to its south (Figs. 7, 8). Multiple dikes cut through the ~24ihick Renova formation, which is
now exposed, unconformably overlying Mississippian Madison limestone, and forms slopes and
cliffs that make up Lion Mountain and the imdnee vicinity. A ~50 mthick sill was observed
cutting horizontally through R®va formation with only a few meters of Renova sediments at its
top with a ~ 56m-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 wt9ov@ile
the lower lava in the package is vesicular and slightly more mafic (50.1 wt9o Bidzk

glaciers occur on the eastern slope of Lion Mountain. A separate columoaivetoody over
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0.1 knt in areal extentvas 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 collectégthin andoutside theGravelly Rangeand
Centennial ValleyThe outcrops rangddom small, poorly exposed lavas withimodernvalleys,
to thick~807 100 m often columnar jointed lagasuch aghosesampledrom theBlock
Mountain and Bannack Bench Road columaaas(Figs.7, 9, 10). These scatterenlutcrops of
lava throughout southwestern Montana outside offaeelly Rangeregionmay represent a
more monogeetictype of volcanism in whickavaerupted and theflowed downexisting
paleovalleys rather than forming larger volcanic centers as observed in the GravellyFgange.
example, a columnar lava along Bannack RD in Montana isn-88ck and is similar in
appearance to Columbia River Flood Basalts outcrops suggestitayvtfiowed down a
paleovalley in which it then inflated and thickenedvas in Fig10A and 10QverlieRenova
sediments which is evidence of interstitial Dillon volcanism during basin sedimentation. These

lavas are botfaulted,and ones 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 WE24wvas collected. (B) Summit of Black Butte looking to the
east. (C) Volcanic bomb on the south slope of Black ButteH{a)oclasticpyroclastic deposits
along the southern slope of Black Butte. (E) Photomicrograph of VIEshwinglarge
plagioclase clot with phenocrysts of olivine and titanaygite sample was taken from the
summit of Black Butte(F) Photomicrograph of WE22, a moreevolved, apatite, magnetite
bearing gabbro taken from the summit of Black Butte.
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Figure 7: Field photos and photomicrographs of DMRhe Gravelly RanggA) Dike cutting
through Renova Formation along the western slope of Lion Mountain (B). (C) Hand sample of
dike marginand Renova sediments. (D) Looking west at large columnar intrusive body located
~2 km west of Lion Mountain. (E) Photomicrograph of intrusive dike (W&2Zhowingcalcite
amygdales and quarkenocryststhe samplesverecollected from location in photo (AjF)
Photomicrograph of sample WEB4 shoving olivine phenocrysts angroundmass plagioclase
that displaygrachytic flow texturesthe sample was collected from the location shown in photo

(D).
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Figure 8: Field photos and photomicrograpifd.aon Mountain (A) Looking north to eroded
exposures of lava and a sill south of Lion Moun(gillow dashed lines outline sill ~50m
thick). Yellow to orange outcrops Renova sedimentiatlie below the sillandare foundas a
thin ~ 9 moutcrop abové with a package of laveapping RenovaB) Lookingsouthwest up at

a package of multiple lavas south of Lion Mountain where photo (A) was taken. (C) Top of lava
packagehatsample WE247 was collected. (D) Lava near the base of lava package which
contains asedimentarykenolith (E) Photomicrograph of sample WE24howing large oval

shaped vesicles andceystal clotconsisting of mostly clinopyroxene. (F) Photomicrograph of
sample WE24, collected from basal lava in photos (B) and (D), containing altered
(iddingsitized) olivine phenocrysts.
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Figure 9: Field photos and photomicrographsrefiionalDVF exposures(A) Small outcrop of

lava along Atler Trail in Varney Montanaalong 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 lavahere sample WE241 was collected from a cobble
near the roadn the eastern Madison Valle§pD) Photomicrograph of sample WE24 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, quaenolithsand pilotaxitic
groundmass.
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Figure 10: Field phdos and photomicrographs of regional DVF exposusOutcrop of lava
above Renova Formation ~700 m north of Red Butte Montana. Entire outcrop is tilted. (B)
Photomicrograph of WE243 collected from lava in (A) showing olivine and plagioclase
phenocrysts with iddingsite alteration in some olivine.@@umnar outcrop on the east side of
Bannack Bench Rd Montana (WE24). (D) Photomicrograph of WE2W with amyglaloidal
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textures. (E) Small outcrop of lava in northern Big Hole River Valley (WE24 (F)
Photomicrograph of WE246 showing zoned and twinned titanaugite and olivine phenogrysts
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 samytksined for this study as rocks with <57
wt% SiQp). All our newly sampled DVF rocks are basalts to basaltic andesites, except for one
andesite (e.glpwer Dillon Block Mountain lava). All data plotted below includes samples
prepared at KState, along with samples from Luikart (1997), Fritz et al. (2007), and Mosolf
(2021)(e.g., n = 52 total).

All rocks plot within subalkaline 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% Si@ The middle Dillon samples plot as salkaline and transitional, ranging
from mafic compositions (< 52 wt% Si{to slightly more evolved (>52 wt% S#D The upper
Dillon rocks are all mafic and plot as salkaline basalts to alkali basalts, basanites, and trachy
basalts. Sub alkaline DVF rocks plot as eallkaline on an alkaliron-magnesium (AFM)
diagram (Irvine and Barager, 1971) (Fig. 11B)e majorityof DVF rocks plot as higik and
have absarokite and shoshonite affinities (Fig. 12). On a Harker diagram (Fig. 13), upper DVF
rocks tend to have lower wt%® 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 atrhc(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 (qtiaoteiite). Upper Dillon rocks tend to be
undersaturated alkali basalts, though one saripe24 16, plots as an olivine tholeiiterhich
could be due to contamination from observed quartz xenocrysts and altdraioall 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 toheavy rare earth elementdREE) 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 enrichrtteart the upper DVih 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 HRIEEdsttbf 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 WE246, an upper DVF rock, has a steeper LREE to
HREE patterndifferent from the rest of the DVF sampl&sg. 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 fvamrtbd/F
that display high Cr (between 5QQ00 ppm) and Rb (between 2050 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 lowd/F 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 unitgart fromone middle DVFRock, sample VE35# 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 manteeative to the

other two members, flatter patterns that are moreI®H(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 diagraafter Irvine and Barager (197fr the

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

this study.
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Figure 12 K>0 vs. SiQ discriminationdiagram after Peccerillo and Taylor (19769w-K
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32



wt% FeO* wt% Al,0,

wt% Na,0

wt%K,0

20 T T T T ] T T T T I T T T T ] T T T T L L L L I L L L L I H ) T I T T T T
v
18 .
w Y ]
16 A?v's, | Voo
| N W\v 4 L A _
14 "é - "'w’
1 t A 2 A 1
12 ﬁA- . AA A
A J
10 1 L L L I 1 1 1 1 I 'l 1 1 I 1 1 1 1 L L L L I L L L L I 1 1 1 1 I 1 1 1 1
13 T T T T l T T T T I .l T 1 I T T T T : 1 1 1 1 IAI T T T ] 1 1 1 1 I 1 1 T T :
— v —
11 g N A ]
v - v, A AL -
10 — R v Ay V¥V v i
v Ve A L T N
5 ""a{v 1t v v'“.w a ]
8 v A T - L -
, - T . 5
gl 1 1 | NI WA TN N T T W T A A T B i AR R R
5 T T T T I T T T I ) T T T I T T T T 1 1 1 1 I T T T T I 1 1 T T l T T T T
b= v -
|
4 v v T i vV ‘ ﬁ i
W Ev ) B G ol my ]
v N4
v A‘y o’ R w J
3 v Av'{ v N - v 29V aa A
v v ]
oy AV 4%
N v A i
2 1 1 L L I L 1 1 L I I. 1 1 I L L 1 1 L L 1 1 l L L L 1 I 1 1 L L I L 1 1 1
4 L] T ' 1 I T T 1 T I T T T T I 1 L T T 1 1 ) ] I T 1 1 L I T 1 1 T I T 1 1 1
A i o 1
v - —
3 v v % 1 B v u 4
. = -
V‘! | ‘ 4
2 %Q A e v‘
v v B 7
% ;iv v
- v N _
1 \4 V. 4 | | 5 Y A 4
v v VAN ﬂ T
0 1 1 1 1 l L L 1 1 I 1 1 L L I 1 1 L 1 1 1 1 1 IA%I L 1 I 1 1 L L I 1 1 1 L
0 5 10 15 20 0 5 10 15
wt% MgO wt% MgO

Figure 13. Harker diagrams illustrating major element variations with \Wge.
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Figure 14: Harker diagrams illustrating trace element variations with Wi§©.
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Figure 15: Classification diagram for DVF rocks based on their CIPW normative compositions
projected in NeDI-Di-Hy-Q compositional space after Thompson (1984)
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Figure 16: Chondrite normalized mukelement diagrarfor DVF rocks(Sun and McDonough,
1989).
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Figure 17: Primitive mantlenormalized (Sun and McDonough, 1989) trace element variations
of the lower D\F compared to OIB (Sun and McDonough, 1989).
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Figure 18 Primitive mantlenormalized (Sun and McDonough, 1989) trace element variations
of the middle DVFcompared to OIB (Sun and McDonough, 1989).
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