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Abstract 

 

Topography controls regional drainage patterns, sediment transport, resource 

accumulation, climate, and atmospheric circulation. In turn, topography is controlled by plate 

tectonic forces and crust and mantle processes, such as compression, delamination, 

extension, heating, and magmatism. In studying the surface record, researchers can estimate 

past elevations, the timing of surface uplift or lowering, and the regional extent of highlands, 

which are needed to characterize the lithospheric processes and conditions responsible for 

changes in surface topography. In the complex tectonic setting of the northwestern United 

States, paleoelevation records can help interpret the timing and processes behind Rocky 

Mountain orogenesis.  During the Eocene (ca. 56-34 Ma), the northern U.S. Cordillera 

experienced a shift from compression and Laramide-style thrusting to extension, recorded in 

extensional basin formation, exhumation of metamorphic core complexes, and 

southwestward migration of magmatic activity, accompanying surface uplift in the fold-

thrust belt and elevated Sevier hinterland. However, researchers disagree on the extent, 

lifespan, and elevation of this highland or how the region evolved into the modern Rocky 

Mountains.  

Stable isotope paleoaltimetry of Eocene-age hydrated volcanic glass shards, collected 

along a longitudinal transect from the western paleoshoreline to the Great Plains, was used to 

determine estimates and locations of high topography associated with Rocky Mountain 

surface uplift and lowering in the Paleogene. Volcanic glass hydration waters act as a proxy 

for the long-term average hydrogen isotopic ratio (δDglass) values of paleo-meteoric water at 

the time of glass deposition. Fluvial and alluvial sample δDglass values range from -223.6‰ ± 

2.4‰ to -89.0‰ ± 6.9‰VSMOW. The most D-depleted samples are consistently found in west-

central and southwest Montana, and yield modeled paleoelevations of 4640 +720/-440 m in the 

early Eocene down to 3400 +520
/-540 m in the late Eocene - Oligocene. These one-dimensional 

rainout model results show that topography was long-standing throughout the Paleogene, 

despite surface lowering by ~1200 m by the Oligocene. Both modern and ancient δD patterns 

suggest a dominant westerly moisture source and a zone of airmass mixing on the leeward 

side of the range. Because high Eocene pCO2 would have reduced isotopic lapse rates, these 

values are minimum paleoelevation estimates. Tuff correlation using trace and rare earth 
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element analysis reveals ground and atmospheric transportation pathways to deliver volcanic 

materials from Challis and Absaroka volcanic fields to ponded basins in the Wyoming 

Laramide province. A combination of crustal thickening from recent shortening and 

thermal/geodynamic effects from Farallon slab rollback, delamination, and/or high heat flow 

from regional volcanic activity are likely responsible for the development of Paleogene 

northern U.S. Cordilleran paleo-highs. 
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I. INTRODUCTION 

The U.S. Cordillera provides an example of long-lived multi-phase plate deformation 

driven by Farallon plate subduction between ca. 220-40 Ma (Dickinson et al., 1988; 

DeCelles, 2004; Heller and Liu, 2016; Yonkee and Weil, 2015). Overlapping styles of 

compressional deformation, Sevier thin-skinned (120-50 Ma) and Laramide thick-skinned 

(80-40 Ma), created an overthickened crustal welt in the Sevier fold-thrust belt of western 

Montana and eastern Idaho to central Utah (Fig. 1.1; Coney and Harms, 1984; Snell et al., 

2014). Beginning ca. 55 Ma, the exhumation of metamorphic core complexes, formation of 

extensional basins in southwest Montana, and rejuvenated magmatic activity demonstrate a 

shift in the dominant tectonic regime from compression to extension (Smith et al., 2014; 

Yonkee and Weil, 2015; Canada et al., 2019). The effects of this tectonic reorganization in 

have prompted debate on the topographic response to changing stress fields, thermal 

weakening, delamination, and Farallon slab removal (e.g., Coney and Harms, 1984; Janecke 

et al., 1994; Constenius, 1996; Blankenau, 1999; Sonder and Jones, 1999; DeCelles, 2004; 

Smith et al., 2014; Humphreys, 2015; Chamberlain, 2012; Karlstrom, 2012; Fan et al., 2014; 

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

The hypotheses for the timing, magnitude, and mechanisms of surface uplift of northern U.S. 

Cordilleran peak elevations are diverse (DeCelles, 2004; Snell et al., 2014; Fan et al., 2021). 

Many researchers asserted that the highest paleoelevations were in the Sevier fold thrust belt, 

accompanied by the development an Andean-style high plateau (2-4 km elevations) in the 

late Cretaceous to early Eocene Sevier hinterland (Coney and Harms, 1984; DeCelles, 2004; 

Snell et al., 2014; Cassel et al., 2018; Schwartz et al., 2019; Canada et al., 2019). Other 

hypotheses attribute kilometer-scale surface uplift to high heat flow or dynamic topography 

during proposed Eocene Farallon slab rollback or crustal delamination in the Eocene 

(SWEEP model of Chamberlain et al., 2012; Fan et al., 2014; Humphreys, 2015; Heller and 

Liu, 2016). Some workers also support younger uplift models, claiming that 25-50% (0.5-1.5 

km) of modern Rocky Mountain high topography was attained in the Neogene through tilting 

or thermal uplift (Dickinson et al., 1988; Heller et al., 2003; 2016; McMillan et al., 2006; 

Karlstrom et al., 2012; Levandowski et al., 2018). To form a unifying hypothesis 

reconstructing the tectonomagmatic conditions of the northern U.S. Cordillera requires 

quantification of Paleogene surface elevations (Chamberlain et al., 2012). 
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 In this study, 2H/1H ratios of hydration waters preserved in felsic volcanic glass 

(δDglass) are used to paleoelevations across the northern US Cordilleran hinterland, fold-thrust 

belt, and foreland basin from 58 – 26 Ma. Though researchers have used stable isotope 

paleoaltimetry with a variety of proxies to estimate northern Rocky Mountain 

paleoelevations (e.g., detachment zone muscovites of Mulch, 2007; pedogenic carbonates of 

Schwartz et al., 2019), the large spatial extent of this study enables an assessment of broader 

topographic trends. The locations and magnitudes of the highest mean paleoelevations across 

the transect provide needed constraints for geodynamic models using tectonic and mantle 

condition parameters. In addition to paleoelevation estimates, this study combines 

geochemical correlations based on regional tephrochronology with modeled paleoelevations 

and modern water comparisons to assess the changes in topography throughout the Cenozoic 

creating a timeline of peak elevations and identifying drainage pathways and atmospheric 

circulation patterns (Mulch et al., 2004; Mix et al., 2011; Cassel et al., 2012; 2014; Fan et al., 

2014). The new δDglass values record early Eocene high elevations of 4640 +720/-440 m in west-

central and southwest Montana at the toe of the Sevier fold-thrust belt, Based on the results 

of a climate-calibrated one-dimensional rainout model (Rowley et al., 2001). These 

elevations may have been created and supported through a combination of crustal thickening 

and Farallon slab rollback- and/or delamination-related surface uplift or lowering 

components. 

 

2. GEOLOGIC BACKGROUND 

2.1. Mesozoic-Cenozoic Tectonic Setting 

The subduction of the oceanic Farallon tectonic plate beneath the North American 

plate resulted in both Sevier thin-skinned and Laramide thick-skinned deformation and 

crustal thickening (ca. 120-40 Ma). Thin-skinned thrusting and continental arc magmatism 

characterize subduction-related processes within the Sevier orogenic belt (DeCelles, 2004). 

Progressive eastward migration of magmatism from 80 – 55 Ma provides evidence of a 

shallowing angle of subduction of the Farallon plate during the Cretaceous period 

(Constenius, 1996; DeCelles, 2004; Dickinson, 2004). Lithospheric hydration further 

facilitated emplacement of the Idaho and Boulder batholiths (DeCelles, 2004; Yonkee and 



	 4	

Weil, 2015) and related Mesozoic volcanic activity, such as the Elkhorn Mountain volcanics 

(McDonald et al., 2020).  

 

The transition to flat-slab subduction in the Late Cretaceous initiated Laramide-style 

thick-skinned thrusting of basement-cored uplifts east of the Sevier thrust belt while 

occasionally overlapping in time and place with the location of Sevier-style compressional 

deformation (Humphreys, 2009). These uplifts partitioned the Sevier foreland, bounding a 
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system of internally drained basins beginning by 53 Ma (Fig. 2.1; Smith et al., 2008). Rapid 

basin subsidence, sedimentation from nearby uplifts and volcanic centers, and environmental 

conditions promoting preservation of carbonaceous material initiated the generation of key 

hydrocarbon reserves, such as the lacustrine Green River Formation (Smith et al., 2008; 

Chetel et al., 2011).  

Western North America experienced a shift to an extensional tectonic regime 

associated with Farallon slab rollback in the Eocene (56-34 Ma). This is recorded in 

metamorphic core complex exhumation and extensional basin formation, resumed volcanism, 

and thermal uplift (Coney and Harms, 1984; Constenius, 1996; Smith et al., 2008; 2014; 

Chamberlain et al., 2012). Volcanic activity and subsequent thermal uplift to estimated 

elevations of 3.5-4 km began in British Columbia in the early Eocene and migrated 

southwestward into Nevada and Utah by the late Eocene – Oligocene (Mulch et al., 2007; 

Humphreys, 2009; 2015; Chamberlain et al., 2012; Smith et al., 2014; Cassel et al., 2014; 

2018). While there is a recorded change in tectonomagmatic behavior from north to south 

related to slab rollback, effects of these changes on surface deformation are poorly 

constrained (Dickinson et al., 1988; Fan and Carrappa, 2014).  

 

2.2. Eocene Volcanism 

In the U.S. Cordillera, early to middle Eocene volcanic centers, including the 

Absaroka volcanic province (MT, WY) and the Challis volcanic field (ID), periodically 

blanketed the region in air-fall and ignimbrite deposits (Figs. 1.1; 1.2) (Smedes and Protska, 

1972; M’Gonigle and Dalrymple, 1996; Hiza, 1999). Researchers assert that Farallon slab 

rollback and lithospheric delamination are largely responsible for the increased magmatism. 

The removal of the Farallon slab increased lower and mid-crustal heat flow and hydrated the 

overlying crust to lower the liquidus, initiating a southward-migrating ignimbrite flare-up in 

line with the location of the slab hinge (Coney and Harms, 1984; Sonder and Jones, 1999; 

Dickinson, 2004; Humphreys, 2009; Cassel et al., 2018). 

 

2.2.1. Absaroka Volcanic Province 

The Absaroka Supergroup (53-43 Ma) resulted from the most prolific Eocene 

volcanic field in the northern Rocky Mountains, erupting over 23,000 km3 of volcanic 
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material over 25,000 km2 (Smedes and Protska, 1972; Hiza, 1999; Harlan, 2006). Estimates 

of volumetric output place 60% of the Absaroka Supergroup as erupted from 49-47 Ma 

(Hiza, 1999). Examination of the more than 10 individual volcanic centers documents a 

northwest to southeast age progression based on 40Ar/39Ar age determinations (Hiza, 1999). 

Mafic volcanism occurred early in each volcanic center within the province, followed by 

volcanism characterized by an increased crustal melt component and higher silica content 

with time, though there is no discernible spatial trend across the entirety of the province 

(Hiza, 1999). Numerous sedimentary basins in Wyoming preserve Absaroka ash-fall deposits 

interbedded in lacustrine strata, including those of the Greater Green River, Wind River, and 

Bighorn Basins (Van Houten, 1964; Smith et al., 2008; Chetel et al., 2011). 

 

2.2.2. Challis Volcanic Field 

The Challis Volcanic Group of central Idaho (50-45 Ma; 40Ar/39Ar) is the remnant of 

a short-lived but intense period of middle Eocene volcanism (Janecke and Snee, 1993; 

M’Gonigle and Dalrymple, 1996). The Challis Group is composed of andesitic lava flows, 

caldera-sourced ignimbrites, and a series of granitic intrusions and mafic dikes emplaced into 

the Cretaceous Idaho Batholith (Janecke and Snee, 1993; M’Gonigle and Dalrymple, 1996; 

Sanford, 2005). Effusive volcanism was mostly located in the southeastern portion of the 

field and spanned the earlier part of volcanic activity (~50-47 Ma), whereas more explosive 

silicic volcanism was largely concentrated along the central axis of the volcanic field 

between 48-45 Ma, exemplifying the bimodal nature of the sequence (Janecke and Snee, 

1993; Sanford, 2005). The younger ash-falls and ignimbrites have a more uniform thickness 

and are more continuous than their earlier andesitic and dacitic counterparts. Multiple studies 

suggest this is the result of Challis effusive volcanism filling pre-volcanic paleotopography, 

followed by the broad distribution of volcaniclastic material unencumbered by topographic 

relief (Janecke and Snee, 1993; Janecke et al., 2000; Stroup, 2008). Challis volcaniclastic 

sediment is preserved in basins in southwestern Montana, eastern Idaho, and southwestern 

Wyoming (Janecke, 1994; M’Gonigle and Dalrymple, 1996; Chetel et al., 2011). 
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2.2.3. Lowland Creek Volcanics 

The oldest Eocene volcanic center in Montana is documented in the west-central part 

of the state. The Lowland Creek volcanics, northwest of Butte, are characterized by two main 

ignimbrite sheets erupted between ~53-49 Ma, based on 40Ar/39Ar dating, overlapping in time 

with Absaroka volcanism and predating Challis volcanism by 3 Ma (Dudas et al., 2010; 

Scarberry et al., 2015; McDonald et al., 2020). Lowland Creek volcanism ranges from silicic 

to calc-alkaline andesitic in composition and is largely confined to west-central Montana 

(Dudas, 2010).  

 

2.2.4. Dillon Volcanics 

The bimodal Dillon volcanics of southwest Montana are marked by thin, 

discontinuous lava flows and rhyolitic tuffs, active from ca. 53 Ma-20 Ma (Fritz et al., 2007). 

Whole-rock K-Ar age determinations of the lower Dillon volcanics yield ages between ~49-

42 Ma, making them largely contemporaneous with the Absaroka, Challis, and Clarno 

volcanic provinces (Fritz et al., 2007). The volumetrically smaller and less felsic middle 

Dillon volcanics were active from the latest Eocene to late Oligocene (34-27 Ma) and had an 

eruptive center near Virginia City (Fritz et al., 2007). Overall, the Dillon volcanics are 

spatially limited to the far western edge of southwest Montana.  

 

2.2.5. Clarno Volcanic Province 

The Clarno volcanic province was active from 54 – 39 Ma, based on 40Ar/39Ar ages, 

and erupted lavas and air-fall tuffs with compositions reflective of intermediate calc-alkaline 

arc volcanism (Bestland et al., 1999; 2002). Ca. 42 Ma, volcanic activity shifted to the 

Cascade arc and took on an intra-plate composition, depositing the air-fall tuffs and 

ignimbrites of the John Day Formation (Bestland et al., 2002). However, the timing of the 

formation of the Cascade Range is still debated (e.g., Kohn et al., 2002; Kukla et al., 2021). 

Early Cascade volcanism continued through the early Miocene (39-18 Ma; sanidine 40Ar/39Ar 

ages), resulting in a series of rhyolitic caldera-forming eruptions in eastern Oregon of mainly 

Oligocene age (McClaughry et al., 2009, 2010; Brown, 2017) and in more intermediate-

mafic flows and tuffs of the Little Butte Volcanics to the west (Savoie, 2013; Ferreira, 2016). 
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2.2.6. Other Volcanic Centers 

Igneous activity in the Black Hills, SD and the Devils Tower area, WY was the 

easternmost extent of Paleogene volcanic activity. Volcanism here was diverse in 

composition and activity lasted from ~60 Ma to 39 Ma, though most activity occurred 

between 58 and 50 Ma (Lisenbee, 1988; Redden and DeWitt, 2008). These units are 

predominantly alkalic iron-rich rocks, but compositions range from carbonatite to rhyolite 

(Lisenbee, 1988). To the west, the Rattlesnake Hills volcanic center of central WY was a 

small (~400 km2) and short-lived (~50-42 Ma; K-Ar ages) volcanic center characterized by 

alkaline to subalkaline plugs, dikes, and flows (Sheriff and Shive, 1980; Wilson et al., 2016). 

Volcaniclastic material sourced from a Rattlesnake Hills quartz-latite eruption has been 

found in the nearby middle-late Eocene Wagon Bed Formation in the Beaver Rim area 

(Sheriff and Shive, 1980; Hausel, 1996). 

 

3. METHODS 

3.1. Geochemistry 

 Precipitation δD values respond to changes in elevation. As moist airmasses rise to 

pass over high topography, they adiabatically cool and rain out. Heavier mass isotopes 

preferentially condense out of vapor in equilibrium, leaving the remaining airmass depleted 

in D relative to its starting δDvapor value (Fig. 3.1; Dansgaard, 1964; Hoefs, 1997). Similarly, 

river waters draining areas of high elevation are generally D-depleted relative to downstream 

river waters, where drainage areas are larger and the hypsometric mean elevation is lower 

(Chamberlain and Poage, 2001; Kendall and Coplen, 2001; Rowley, 2007). This effect is 

seen especially well on the westward slope of the Cascade Range; δDwater samples collected 

at high elevations are more negative than their low-elevation counterparts (Fig. 3.2). The 

modern lapse rate δDwater is -21‰/1 km of elevation gain (Sharp, 2017). 

Climate and atmospheric circulation patterns also play large roles in precipitation δD value 

patterns across continents. Warmer (cooler) temperatures reduce (increase) the δDvapor 

fractionation factor during initial evaporation resulting in airmass formation, leading to 

higher (lower) δDvapor vs. elevation lapse rates. (Dansgaard, 1964). Today, at mid- and high 

latitudes, a 1°C decrease in mean air temperature yields a 5.6‰ decrease in the δDwater value 

(Rowley, 2001; Sharp, 2017). Similarly, relative humidity affects evaporation and 
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condensation of surface water and water vapor; low relative humidity generally enables 

increased evaporation, which preferentially results in D-enriched surface waters, and inhibits 

condensation, which conversely results in a more D-enriched airmass (Dansgaard, 1964).  
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An additional factor influencing the character and pattern of the modern isoscape is 

airmass trajectory over or around high topography (Galewsky, 2009; Vachon et al., 2010). 

Long mountain ranges oriented perpendicular to the direction of airmass travel, like the 

northern U.S. Cordillera, force airmasses to travel up and over topography, which is required 

to drive rainout (Galewsky, 2009). The shape, size, and geographical extent of a mountain 

range in the path of an airmass control the trajectory of the airmass and the climate patterns 

nearby, affecting regional ecological processes and weather patterns. 
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Felsic volcanic glass hydrates during contact with surface waters following 

deposition. Cation exchange of mobile elements, like Na+, K+, Ca2+, and Mg2+, for hydrogen 

ions creates a dense silicate  “passivating layer,” typically within ~10,000 years of eruption 

and deposition (Gin et al., 2013, 2015; Cassel and Breecker, 2017). Once formed, this 

nanoporous silicate rind prevents further contact or exchange with hydrating surface waters. 

This insulates the glass from the effects of changing hydration waters over time, preserving 

the water isotopic signature of the original depositional environment (Cassel and Breecker, 

2017). 

 

3.2. Sample Collection and Processing 

3.2.1. Rocks 

Samples were collected from ignimbrites and tuffaceous deposits like tuffaceous 

sandstone, siltstone, and airfall tuff. Locations were chosen based on accessibility and 

strategic location within study area. All potentially viable samples in a locality were 

collected, but sample beds with little to no reworking and minimal alteration were placed at a 

higher priority than moderately to heavily reworked or altered deposits. Minimal reworking 

is an indicator of hydration by precipitation water as opposed to material reworked and 

hydrated by lake or river water, so those samples provide the δD values closest to original 

precipitation (Cassel et al., 2018). Unwelded ignimbrite deposits were preferred over welded 

deposits because surface waters can more easily infiltrate the rock at the time of deposition 

(Cassel and Breecker, 2017).  

Following the methods of Cassel and Breecker (2017), glass-bearing samples were 

separated to >95% pure glass prior to analysis. Samples were crushed with a ceramic mortar 

and pestle or a disc mill fitted with ceramic milling plates. Crushed samples were wet-sieved 

through nylon sieve cloth at 150, 70, and 37 µm. Glass was most abundant in the 70>150 and 

37>70 µm fractions. The >150 µm size fraction typically exhibited a greater degree of 

alteration, and the <37 µm size fraction contained mostly clay particles. Acid abrasion with 

hydrochloric acid (HCl) and hydrofluoric acid (HF) removed carbonate material and broke 

down clay minerals to avoid compromising glass purity with other crystalline components. 

Samples were rinsed twice for 30 seconds in 10% HCl and twice for 30 seconds in 8% HF, 

each followed by a rinse with 18 mΩ deionized water. Any samples with remaining clay 
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components underwent up to two additional HF abrasions. Following treatments, samples 

were thoroughly rinsed and re-seived to 70>150 and 37>70 µm. A neodymium hand magnet, 

followed by runs through a Frantz isodynamic separator at 0.3 and 0.8 amps, removed 

magnetic minerals. Samples were then separated by density using lithium metatungstate 

(LMT) or methylene iodide (MEI) to >95% glass purity. Solutions started at ρ=2.7 g/mL 

before additional dilution and stratification in a modified 500 mL separation funnel. 

Following separation, samples were rinsed thoroughly and ultrasonicated with 18 mΩ 

deionized water or acetone to remove residual LMT or MEI (Fig. 3.3). 

 

3.2.2. Modern Waters  

Small-catchment stream water samples were collected to provide an estimate of local 

precipitation δD values and to expand the current water stable isotopic dataset (e.g., Bershaw 

et al., 2020). 45 samples were taken in 20 mL glass headspace vials with PTFE lined caps. 

Water temperature was measured at time of collection using a thermocouple temperature 

probe. Care was taken to avoid irrigation waters, which may not accurately represent local 

precipitation δD and δ18O values due to recycled water supplies (Kendall and Coplen, 2001). 

After collection, sample vials were hand-tightened and sealed with Parafilm and electrical 

tape to prevent leakage or isotopic exchange with the atmosphere. 

The modern water dataset used in this study also includes δD and δ18O values from 

697 stream samples and 66 precipitation samples taken over the past 35 years from the 

Waterisotopes Database (2020), the United States Network for Isotopes in Precipitation 

(USNIP), and the Global Network for Isotopes in Precipitation (GNIP) (IAEA/WMO, 2021). 

Samples were selected from small creeks or streams close to the headwaters to more closely 

reflect precipitation values. Stream values were averaged summer (May – September) values 

at each site to remain consistent with the summer field sampling timeframe for this study. 

Precipitation samples are winter values (October – April), which contribute most heavily to 

summer streamwater and melt values in the study region (Vachon et al., 2007). 
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3.3. Sample Analysis 

3.3.1. Stable Isotopes 

 Glass samples were analyzed for hydrogen stable isotope ratios at the Barnes-

Breecker Light Stable Isotope Lab at the University of Texas – Austin. Glass δD values from 

37 new samples were measured by high temperature thermal combustion (1450°C) and 

continuous-flow gas mass spectrometry on a Thermo Electron TC-EA coupled to a Thermo 

MAT253 isotope ratio mass spectrometer (IRMS). Following the sample preparation 

protocols outlined by Cassel and Breecker (2017), three to six aliquots of 3.0-3.3 mg of pure 

glass shards were placed in 3.5 – 5 mm Costech silver foil capsules, dried under a vacuum at 

70°C for 12-24 hours, and then loaded into a zero-blank auto sampler and immediately 

flushed with dry He gas. Unknowns were run interspersed with internationally certified 

standards USGS-57 (biotite; -91.5‰), USGS-58 (muscovite; -28.4‰), and NBS-22 (oil; -

119.6‰) and an in-house glass standard (-163‰). Resultant δDglass values were corrected for 

instrumental drift, peak amplitude, and normalized to the VSMOW scale. Aliquots with 

significant memory effects (>5‰) were eliminated from sample means. Each sample mean 

represents an average of 2-6 aliquots. δD value precision was determined to be 2.4‰ (2σ of 

replicate standards). Water contents were calculated from total H and mass for each aliquot 

and reported in wt. percent. 

 Stream water samples were also analyzed at UT-Austin for both δD and δ18O values. 

δD values were obtained via the TC-EA/MAT253 IRMS as with the glass samples. δ18O 

values were delivered via a GasBench system operated in continuous flow mode. As with 

glass analysis, water samples were run against international standards and in-house working 

standards and corrected for instrument drift, peak amplitude, and normalized to the VSMOW 

scale. 

 

3.3.2. Trace and Rare Earth Elements 

 To distinguish volcanic sources, trace and rare earth element (TREE) concentrations 

for 29 volcanic glass samples were analyzed at the Washington State University Peter 

Hooper Geoanalytical Lab. For each sample, 0.10-0.50 g of material were prepared for mass 

spectrometry with a straight dissolution technique using 69-70% HNO3, 48-52% HF, 67-71% 

HClO4, and H2O2. Samples were then run on an Agilent 7700 inductively coupled plasma 
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mass spectrometer (ICP-MS). Processing of three in-house rock standards ensured 

standardization, and elemental concentrations, oxide corrections, and drift corrections were 

performed following analysis. Long-term precision is reported as <5% for rare earth elements 

and <10% for trace elements. 

 

3.4. Paleoelevation Model 

Paleoelevation estimates from δDglass values were calculated using the one-

dimensional thermodynamic airmass lifting Rayleigh distillation (“rainout”) model of 

Rowley et al. (2001; later modified in Rowley, 2007; Rowley and Garzione, 2007). Changes 

in air temperature due to climate and elevation are reflected in the model’s temperature-

dependent vapor-liquid fractionation factor (Rowley et al., 2001). A single airmass trajectory 

is considered from the west coast (Vachon et al., 2010). The model incorporates estimates of 

initial temperature, initial relative humidity (RH), air pressure at the lifting condensation 

level, and local meteoric water line (LMWL) equations to calculate elevation estimates based 

on the change in δDglass values (ΔδD).  

Secular changes in the δD value of the vapor source are controlled for by comparing 

all δD values to a low-elevation datum. In this case, glass ΔδD values were calculated using a 

near-sea level sample in western Oregon. This determination was based on the local 

stratigraphy and previous 40Ar/39Ar age dating of glass-bearing units. The OR21_506WV 

unit, dated at 26.28 ± 0.18 Ma (Table 3.1) overlies the marine facies of the Eocene-Oligocene 

Eugene Formation, confirming the likely low elevation of this sample during deposition and 

hydration (Retallack et al., 2004; McClaughry et al., 2009). The Eugene Formation and other 

contemporaneous marine facies are thickest in the Oregon Coast Range (>5 km thick) and 

thin to <1 km beneath the Little Butte Volcanics and Cascade Range, indicating that the 

Eocene paleoshoreline was located approximately 100 km inland of the modern shoreline and 

likely within a few kilometers of OR21_506WV (McClaughry, 2010).  

To calibrate the rainout model, modern small-catchment stream water sample δD 

values (Bershaw et al., 2020; Waterisotopes Databases, 2020) and modern climate 

parameters were used and elevation estimates were compared to modern elevations (Table 

3.2; Fig. 3.4). The modern mean annual temperature (MAT), altitude where precipitation 

occurs, and average relative humidity (RH) during precipitation events at the ~45°N latitude  
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coastal region were determined by comparing these records with records of precipitation flux 

(Acker and Leptoukh, 2007; Thoning et al., 2021). The modern MAT of this area is ~9°C ± 

2°C at 750 hPa (the pressure of the approximate lifting condensation level), and modern RH 

estimates range from 72% - 92% (Acker and Leptoukh, 2007). Based on modern stream 

water isotopic ratios from Bershaw et al. (2020), the modern Cascades LMWL is represented 

by the equation: 

 

!" =  !!"! 8.86 + 13.53 

 

A representative model-observed fit indicates that the model can effectively predict 

elevations given δDwater values and climate parameters for regions where precipitation is 

dominated by a single source (Fig. 3.4). 

Estimates of Paleogene terrestrial surface air temperature and RH were obtained from 

coastal paleofloral studies and paleoclimate models of the Pacific Northwest region 

(Retallack, 2004; Dunn, 2007; Yang et al., 2011; Feng et al., 2013; Anagnostou et al., 2016; 

Feng and Pouslen, 2016; Huber and Caballero, 2016; Zhu et al., 2019). Climate Leaf 

Analysis Multivariate Program (CLAMP) paleofloral parameters, climate models, and leaf 

margin analysis studies were all considered for estimates of Eocene – Oligocene air 

temperatures and RH (Table 3.2). Temperature estimates were generally in agreement across 

the studies (Huber and Caballero, 2011; Poulsen and Jeffery, 2011; Yang et al., 2011; 

Anagnostou et al., 2016). Paleoclimate studies estimate early Eocene global MATs to be up 

to 14°C warmer than modern temperatures, partially due to the high pCO2 – two-to-five-

times greater than modern (Thoning et al., 2021), though the warming effects of higher pCO2  
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were not as pronounced at higher latitudes in the Eocene as they are today (Poulsen and 

Jeffery, 2011; Anagnostou et al., 2016; Zhu et al., 2019). Paleogene shoreline 

paleotemperature ranges for each age category incorporated an error of ± 1-2°C (Table 3.2). 

Late Paleocene MATs are estimated at late Eocene temperatures (Zachos et al., 1994). A 

stepwise decrease in MAT over the course of the Eocene and into the Oligocene accounts for 

the overall cooling trend through the Eocene (Anagnostou et al., 2016). Eocene RH was set at 

92%, the maximum modern RH during precipitation events; this is greater than the 75% 

estimated by Yang et al. (2011), but is likely to better reflect RH conditions during 

precipitation events and has negligible effects on paleoelevation estimates (<5‰ change in 

δD predicted value) or the modern calibration curves (Fig. 3.4). The model incorporates the 

analytical uncertainty of δD values into its error calculations, but uncertainty in initial 

temperature is the largest source of error. The high temperatures of the early Eocene have the 

greatest uncertainty due to a large temperature estimate range and high pCO2. 

 

4. RESULTS 

4.1. Modern Waters δD and δ18O Results 

 Modern stream and precipitation δD values range from -36‰ to -146‰ and -44‰ to 

-160‰, respectively. D-excess values range from -20‰ to 15‰. Samples collected as part of 

this study have δD values of -70‰ to -145‰ and d-excess values of -9‰ to 9‰, with one d-

excess outlier of -27‰. In general, the most D-depleted samples measured were collected in 

southwestern and central Montana along the Sevier thrust front (Table 4.1). The data show 

that δD values decrease steadily from the Pacific coast until reaching central/southwest 

Montana, and then increase incrementally again across the Great Plains (Fig. 4.1). Additional 

data manipulations and charts are found in the appendix. 

 

4.1.1. Cascade Range 

Meteoric water δD values on the windward side of the Cascade Range (west of 

121°W longitude) are D-enriched relative to the rest of the modern dataset (Figs. 3.2; 4.1). 

δDwater values range from -41‰ along the Pacific Coast to -102‰ in the mountains. Stream 
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and precipitation samples taken the farthest west have δD values between -50‰ and -65‰ 

(Fig. 4.1). Samples taken in the Cascades, close to -121°W, have more negative δD values 

between -70‰ and -95‰ (Fig. 3.2). D-excess values are generally positive in this zone, 

averaging 10‰ to 12‰ across the entirety of the longitudinal zone (Fig. 4.1).  

 

4.1.2. West of the Sevier Thrust Front 

 Modern δDwater values between the Cascades and the eastern Rocky Mountain front 

(121°W – 109°W) decrease from west to east (Fig. 4.1). Highest δD values approach -100‰ 

and are most often found just east of the Cascades. The lowest δDwater values, -140‰ to -

150‰ are found between 113°W and 110°W, which is the location of the highest mean 

topography. Inland of the Cascades but west of the Cordilleran thrust belt, sample δDwater 

values decrease gradually from -100‰ to -130‰ over 7° of longitude (121°W to 114°W). 

From 114°W to 113°W, though, δDwater values decrease from -130‰ to -150‰, then stay 

consistent until 110°W, when minimum δDwaer values increase slightly to -135‰. D-excess 

values in this region are generally positive, but slightly lower than along the Pacific coast, 

with an average of 8‰ west of 110°W. East of this point, d-excess values drop to an average 

of 6‰.  

 

4.1.3. East of the Sevier Thrust Front 

East of the Sevier thrust front, δDwater values increase incrementally from -145‰ in 

the western Great Plains to values that average close to -50‰ in the Midwest (Fig. 4.1). Most 

of this decrease, from -135‰ to -50‰, in observed between 105°W and 95°W. East of 

95°W, δDwater values from precipitation decrease slightly to -65‰. Overall, d-excess values 

are lowest in this longitudinal zone with an average value of -1‰, but there is a great deal of 

d-excess variation in this region, with values as low as -19‰ (Fig. 4.1). 

 

4.2. Glass δD Results 

Samples range in age from late Oligocene to late Paleocene, with most samples taken 

from the early to middle Eocene (Table 3.1). Glass δD values range from -223.6‰ ± 0.1‰ to 
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-79‰ ± 6.9‰ (Table 3.1). The most D-depleted values are located in southwestern and 

central Montana, and the most D-enriched values are found in western Oregon (Fig. 4.2). 
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In Oregon, three δDglass values from this study range from -79‰ ± 9.6‰ to -103.8‰ 

± 4.1‰, generally decreasing from west (124°W) to east (121°W) (Fig. 4.2). In Montana, δD 

values range from -95‰ ± 1.8‰ in the Muddy Creek basin in the southwest part of the state 

to -224‰ ± 0.1‰ in the west-central part of the state. In general, δDglass values also decrease 

from west to east on the windward (west) side of the Rockies (Fig. 4.3). East of the Sevier 

thrust front, samples are highly variable and do not follow a specific pattern. δDglass values 

during Eocene and Oligocene time span a δD range of nearly 100‰, from -89‰ ± 2.2‰ in 

early Oligocene South Dakota to -174‰ ± 0.7‰ in the Eocene Wind River Basin of 

Wyoming. Three Paleocene samples from North Dakota (ND20_402SB, ND20_404SB-A,B) 

have δD values ranging from -164‰ ± 0.9‰ to -177‰ ± 0.2‰ (Fig. 4.2). 
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4.3. Trace and Rare Earth Element Concentrations 

TREE elemental concentrations were normalized to chondrite values from 

McDonough and Sun (1995) and plotted in TREE spider diagrams (Fig. 4.4) and key TREE 

elemental fractionation diagrams (Fig. 4.5). Five groupings were identified based on 

comparisons among samples’ light rare earth element (LREE) and heavy rare earth element 

(HREE) relative concentrations, similarities in immobile element concentration, including Zr, 

Th, Y, Yb, Hf, and the size and direction of europium anomalies (Eu/Eu*) (Hildreth and 

Mahood, 1985). Key patterns are summarized in Table 4.2. 

 

4.3.1. Group WY 

Samples WY20_444WB-A, WY19_345CP-A, 18WY_123SLT-D, and 

WU14_052WR-B are all located in Wyoming and exhibit comparable TREE patterns. This 
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group is depleted in Th, Sm, Y and Yb trace elements and moderately depleted in Ce. Group 

WY also exhibits moderate enrichment in the LREE and depletion in HREE. Additionally, 

these are the only samples enriched in Eu. Samples WU14_SCM-1 and WY19_338AB-B 

could also be included in this group. WU14_052WR-B is dated at 51.74 ± 0.09 Ma using 

sanidine 40Ar/39Ar (Smith et al., 2008).  

 

4.3.2. Group WB 

Three samples from the Wagon Bed Formation (WY20_450-452WB-A), also from 

Wyoming, and one western Montana sample (MT15_016CC) form this group. These samples 

have the smallest LREE enrichment, moderate Eu depletion, and a consistent, pronounced Th 

and Ta enrichment (378.42 – 719.24 ppm and 159.69 – 324.42 ppm, respectively). TREE 

concentrations tend to cluster closely with little intra-grouping variability. These units have 

land mammal dates of Uintan age (VanHouten, 1964). 

 

4.3.3. Group WMT 

Samples 18MT_129CR, MT20_464MC-A, and MT20_465MC-A form another group 

in western/southwestern Montana, however North Dakota samples ND20_402SB-A and 

ND20_404SB-A and B may be considered part of this subset. This group is depleted in Y 

and Yb, has a very small Eu depletion, and is moderately depleted in HREE, although less 

pronounced than Group WY. Samples WU14_SCM-1 and WY19_338AB-B could also be 

grouped with these samples. 18MT_129CR is dated as 53.1 Ma (K/Ar); MC samples are 

likely middle Eocene (Janecke et al., 1999); North Dakota samples are suspected to be late 

Paleocene in age (Table 1). WY19_338AB-B and WU14_SCM-1 are middle Eocene (48.89 

± 0.02 Ma – U/Pb and 47.45 ± 0.08 Ma – sanidine 40Ar/39Ar, respectively (Smith et al., 2008; 

Tsukui, 2016). 

 

4.3.4. Group CMT 

Six central Montana samples, 18MT_108LIVALN, 18MT_112VC-B, 18MT_114SC-

B, MT20_424CF-B, and MT20_426CF-A,B, form a cluster that is enriched in Ba, Th, Zr, 

and Hf compared to other groupings. Samples have moderate Eu depletions and only slight 

LREE enrichment. Elemental concentrations display little variability within the group, but  
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two sample pairs stand out as being highly similar with considerable overlap: 

18MT_108LIVALN and 18MT_112VC-B; MT20_424CF-B and MT20_426CF-B. These 

four samples all have slightly less LREE enrichment, but still display a noteworthy similarity 

to the other two samples in the group. MT20_424CF-B and MT20_426CF-B TREE 

concentrations are within error of each other (Table A1). MT20_476CF-B may fit in this 

group, but has a very large Eu depletion that makes it stand out from the other samples from 

this area (Fig. 4.5). WU14_SCM-1 exhibits a similar (but slightly larger) LREE enrichment 

and moderate Eu depletion, making it a candidate for inclusion in this group. 

18MT_108LIVALN, 18MT_112VC-B, and 18MT_114SC-B are dated at 53.1 Ma, 49.3 Ma, 

and 45.54 Ma respectively (Table 3.1). Canyon Ferry samples are Oligocene in age based on 

map correlations (Freeman, 1958; Vuke, 2011; McDonald et al., 2020). 

 

4.3.5. Group TF 

Three Jefferson-Three Forks Basin samples, MT19_344TF-A, MT20_JEFF[0], and 

MT20_JEFF[9], are Th-enriched with slight-to-moderate LREE enrichment and moderate Eu 

depletion. All three samples are latest Eocene – early Oligocene in age, based on Chadronian 

mammal ages of Tabrum et al. (2001) and correlation by Vuke (2003). 
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5. DISCUSSION 
5.1. Modern δDwater Trends 

δDwater values, when plotted versus longitude, show a distinctive saddle-shaped 

pattern (Fig. 5.1). Water samples are most D-depleted in the high topography of the modern 

Rocky Mountains and most D-enriched along the Pacific coast and in the Great Plains. 

δDwater values progressively decrease from the Pacific coast to the approximate modern crest 

of the Rockies in western Montana and western Wyoming. On the windward side of the 

Cascade Range and, to a lesser extent, between the Cascades and the Sevier fold-thrust front, 

is a clear inverse relationship between longitude and δDwater value, which also corresponds 

with a west-to-east increase in elevation (Figs. 3.2; 5.1).  The observations in the modern 

Cascades provide a close fit to the modern global meteoric water line, which has a slope of 8 

and an intercept of 10 (Fig. 5.2). The modern Cascades LMWL for all modern data is: 

 

! =  7.7742x +  8.1288 

!! = 0.967 

 

Following the dominant airmass trajectory from west to east, δDwater values increase 

from the Rocky Mountain front to the Midwest. The most pronounced δDwater value changes 

occur east of the modern crest (Montana) and east of the Laramide province (Wyoming). 

Here, water δD values increase by ~60‰ over a short distance (<1° longitude). This drastic 

change roughly follows the locations of high topography, including the Bighorn Mountains 

of northeastern Wyoming. This saddle-shaped pattern observed in the modern δD dataset is is 

typical of areas containing an airmass mixing zone (Rowley and Garzione, 2007; Vachon et 

al., 2010). Vachon et al. (2010) identifies a zone of airmass mixing in the northern Midwest 

and Great Plains regions where D-depleted Pacific moisture traveling east mixes with 

relatively D-enriched vapor sourced from the Gulf of Mexico. East of the Rocky Mountain 

front, δDwater values reflect vapor contributions from both Pacific and Gulf sources (Fig. 4.1).  
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Airmass mixing is evident in scenarios where changing δD and δ18O values cannot be 

attributed to other factors like adiabatic cooling, climate change, or progressive rainout over 

a landmass. 

 Differences in d-excess values can indicate different moisture sources and/or highly 

evaporative environments (Kendall and Coplen, 2001; Sharp, 2017). The most negative d-

excess values across the study area are observed in the Great Plains (Fig. 4.1), and the most 

pronounced change in d-excess values (~5‰ to -10‰ from west to east) occurs in the same 

area as the sharp increase in δDwater values from west to east. Highly negative d-excess values 

are attributed to evaporative enrichment of deuterium during or after precipitation events, 

which is possible given the aridity of the western United States, but they may also indicate 
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atmospheric input from a separate moisture source, affecting the LMWL and revealing an 

airmass mixing signature (Zhu et al., 2018). 

To assess the contributions of airmass mixing versus evaporation in the low d-excess 

values and relatively high δDwater values, I evaluated LMWLs for the Cascade Range and 

windward and leeward regions within the study area (Fig. 5.2). The LMWL slope on the 

windward side of the Rocky Mountains has the lowest slope of 6.94 with an intercept of -

11.9, data points in the windward longitude range (109°W to 121°W) are represented by the 

equation: 

 

! =  6.9406! –  9.9 

!! = 0.859 

 

The leeward side of the Rockies (90°W to 109°W) has a LMWL slope of 7.1 with an 

intercept of -9.9 – comparable to the windward side, following the equation: 

 

! =  7.1027! −  11.857 

!! = 0.943 

 

The low slope and negative intercepts of the two LMWLs on either side of the 

mountain range suggest that the study region east of the Cascade Range is a moderately 

evaporative, consistent with the observations of other workers (Kendall and Coplen, 2001; 

Vachon et al., 2010; Sharp, 2017). However, even though the LMWLs indicate similar 

evaporative influences on δDwater values, the d-excess values are, on average, 7‰ less than 

they are west of the Sevier thrust front. The boundary between the two d-excess value 

regions is quite sharp, which could mean that A) sudden input of an additional moisture 

source is affecting δDwater and d-excess values or that B) spatially abrupt changes in amount 

of evaporation, typical of rainshadows and other areas whose climates are controlled by local 

high topography, are two possible processes affecting d-excess values (Fig. 4.1). Because 

drastic changes in leeward δDwater values occur over slight elevation changes, it is unlikely 

that sudden changes in evaporative potential are the culprit for the sharp boundary between 

D-depleted and D-enriched water values. The distance from the Gulf of Mexico to the edge 
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of the Wyoming Laramide province is ~1500 km (Rowley and Garzione, 2007), so the 

continentality effect (-24‰/1000 km on the δD scale) cannot produce the most enriched 

South Dakota δDwater value of -69.6‰ (Table 4.1). Instead, this zone is likely subjected to 

airmass mixing of westerly, highly D-depleted Pacific moisture that has passed over high 

topography with relatively D-enriched Gulf of Mexico moisture. 

 

5.2. Modeled Paleoelevations 

Samples from west-central and southwest Montana at the toe of the Sevier fold-thrust 

belt consistently have the lowest δDglass values across the study area and all time slices, 

suggesting high topography here was sustained for at least 25 to 30 Ma (Fig. 5.3). These 

results indicate the general location of the Paleogene crest of the northern U.S. Cordillera, as 

the lowest δD values would either lie at the area of the highest elevations because all values 

further to the east and west reflect less D-depletion (Fig. 5.3). Based on the modeled 

paleoelevations, the progressive decrease in δDglass values from Oregon to southwest and 

west-central Montana likely required rainout over elevations of at least 4.2 km in the early 

Eocene and 2.9 km by the middle Eocene to Oligocene. This differs from the conclusions of 

recent provenance studies that hypothesize central Idaho was a regional topographic high, 

due to the presence of Challis material in Wyoming basins among other large basins to the 

west (e.g., Tyee Basin, California Great Valley) that indicate extra-regional transport  (Chetel 

et al., 2011; Dumitru et al., 2012). However, model results show that the highest elevations 

were in western Montana, not central Idaho, necessitating re-evaluation of drainage and 

regional transportation pathways (Figs. 5.3; 5.4). Model paleoelevation estimates for this 

study are given in Table 5.1.  

 

5.2.1. The Late Paleocene and Early Eocene (58-50 Ma) 

In the early Eocene, ca. 53 Ma, the most D-depleted samples from west-central and 

southwest Montana are the highest modeled paleoelevations in the study area at 4,640 +720/-440 

m (Table 5.1; Fig. 5.4). To the south, a sample of the Halfway Draw Tuff (Wind River 
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Formation), WU14_052WR-B (51.74 Ma; Smith et al., 2008), in the Wind River Basin has a 

modeled paleoelevation of 1600+304
/-180 m but also has a high-water content of 9.93 wt. % 

(Table 3.1). While this could indicate a potentially evaporative lacustrine source likely to 

enrich hydration waters in deuterium (Cassel and Breecker, 2017), the Wind River Formation 

depositional environment was alluvial, requiring an alternative chemical or environmental 

explanation (Smith et al., 2008). 
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To the east, in the late Paleocene (ca. 58 Ma) plains of North Dakota, average 

paleoelevation estimates are 3400 +555/-320 m, modeled using initial temperatures roughly 

equivalent to those of the late Eocene (Zachos et al., 1994). These samples are approximately 

5 Ma older than the other early Eocene samples in the study (Table 3.1). Here, δDglass values 

range from -163‰ ± 0.9‰ to -177‰ ± 0.2‰, which is 10-22‰ greater than those found in 

west-central and southwest Montana. Three scenarios, or combinations thereof, could explain 

the difference in δDglass values between the fold-thrust belt and the foreland in the early 

Eocene: evaporative enrichment, airmass mixing, or climate change. The Great Plains most 

likely occupied low elevations at the time, as the region was blanketed by a transitional to 

swampy terrestrial environment, indicated by Fort Union Group strata, interpreted as a low-

elevation deltaic plain of the Cannonball Sea, which is supported by field observations of 

very fine sand and silt layers with some organic material (Clayton et al., 1980; Lisenbee, 

1988; Fahrenback and Sawyer, 2011). Instead of changes in elevation, these δDglass values 

may reflect mixing of D-depleted moisture originally sourced from the Pacific with moisture 

sourced from the Gulf of Mexico. Moisture sourced from the Gulf has higher initial δD 

values due to decreased fractionation in warmer climates. Ice-free ocean temperatures 

increased by ~5°C from 58 to 53 Ma, which would have decreased the early Eocene liquid-

vapor fractionation factor relative to the late Paleocene (Zachos et al., 1994; 2008). 

 

5.2.2. The Middle Eocene (49-43 Ma) 

Middle Eocene (49-43 Ma) paleoelevation estimates are highest in southwest 

Montana, particularly in the Sage Creek Basin (Fig. 5.4), where estimates average 3450 +320/-

300  m.  In the nearby Muddy Creek basin, there is more variability in δDglass values and 

paleoelevation estimates between different stratigraphic levels in the basin. Samples yield 

paleoelevations between 3350 +330/-300 and 540 +70/-60 m. Because of the presence of much 

lower δDglass values in neighboring basins and within other stratigraphic levels within the 

Muddy Creek basin, it is unlikely that the D-enriched samples from Muddy Creek are 

reflective of paleoprecipitation and are instead indicative of evaporative intervals in an 

ancient lake (Smith et al., 2017). Schwartz et al. (2019) and Thoresen and Cassel (2020) 

document lacustrine organic mudstones and lignites interbedded with coarser fluvial 

sediments. Fossiliferous carbonate beds, carbonaceous shales, and lacustrine gastropod 
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coquinas all support the interpretation that a stratified lake occupied the basin at times 

(Janecke et al., 1999; Thoresen and Cassel, 2020), providing an environment for evaporative 

enrichment of surface waters. The high water contents (>9 wt. %) of WU14_048MC-A and 

MT20_465MC-A lend support to this hypothesis, as lake-hydrated glasses typically have 

higher water contents (Cassel and Breecker, 2017). Central Idaho δDglass values (-152 ± 8‰) 

yield modeled elevations of 3 – 3.5 km (Fig. 5.4). These elevations are in agreement with 

previous paleobotany studies that estimated hinterland elevations of 3 – 4 km (Axelrod, 

1965; Wolfe, 1994). In the Wind River basin, Wagon Bed formation samples, ca. 46 Ma, 

yield modeled paleoelevations of 3420 +540/-520 m. D-enriched samples elsewhere in the Wind 

River, Bighorn, and Green River Basins yield lower paleoelevations (<2000 m).  

 

5.2.3. The Late Eocene and Oligocene (42-25 Ma) 

A late Eocene sample from the John Day Formation (39.1 Ma) in Oregon has a δDglass 

value of -104‰ and yields a best estimate paleoelevation close to modern elevations (710 
+90/-80 m). Montana’s Jefferson-Three Forks Basin samples of late Eocene age (37-33 Ma) 

have an average modeled paleoelevation estimate of 3560 +330/-300 m. 

Oligocene samples are most D-depleted in central Montana in the Canyon Ferry area. 

Best estimate paleoelevations from MT20_424CF-B and MT20_426CF-A,B in this area are 

3070 +270/-245 m. Low-elevation samples OR21_505-506WV in western Oregon are relatively 

D-enriched compared with most other samples. Both elevation estimates are <500 m, and the 

506WV sample is used as the low-elevation datum. One Oligocene Bishop Conglomerate 

sample in Vernal, UT records a modeled paleoelevation 2530 +235/-210 m. Similarly, sample 

SD20_406BL from northwestern South Dakota, collected from the White River Group (latest 

Eocene to Oligocene), has a δDglass value of -88.9 ± 2.2‰ with a paleoelevation estimate of 7 

m, far below the modern average elevation of the area of 930 m. This sample was collected 

in a tuffaceous siltstone, lightly reworked into laminations with flat bedding. Combined with 

a high water content of 10.37 wt %, this sample is likely to have been deposited in or near an 

evaporative lacustrine setting (Cassel and Breecker, 2017). If this is not the case, the high 

δDglass value provides a strong indication of input by an additional moisture source. 
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5.2.4. Paleoclimate Implications 

Pacific-sourced moisture likely composed the dominant airmass trajectory across the 

orogenic belt in the Eocene, as it does in the modern wet season (Vachon et al., 2010). This is 

seen in the clear decrease in modern and paleo δD values between the western shoreline and 

the Cordilleran crest (Fig. 5.3). The low δDglass values at the toe of the Sevier fold-thrust belt 

cannot be attributed solely to latitude, temperature, or continentality effects. The 

continentality effect could account for ~20‰ over the reconstructed 750 km distance (δD 

scale), using approximated extension of 30% in the Rocky Mountain Basin and Range since 

the Oligocene (Coney and Harms, 1984; Gilbert, 2012). To hypothetically achieve such low 

ΔδD values via climate change and/or continentality, a 19°C decrease from the initial Eocene 

MAT of 20-25°C would be required. This is unreasonable given scientific agreement 

establishing the early Eocene hothouse climate (Zachos et al., 2008; Poulsen and Jeffery, 

2011; Huber and Caballero, 2011. Therefore, the progressive D-depletion seen in this dataset 

from west to east can only be explained by airmass rainout from the paleo-Pacific shoreline 

over the western flank of the Eocene Rockies. 

Windward and leeward δDglass value comparisons for a given time slice highlight the 

Eocene rainshadow. If there is moisture recycling and no airmass mixing on the leeward side 

of a mountain range, δDglass values should show minimal change with distance east of the 

lowest values, as is the case in the modern Basin and Range province of Nevada (e.g., Mulch, 

2016; Cassel et al., 2018). δDglass values may show a subtle decrease due to the continentality 

effect, although this would only account for a change of only -2.4‰ over 100 km of distance 

(δD scale) (Ent et al., 2014; Sharp, 2017). Though modern δDwater values experience a 

change of -8‰ per degree of latitude gained due to temperature decreases, it was likely only 

negligible changes in temperature existed across the mid-latitudes during the Eocene due to 

high pCO2 (Poulsen and Jeffrey, 2011; Sharp, 2017). Modern δD values reflect an increase in 

δD value with increasing distance east of the Sevier thrust front (Fig. 5.1), typical of airmass 

mixing (Vachon et al., 2010). 

From the Eocene to the Oligocene, there is an increase in the windward lapse rate 

from -20‰/km of elevation gain (central Oregon to west-central Montana) to -31‰/km of 

elevation gain (western Oregon to Canyon Ferry, Montana). This is likely the result of the 
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well-documented global cooling across the Eocene-Oligocene Transition. The smaller, 

opposite effect of lapse rate moderation due to a climate drying-related decrease in RH is 

negligible based on model sensitivity to the RH parameter (Fig. 3.4; Rowley, 2001; Kent-

Corson et al., 2006; Anagnostou et al., 2016). In warmer time periods, like the Eocene, lapse 

rates are shallower due to the inverse relationship between initial temperature and 

fractionation because cooler temperatures drive more rainout (Dansgaard, 1964; Rowley, 

2001). High pCO2 also dampens lapse rates due to increased initial surface and atmospheric 

temperatures (Poulsen and Jeffery, 2011). On the leeward side of the mountains, the Eocene 

δD lapse rate is -8.5‰/km of elevation gain from east (North Dakota) to west (west-central 

Montana). Similarly, the Oligocene lapse rate, using an eastern point in Nebraska from Fan et 

al. (2014), is -21‰/km of elevation gain.  

 

5.3. Composition and Correlation of Tuffs 

Due to the abundance of Eocene and Oligocene volcanic centers in the western U.S., 

tephrochronology is useful in the correlation of glass-bearing volcanic and volcaniclastic 

rocks with identified volcanic centers. Identification of source regions makes reconstruction 

of distribution patterns, both ground and atmospheric, possible. TREE concentration patterns 

are summarized in Table 4.2. Drainage and air travel trajectories are interpreted in Figure 5.5. 

 

5.3.1. Identification of Likely Volcanic Sources 

Group WY, containing samples from Eocene central Wyoming, displays 

compositions typical of an intermediate magma source. These samples are enriched in Eu, 

indicating that plagioclase had not yet crystallized, so the samples were derived from less-

evolved magma than those in other groupings (Rollinson, 1995). A large HREE depletion 

also suggests an intermediate magma composition (Rollinson, 1995). Based on proximity and 

geographic position of sample localities to the Challis and Absaroka volcanic fields, sample 

composition, and early-middle Eocene sample ages, these large volcanic centers are both 

possible sources for this group. Even though volcanic centers within both volcanic provinces 

were erupting silicic and intermediate material during this time, closer proximity to the 

Absaroka volcanic field and dominance of intermediate compositions make them a likely 
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source, although Challis materials are often found in Greater Green River Basin strata 

(Chetel et al., 2011; Dumitru et al., 2012). 

Group WB has a felsic geochemical signature based on samples’ degrees of Eu 

depletion (Fig. 4.5; VanHouten, 1964). Though all samples in this group are Eu-depleted, the 

magnitude of this depletion varies due to magma evolution over time, with the largest Eu 

depletion found in WY20_452WB-A, the youngest sample taken based on stratigraphic 

superposition (Rollinson, 1995). This could indicate evolution of a primary volcanic center 

towards greater degree of crustal assimilation and more felsic eruptions over time. Silicic 

Challis volcanism at 48 – 45 Ma is a probable source based on these observations and the 

middle Eocene age of the samples (Janecke and Snee, 1993; Sanford, 2005).  

Group WMT samples all have moderate HREE depletion and individual Y and Yb 

depletions, indicating they are derived from volcanic centers with intermediate magmatic 

compositions (Table 4). Janecke and Snee (1993) and M’Gonigle and Dalrymple (1996) 

interpret Muddy Creek volcaniclastics as Challis-sourced tuffs. Sample WY19_338AB-B is 

geochemically similar to the Muddy Creek samples MT20_464MC-A and 465MC-A and 

could reasonably have a Challis signature, too. This is consistent with previous workers’ 

identification of Challis-age material in the Greater Green River Basin (Chetel et al., 2011). 

However, WMT samples ND20_402SB-A and 404SB-A,B and MT18_129CR predate 

Challis volcanism. MT18_129CR was likely sourced from the intermediate Lowland Creek 

volcanic group based on a 40Ar/39Ar age of 53.1 Ma (Dudas, 2010). The ~58 Ma samples 

from the North Dakota Sentinel Butte Member of the Fort Union Formation have an 

intermediate volcanic source, though no researchers have positively identified the volcanic 

source of the Sentinel Butte ash bed (Li and Fan, 2018).  

Group CMT has a more evolved magmatic signature, likely derived from a felsic 

volcanic source. However, the variety of sample ages in this group (53-25 Ma) suggest input 

from Lowland Creek and Dillon volcanic centers and/or later Challis activity. Of these six 

samples, MT20_424CF-B and MT20_426CF-B closely overlap, indicating a similar eruption 

age (Oligocene) and source. CMT Oligocene samples are too young to be derived from the 

Lowland Creek volcanics, leaving a northeasterly distribution of middle Dillon material (34-

27 Ma) as the remaining possibility for a shared volcanic center source (Fritz et al., 2007). 

18MT_108LIVALN and 18MT_112VC-B display similar TREE spider diagram patterns, but 
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with greater Eu depletion. These similarities suggest that these samples may also be sourced 

from the lower Dillon or Lowland Creek volcanic fields.  

Group TF samples were taken at the same location in the Jefferson-Three Forks Basin 

at different stratigraphic levels. The similarities in elemental concentrations and spider 

diagram patterns suggest a common volcanic source, especially in JEFF[0] and JEFF[9]. 

Chadronian mammal ages show these reworked tuffaceous sandstones are latest Eocene to 

early Oligocene in age (Tabrum et al., 2001). The only active volcanic centers active at this 

time were the middle Dillon volcanic field to the west or the far-afield late Eocene – 

Oligocene Nevada ignimbrite flare-up to the southwest. Despite being hundreds of kilometers 

away, the large size and output of the Nevada volcanics makes it a potential contributor of 

air-fall material to these samples despite The presence of a thick (10 cm) airfall bed, in 

contrast to the tuffaceous sandstone facies elsewhere at the outcrop, is potentially the result 

of a nearby middle Dillon eruption. 

 

5.3.2. Interpretation of Tuff Transport Patterns 

 Through ignimbrite and air-fall tuff correlation to regional volcanic centers and field 

identification of samples, I interpret patterns of extra-regional transport of volcanic debris via 

airmass trajectories and ground travel. Ash-fall tuffs, transported aerially by atmospheric 

rivers, help identify dominant atmospheric circulation patterns around and over high 

topography. Ignimbrites and welded tuffs are deposited by ground-traveling pyroclastic flows 

capable of traveling hundreds of kilometers (Hildreth and Mahood, 1985). 

 Analyzed samples from this study in both Montana and Wyoming are a mix of 

ignimbrites and ash-fall tuffs, and ground and air transport follow similar paths. Eocene 

samples from southwest Montana are found close to Eocene volcanic centers and are likely to 

be sourced from those same centers, while many samples in Wyoming and west-central 

Montana are sourced farther afield. Ash-fall tuffs and ignimbrites in the Wind River and 

Green River basins in central and southwest Wyoming (Groups WY, WMT, and WB) are 

interpreted as Challis and/or Absaroka in origin (Table 5.1). Ground transport from the 

Challis volcanics may have followed the Cretaceous drainage of the Harebell-Piñon megafan 

into the Wind River and Green River basins, consistent with the hypotheses of Janecke et al. 

(2000) and Carroll et al. (2010) (Fig. 5.5). This provides additional evidence that central  
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Idaho was at a higher elevation than the foreland into the Eocene. Air transport likely 

followed a west-to-east trajectory to deposit volcanic debris, as has been found with global 

climate model simulations (Feng et al., 2013). Group WB, interpreted as Challis-sourced ash-

fall with minor reworking, could have been deposited anywhere along the drainage system, 

potentially circumnavigating Laramide uplifts via air or fluvial transport (Fig. 5.5; 5.6). 

 

5.4. Tectonic Implications of High Topography 

5.4.1. Potential Mechanisms of Support for Paleogene High Elevations 

Present crustal thicknesses in west-central/southwestern Montana are ~37 km 

(Gilbert, 2012). Extension throughout the Cenozoic resulted in crustal thinning of 15 – 50% 

in the western Montana and eastern Idaho in the early to middle Eocene and Neogene, seen 

in the formation of extensional basins and estimated from metamorphic core complex and 

Sevier fold-thrust belt reconstructions (Coney and Harms, 1984; Janecke, 1994; Foster et al., 

2010). Basic Airy isostatic calculations using these new elevation estimates and approximate 

densities can be used to reconstruct crustal thicknesses to characterize the U.S. Cordilleran 

tectonic setting (Fig. 5.7) (Dickinson et al., 1988; Dickinson, 2004; Snell et al., 2014). These 

calculations are based on an end-member scenario that assumes surface uplift is attributed 

solely to the isostatic effects of thickened crust. This basic model is highly sensitive to 

changes in density, highlighting the importance of accurate estimates of lithospheric densities 

in tectonic interpretations.  

The thickest crust is hypothesized to have occupied the area of the fold-thrust belt and 

hinterland where MCCs formed, so crustal thicknesses of 50-55 km are assumed in the 

locations of highest modeled paleoelevations to the east along the toe of the Sevier fold-

thrust belt. Assuming a crustal density of 2.75 g/cm3 and a mountain range height of 4.2 – 5.2 

km in isostatic equilibrium with the western Great Plains, which has a current crustal 

thickness of 45 km at 2.85 g/cm3 (Fig. 5.7) (DeCelles, 2004; Gilbert, 2012; Levandowski et 

al., 2018). Mantle asthenosphere density is estimated at 3.22 g/cm3 (Levandowski et al., 

2018). If crustal thickness was solely responsible for supporting high topography, the crust 

beneath the toe of the fold-thrust belt would be ~73 km thick. This is thicker than previous 

palinspastic reconstructions and other thickness estimates (e.g., Coney and Harms, 1984; 

DeCelles, 2004; Snell et al., 2014). Alternatively, to support 5 km elevations, crustal 
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densities would need to be 2.56 – 2.62 g/cm3, which is lighter than cooled felsic igneous 

rocks or average crustal densities (Snell et al., 2014). Crustal thicknesses of 50-55 km would 

support 1.9 – 2.8 km of high topography, leaving 2.2 – 3.1 km of surface uplift to be 

achieved through other means.  

  

Other density-related factors that influence surface elevations are thermal uplift, 

mantle processes such as delamination and dynamic topography, and mineralogical changes 

such as crustal hydration (Canavan et al., 2014; Hyndman, 2015; Jones et al., 2015). An 

alternative end-member scenario of regional uplift is the creation of topography resulting 

entirely from thermal uplift. Possible mechanisms include heating of previously hydrated 

crust via 1) high heat flow driven by extension and decompression melting or 2) lithospheric 

delamination and thermal weakening (DeCelles, 2004; Humphreys, 2015; Jones et al., 2015; 



	 47	

Smith et al., 2017; Cassel et al., 2018). Hyndman (2015) cited the lack of modern crustal root 

in the southern Canadian Rocky Mountain highlands to suggest that crustal thickening is not 

the main driver of high topography in Cordilleran orogenesis. Hyndman instead proposed 

that thermal uplift, with a predicted heat flow of 55-65 mW/m2, was the driving force behind 

modern Rocky Mountain elevations, accounting for maintenance of Canadian Cordilleran 

elevations of 1.6 km above those of the foreland basin. Porter (2016) used mid-crustal 

velocities to identify areas of high heat flow, potential lithospheric destabilization, and 

extension that would have resulted in thermally driven uplift. The amount of surface uplift 

possible due to thermal effects is debated, and hypotheses include: <1.0 km in the Oligocene 

in central-eastern Nevada during the ignimbrite flare-up (Cassel et al., 2014, 2018; Canada et 

al., 2019), ~1.0 km in middle Eocene northern Montana (Fan et al., 2021), 0.4 – 1.4 km in the 

western Great Plains since 125 Ma (Humphreys, 2015), 2.5 km in the early to middle Eocene 

Sevier hinterland of Idaho (Chamberlain et al., 2012), or between 0.2 and 0.6 km of uplift 

within 20 Ma of 20% lithospheric thinning (Levandowski et al., 2018). 
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5.4.2. Hypothesis for the Support and Creation of High Topography 

The mechanisms of creation and support of northern U.S. Cordilleran high 

topography are most likely a combination of the thermal uplift and crustal thickening end 

members. Because at least moderately high topography (>2.8 km) persisted from the early 

Eocene into the Oligocene, mechanisms of support from high elevations must include one 

that is long-lived and independent of volcanic activity, which wanes in southwest Montana 

by the late Eocene. Reconstructed crustal thicknesses of 50-60 km along the Cordilleran fold-

thrust are widely accepted and would have helped to support high topography (Coney and 

Harms, 1984; DeCelles, 2004; Cassel et al., 2014; Snell et al., 2014; Yonkee and Weil, 

2015). Pre-extensional hinterland high elevations are generally thought to be 2-4 km 

(Axelrod, 1968; Wolfe et al., 2000; Snell et al., 2014).   

However, the coincident occurrence of high heat flow due to intense volcanic activity 

with development of high topography, extension, and MCC exhumation should not be 

overlooked, making a thermal component to surface uplift likely. Magmatism in the western 

U.S. Cordillera was renewed with Lowland Creek volcanism ca. 53 Ma, contemporaneous 

with initiation of Anaconda MCC detachment and footwall exhumation (Fig. 2.1; Dudas, 

2010; Foster et al., 2010). Similarly, Challis and lower Dillon volcanism coincide with 

extensional basin formation in southwest Montana (Lemhi Pass paleovalley, ca. 49 Ma) 

(Janecke and Snee, 1993; Janecke, 1994; M’Gonigle and Dalrymple, 1996; Janecke et al., 

1999; Fritz et al., 2007). Concomitant extension and volcanism are capable of crustal 

thinning and decompression melting resulting in thermal uplift, but there is also strong 

evidence for the influence of north to south Farallon slab rollback. South-migrating 

topography, volcanism, and MCC exhumation consistent with the location of the slab hinge 

fits with progressive Farallon slab removal through the Cenozoic (Humphreys et al., 2003). 

Farallon slab de-watering during rollback hydrated the overlying crust, lowering the liquidus 

and initiating regional volcanism (Humphreys et al., 2003; Yonkee and Weil, 2015; Porter, 

2016; Canada et al., 2019). Delamination of cold, dense mantle lithosphere and removal of 

high-grade metamorphic materials or mineral phases from fractional crystallization could 

also have triggered additional uplift (Jones et al., 2015; Porter et al., 2016; Smith et al., 

2017). 
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In sum, high early Eocene paleoelevations of 4.2 – 5.2 km at the toe of the Sevier 

fold-thrust belt in west-central and southwest Montana are most likely the result of crustal 

thickening and the thermal uplift related to Farallon slab rollback (Fig. 5.8). Thick crust (50-

55 km) created during the Cretaceous to Paleocene or early Eocene time supported 1.9 to 2.8 

km of high topography, while the remaining Eocene surface uplift can be attributed to 

regional extension, high heat flow from volcanic activity and crustal hydration, and 

delamination of dense lithosphere contemporaneous with the north to south removal of the 

Farallon slab. 

 

5.4.3. Surface Lowering After the Early Eocene  

 These new paleoelevation data show that, between the early Eocene and middle 

Eocene, southwestern and west-central Montana experienced surface lowering of between 

200 and 2400 m to elevations of 2.8 – 4.0 km. Early Eocene samples in the region are dated 

to between 51 and 53.1 Ma, but samples taken from the Muddy Creek and Sage Creek Basins 

of comparable paleoelevation estimates are ca. 47-43 Ma, meaning that substantial surface 

lowering of this magnitude of may have taken place within as little as 4 Ma. Two other 

processes were taking place in the area at this time: waning volcanic activity and active 

extension (Yonkee and Weil, 2015). Based on palinspastic reconstructions of Coney and 

Harms (1984), the toe of the Sevier fold-thrust belt experienced 10-15 km of crustal thinning 

(β = 1.35) from the early Eocene for a modern crustal thickness of ~37 km (Gilbert, 2012). 

Crustal thicknesses predating Basin and Range extension are ~45 km (Coney and Harms, 

1984). Using this value, ~1.4 km, or 35-50%, of regional high topography could be supported 

by thick crust, with the difference coming from other mechanisms, including delamination 

and removal of dense mineral phases (Fig. 5.8; Jones et al., 2015) (see section 5.4.1 for 

discussion of these mechanisms). The contemporaneous timing of surface lowering with 

decreased heat flow and with MCC extension and formation of the series of southwestern 

Montana basins like the Muddy Creek and Sage Creek must be considered when assessing 

drivers of surface lowering. With more detailed estimates of timing of extension, combined 

with paleoelevation estimates, future researchers could more easily characterize and track the 

progress of surface lowering. 
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6. CONCLUSIONS 

1. In the Paleogene, the highest elevations of the U.S. Cordillera were located in central 

and southwest Montana from 53 Ma – 50 Ma. 

2. Peak paleoelevations in central Montana during the early Eocene reached altitudes of 

4,640 +720/-440 m, and _____ during the late Eocene, based on thermodynamic 

Rayleigh distillation modeling of ΔδDglass values.	 Estimates of regional high 

topography here provide constraints that U.S. Cordilleran Paleogene tectonic and 

paleoclimate models must meet going forward. 

3. Eocene east-central Idaho reached 3-3.5 km of elevation, in agreement with 

paleobotanical paleoaltimetry studies, but was not the regional paleo-high as 

previously thought. 

4. To the east of the fold-thrust belt, airmass mixing and/or evaporative conditions 

resulted in increased δDglass values. 

5. High paleoelevations of 4.2 – 5.2 km in central Montana cannot be supported by 

isostatic compensation of thickened crust alone; they likely require additional support 

through thermal processes or delamination. 

6. The effects of Farallon slab rollback, including crustal hydration, magmatism, and 

delamination fits with paleoelevation estimates and spatiotemporal patterns of 

volcanism and the locations of high elevations. 

7. Based on geochemical correlations, Challis volcanic material traveled to the Wind 

River Basin and Green River Basin via air and/or ground transport. 

8. Additional work is needed to quantify surface deformation in the western Great Plains 

region. Future studies would also benefit from refined timing of MCC exhumation to 

better constrain the timing of initiation of extension in western Montana. 
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