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Abstract

The paleogeographic evolution of the western USA Great Basin from the Late Cretaceous to the Cenozoic is critical to un-

derstanding how the Cordillera at this latitude transitioned from Mesozoic shortening to Cenozoic extension. According to a

widely applied model, Cenozoic extension was driven by collapse of elevated crust supported by crustal thicknesses that were

potentially double the present ˜30–35 km. This model is difficult to reconcile with more recent estimates of moderate regional

extension ([?] 50%) and the discovery that most high-angle, basin–range faults slipped rapidly ca. 17 Ma, tens of millions of

years after crustal thickening occurred. Here we integrate new and existing geochronology and geologic mapping in the Elko

area of northeast Nevada, one of the few places in the Great Basin with substantial exposures of Paleogene strata. We improve

age control for strata that have been targeted for studies of regional paleoelevation and paleoclimate across this critical time

span. In addition, a regional compilation of the ages of material within a network of middle Cenozoic paleodrainages developed

across the Great Basin shows that the age of basal paleovalley fill decreases southward roughly synchronous with voluminous

ignimbrite flareup volcanism that swept south across the region ca. 45–20 Ma. Integrating these datasets with the regional

record of faulting, sedimentation, erosion, and magmatism, we suggest that volcanism was accompanied by an elevation increase

that disrupted drainage systems and shifted the continental divide east into central Nevada from its Late Cretaceous location

along the Sierra Nevada arc. The north–south Eocene–Oligocene drainage divide defined by mapping of paleovalleys may thus

have evolved as a dynamic feature that propagated southward with magmatism. Despite some local faulting, the northern

Great Basin became a vast, elevated volcanic tableland that persisted until dissection by Basin and Range faulting that began

ca. 21–17 Ma. Based on this more detailed geologic framework, it is unlikely that Basin and Range extension was driven by

Cretaceous crustal overthickening; rather, pre-existing crustal structure was just one of several factors that that led to Basin and

Range faulting after ca. 17 Ma—in addition to thermal weakening of the crust associated with Cenozoic magmatism, thermally

supported elevation, and changing boundary conditions. Because these causal factors evolved long after crustal thickening

ended, during final removal and fragmentation of the shallowly subducting Farallon slab, they are compatible with normal

(˜45–50 km) thickness crust beneath the Great Basin prior to extension and do not require development of a strongly elevated,

Altiplano-like region during Mesozoic shortening.

1



Magmatism, migrating topography, and the transition from 1 

Sevier shortening to Basin and Range extension, western USA 2 

Jens-Erik Lund Snee1 and Elizabeth L. Miller2 3 
1U.S. Geological Survey Geosciences and Environmental Change Science Center, P.O. Box 4 

25046, MS 980, Denver, CO 80225 5 
2Stanford University Department of Geological Sciences, 450 Serra Mall Bld. 320, Room 118, 6 

Stanford, CA 94305 7 

 8 

ABSTRACT 9 

The paleogeographic evolution of the western USA Great Basin from the Late Cretaceous 10 

to the Cenozoic is critical to understanding how the Cordillera at this latitude transitioned from 11 

Mesozoic shortening to Cenozoic extension. According to a widely applied model, Cenozoic 12 

extension was driven by collapse of elevated crust supported by crustal thicknesses that were 13 

potentially double the present ~30–35 km. This model is difficult to reconcile with more recent 14 

estimates of moderate regional extension (≤50%) and the discovery that most high-angle, basin–15 

range faults slipped rapidly ca. 17 Ma, tens of millions of years after crustal thickening occurred. 16 

Here we integrate new and existing geochronology and geologic mapping in the Elko area of 17 

northeast Nevada, one of the few places in the Great Basin with substantial exposures of 18 

Paleogene strata. We improve age control for strata that have been targeted for studies of regional 19 

paleoelevation and paleoclimate across this critical time span. In addition, a regional compilation 20 

of the ages of material within a network of middle Cenozoic paleodrainages developed across the 21 

Great Basin shows that the age of basal paleovalley fill decreases southward roughly 22 

synchronous with voluminous ignimbrite flareup volcanism that swept south across the region 23 

ca. 45–20 Ma. Integrating these datasets with the regional record of faulting, sedimentation, 24 

erosion, and magmatism, we suggest that volcanism was accompanied by an elevation increase 25 

that disrupted drainage systems and shifted the continental divide east into central Nevada from 26 

its Late Cretaceous location along the Sierra Nevada arc. The north–south Eocene–Oligocene 27 

drainage divide defined by mapping of paleovalleys may thus have evolved as a dynamic feature 28 

that propagated southward with magmatism. Despite some local faulting, the northern Great 29 

Basin became a vast, elevated volcanic tableland that persisted until dissection by Basin and 30 



Range faulting that began ca. 21–17 Ma. Based on this more detailed geologic framework, it is 31 

unlikely that Basin and Range extension was driven by Cretaceous crustal overthickening; rather, 32 

pre-existing crustal structure was just one of several factors that that led to Basin and Range 33 

faulting after ca. 17 Ma—in addition to thermal weakening of the crust associated with Cenozoic 34 

magmatism, thermally supported elevation, and changing boundary conditions. Because these 35 

causal factors evolved long after crustal thickening ended, during final removal and 36 

fragmentation of the shallowly subducting Farallon slab, they are compatible with normal (~45–37 

50 km) thickness crust beneath the Great Basin prior to extension and do not require 38 

development of a strongly elevated, Altiplano-like region during Mesozoic shortening. 39 

 40 

INTRODUCTION 41 

The switch from Mesozoic shortening to Cenozoic extension in the western USA 42 

Cordillera was a fundamental tectonic transition with implications for orogenic systems 43 

worldwide, but its causes remain hotly debated and poorly understood. The many models 44 

focusing on this time interval reveal disagreements regarding these basic questions: What was 45 

the pre-extensional crustal structure, crustal thickness, and resulting topography across the west? 46 

What was the causal mechanism for initiation of continental extension? What was the detailed 47 

timing of important tectonic events across this time span and how do those events factor into our 48 

understanding of causal mechanisms for the switch from shortening to extension?  49 

The prevailing view argues that Mesozoic crustal thickening in the Sevier fold and thrust 50 

belt produced a high plateau (the “Nevadaplano”) across the region of the present-day Great 51 

Basin (Fig. 1) (DeCelles, 2004). Although the concept of the Nevadaplano is widely accepted, 52 

there is little agreement regarding the timing and cause of plateau uplift (cf. Parsons et al., 1994; 53 

Mix et al., 2011; Cassel et al., 2018), its peak elevation (cf. Chase et al., 1998; Wolfe et al., 1998; 54 

Best et al., 2009; Cassel et al., 2012), whether or not “rugged topography” may have been 55 

present on the plateau (cf. Chamberlain et al., 2007; Henry et al., 2012; Bahadori et al., 2018), 56 

and the causes and timing of its inferred “collapse” (cf. Sonder et al., 1987; McQuarrie and 57 

Chase, 2000; Colgan and Henry, 2009; Wells et al., 2012; Lee et al., 2017).  58 

 59 



 60 
Figure 1. The Great Basin, including the northern and central Basin and Range province (BRP), western USA. 61 
The Mesozoic Sierra Nevada batholith is after Van Buer and Miller (2010). Paleogene basins are from Haynes 62 
(2003) and Smith et al. (2017). The approximate late Paleocene ocean shoreline is after Reid (1988) and 63 
Lechler and Niemi (2011). Luning-Fencemaker thrust belt (LFTB) locations are from Best et al. (2009). 64 
Locations of the Golconda and Roberts Mountains allochthons, Central Nevada thrust belt, and Sevier belt are 65 
from DeCelles (2004). The BRP boundary is from Dickinson (2013). ARG—Albion–Raft River–Grouse Creek 66 
Mountains; CB—Copper Basin; CNTB—Central Nevada thrust belt; EB—Elko Basin; EH—East Humboldt 67 
Range; FM—Funeral Mountains; I—Inyo Mountains; P—Pequop Mountains; R—Ruby Mountains; RV—68 
Railroad Valley; S—Snake Range; SPB—Sheep Pass Basin, W—White Mountains; WH—Wood Hills; 69 
WSB—White Sage Basin. 70 

 71 

Related to these broader questions are more detailed questions about the resulting 72 

topography across this region. Studies based on the pattern of Cenozoic ash-flow tuffs that filled 73 

paleovalleys (e.g., Best et al., 2013; Henry and John, 2013) indicate a ~north–south-oriented 74 

divide that passed down the middle of central Nevada (Fig. 2), slightly west of the mostly older, 75 

Eocene Elko Basin (e.g., Haynes, 2003; Lund Snee et al., 2016; Camilleri et al., 2017) and the 76 

mostly Late Cretaceous and Eocene Sheep Pass Basin (e.g., Druschke et al., 2009a, 2009b). 77 

However, the divide has also been inferred to lie along the axis of the Mesozoic Sierra Nevada 78 

arc during the Late Cretaceous (Van Buer et al., 2009; Sharman et al., 2015). When, why and 79 

how did this eastward shift of the divide occur? Was the shift related to the south-sweeping 80 

middle Cenozoic volcanism of the ignimbrite flareup in the retroarc region (Fig. 2) (e.g., 81 



Armstrong and Ward, 1991; Christiansen and Yeats, 1992)? How did volcanism and the addition 82 

of large volumes of magma and heat affect retroarc topography? 83 

Here we integrate new and previously published geologic mapping and U-Pb detrital 84 

zircon geochronology from Late Cretaceous(?)–Neogene sedimentary and volcanic rocks of the 85 

Elko Basin of northeast Nevada, one of the only successions spanning large portions of the time 86 

between Cretaceous crustal thickening and Neogene Basin and Range extension (Figs. 1 and 2). 87 

We discuss the paleogeographic and tectonic significance of the stratigraphic succession and 88 

published stable isotope records in the Elko area in the context of others from throughout the 89 

region. We also compiled ages for the oldest volcanic or sedimentary material deposited in a 90 

network of east- and west-draining paleovalleys active across the Great Basin in middle 91 

Cenozoic time. Drawing upon all of this information, we present a revised view of the 92 

paleogeographic and tectonic evolution of the northern Great Basin from Late Cretaceous to 93 

Neogene time. Finally, we discuss the implications for estimates of crustal thickness and 94 

topography prior to Cenozoic extension, including impacts for the Nevadaplano model.  95 

 96 

 97 
Figure 2. Late Cretaceous and Cenozoic volcanism and topography in the Great Basin, showing paleodrainages 98 
colored by the age of oldest reported material deposited within them, compiled from sources in the GSA Data 99 
Repository. Lighter blues represent younger paleodrainages, and gray indicates no age information. The 100 
approximate location of the Late Cretaceous paleodivide is inferred from Van Buer et al. (2009) and Sharman 101 
et al. (2015). The Cenozoic paleodivide is from Henry and John (2013) and represents the conventional view 102 
that the drainage divide was broadly static over Eocene–Oligocene time (and possibly earlier). Volcanic fields 103 



are based on data from the North American Volcanic and Intrusive Rock Database (NAVDAT; 104 
http://ecp.iedadata.org). Other references and acronyms as in Fig. 1.  105 

 106 

GEOLOGIC SETTING 107 

Late Cretaceous and Cenozoic strata in northeast Nevada, in the area of the Eocene Elko 108 

Basin (Figs. 1–3), unconformably overlie a thick (~10 km) Neoproterozoic to Triassic section 109 

deposited along the passive margin of western North America (e.g., Willden and Kistler, 1979; 110 

Colgan et al., 2010), formed after Neoproterozoic and early Paleozoic rifting of the Rodinia 111 

supercontinent (e.g., Lund, 2008; Yonkee et al., 2014). West of the Elko area lie deep-marine 112 

rocks of the Roberts Mountains and Golconda allochthons (Fig. 1) that were respectively thrust 113 

across the continental margin in the earliest Mississippian and the Permian-Triassic (e.g., 114 

Stewart, 1980). These relations and the location of the initial 87Sr/86Sr = 0.706 isopleth imply that 115 

western Nevada was underlain by oceanic crust and that the thick passive margin succession at 116 

the study area in northeast Nevada was underlain by thinned continental crust (Tosdal et al., 117 

2000). East-dipping subduction beneath the Cordilleran margin initiated as early as the Early 118 

Triassic (e.g., Saleeby et al., 2008). The study area, which was in the retroarc region of the Sierra 119 

Nevada arc, experienced two episodes of shortening and metamorphism during periods of 120 

increased arc magmatism, one in the Middle to Late Jurassic ca. 170–155 Ma and the second in 121 

the Late Cretaceous ca. 120–70 Ma (e.g., Dallmeyer et al., 1986; Miller and Gans, 1989; 122 

Thorman et al., 1991; Smith et al., 1993; McGrew and Snee, 1994; Thorman and Peterson, 2003; 123 

Du Bray, 2007; Zuza et al., 2020). Cretaceous thrust faulting at the latitudes of northern and 124 

central Nevada was confined mostly to the Sevier fold and thrust belt to the east of the study 125 

area, with significantly less shortening represented by the Central Nevada thrust belt in central 126 

and southern Nevada (Fig. 1) (Taylor et al., 2000; Di Fiori et al., 2020).  127 

Following Late Cretaceous subduction-related arc magmatism, volcanism initiated again 128 

as part of the middle Cenozoic ignimbrite flareup, characterized by widespread caldera-forming 129 

volcanism that migrated southward across the Great Basin, passing through northeast Nevada 130 

(Fig. 2) ca. 42–36 Ma (Brooks et al., 1995; Ressel and Henry, 2006; Ryskamp et al., 2008; Henry 131 

and John, 2013; Lund Snee et al., 2016). Although extension initiated locally as early as Eocene 132 

time in certain areas (e.g., Henry et al., 2011; Miller et al., 2012; Wells et al., 2012), recognition 133 

is growing that the primary extension that affected topography and supracrustal rocks across the 134 



hinterland was an episode of rapid slip on high-angle normal faults that took place mostly during 135 

middle to late Miocene time and culminated in the present Basin and Range topography (Lund et 136 

al., 1993; Miller et al., 1999; Stockli et al., 2002; Henry, 2008; Colgan and Henry, 2009; Colgan 137 

et al., 2010; Colgan, 2013; Konstantinou and Miller, 2015; Lund Snee et al., 2016). This 138 

contribution presents new geochronologic and geological data obtained in the ancestral Elko 139 

Basin. We then examine the sedimentary record for the constraints it provides on the 140 

controversial and enigmatic history of the Late Cretaceous to the Miocene and, specifically, how 141 

the surface topography may have changed across this time span. 142 

  143 

 144 
Figure 3. Geologic map of the ancestral Elko Basin region, northeast Nevada (location shown in Fig. 2). Unit 145 
boundaries and faults are from Crafford (2007), Colgan et al. (2010), Lund Snee et al. (2016), and this study. 146 
The Ruby-East Humboldt detachment fault is presently a shallowly dipping fault system that experienced both 147 
ductile and brittle deformation (e.g., Dokka et al., 1986). 148 
 149 



METHODS 150 

We mapped geologic units and tuffaceous beds, measured stratigraphic sections (Fig. 5), 151 

and collected samples for U-Pb detrital zircon geochronology in Oligocene and Miocene 152 

successions in Huntington Valley and the eastern Carlin-Piñon Range, northeast Nevada (Figs. 3 153 

and 4), in and near the ancestral Elko Basin (Figs. 1 and 2). Our work refines geologic mapping 154 

by Smith and Howard (1977), Smith and Ketner (1978), Lund Snee (2013), Lund Snee and 155 

Miller (2015), and Lund Snee et al. (2016), who provided detailed descriptions of those rocks. 156 

The GSA Data Repository contains detailed analytical methods and it presents the results of 157 

seven additional U-Pb detrital zircon analyses to those by Lund Snee et al. (2016). Figure 5 158 

shows the new and previous geochronology results within their stratigraphic framework.  159 

Some of the same sections have previously been sampled for stable isotope analysis of 160 

calcite cements, limestone, and paleosols (Horton et al., 2004; Mix et al., 2011) and our work 161 

refines the age constraints and understanding of the depositional context for Neogene rocks 162 

within those sections. Figure 6 shows stable isotope data from prior studies placed in their 163 

revised temporal positions, with permissible depositional ages conservatively bounded by the 164 

full 2σ uncertainty ranges for the depositional age constraints (e.g., including the 2σ uncertainties 165 

for weighted mean ages). The Data Repository presents detailed methods for assigning age 166 

constraints and preferred depositional ages, and it includes tables containing lithologic details, 167 

sample localities, (maximum) depositional age information, and analytical data. Using these 168 

same methods, we used published geochronologic data to improve depositional age constraints 169 

for published stable isotope data that were obtained in older, Paleogene strata in the area 170 

(locations in Fig. 3), for which a number of contradictory depositional ages have been reported 171 

(cf. Horton et al., 2004; Mix et al., 2011; Chamberlain et al., 2012; Mulch et al., 2015; Smith et 172 

al., 2017). In most cases, the permissible age bounds were not given in those studies, and sample 173 

ages were reported as being absolute when in fact they were maximum depositional ages 174 

(MDAs).  175 

 176 



 177 
Figure 4. Geologic maps of areas sampled for this study. Unit boundaries and structures are from Smith and 178 
Howard (1977), Crafford (2007), Lund Snee and Miller (2015), Lund Snee et al. (2016), and this study. 179 
Maximum depositional ages are indicated with inequality symbols (“≤”), unlike for nearly absolute 180 
depositional ages from tuffaceous horizons.  181 

 182 



 183 



Figure 5. Isotopic analyses from Mulch et al. (2015) and sources therein plotted by stratigraphic section. 184 
Section and sample locations are shown in Figs. 3 and 4. Maximum depositional ages are indicated with 185 
inequality symbols (“≤”), unlike for nearly absolute depositional ages from interbedded tuffaceous horizons. 186 
Plotted stable isotope measurements and age data are listed in the GSA Data Repository. Values of 𝛿𝛿18O are 187 
reported relative to standard mean ocean water (SMOW) and values of 𝛿𝛿13C are reported relative to Peedee 188 
belemnite (PDB) for consistency with prior studies in this region. These plots complement those in Fig. 6, 189 
where isotopic measurements are plotted together by depositional age bounds.  190 
 191 

REVIEW OF THE SEDIMENTARY AND VOLCANIC RECORD  192 

Elko area of northeast Nevada 193 

The Elko area is one of the only places in the Great Basin where well-preserved 194 

sedimentary and volcanic rocks spanning the Late Cretaceous(?) to Neogene are exposed over 195 

appreciable areas (e.g., Stewart, 1980). Because the term “Elko Basin,” sensu stricto, refers to 196 

the part of northeast Nevada where the Elko Formation was deposited in Eocene time (see 197 

Camilleri et al., 2017), we use the term “ancestral Elko Basin” to refer to this general area over a 198 

wider time span. 199 

As shown in Figure 6, little deposition is documented between the Cretaceous and early 200 

Eocene in the ancestral Elko Basin region (Smith and Ketner, 1976; Fouch et al., 1979; Rahl et 201 

al., 2002; Haynes, 2003; Crafford, 2007; Henry et al., 2011; Lund Snee and Miller, 2015), 202 

reflecting the history of gradual erosion that prevailed throughout much of the hinterland from 203 

the peak of Late Cretaceous deformation and magmatism until the middle Eocene (e.g., Van Buer 204 

et al., 2009; Konstantinou et al., 2012). The first strata deposited during this time span within the 205 

Elko area were Late Cretaceous(?) to early Eocene(?) redbeds and limestones (Figs. 3, 4c, 5, and 206 

6), probably in isolated topographic lows, fault-bounded basins, or the bottoms of paleovalleys 207 

(Armstrong, 1968, 1972; Smith and Ketner, 1976; Gans and Miller, 1983; Van Buer et al., 2009; 208 

Konstantinou et al., 2012; Long, 2012; Lund Snee, 2013; Henry, 2018). These early deposits, as 209 

well as the overlying Elko Formation (Fig. 5), contain clast compositions and detrital zircon age 210 

distributions that reflect recycling from strata presently exposed beneath the Cenozoic 211 

unconformity (Druschke et al., 2011; Ruksznis, 2015; Lund Snee et al., 2016; Canada et al., 212 

2020).  213 

The more extensive middle to late Eocene Elko Formation (Figs. 5 and 6), which locally 214 

reaches thicknesses of ~850 m (Henry, 2008), consists of a broadly upward-fining succession of 215 



conglomerate, sandstone, siltstone, shale, clay, marl, and limestone (Smith and Ketner, 1976; 216 

Solomon et al., 1979; Moore et al., 1983; Server and Solomon, 1983; Ketner and Alpha, 1992; 217 

Haynes, 2003; Lund Snee and Miller, 2015; Smith et al., 2017). The presence of Cenozoic 218 

tuffaceous material and other volcanic detritus is a key factor that distinguishes the Elko 219 

Formation from older units (Smith and Ketner, 1976; Lund Snee et al., 2016). Deposition of the 220 

Elko Formation began ca. 46.1 Ma (Fig. 5), based on a U-Pb zircon age of an ash-fall tuff 221 

deposited near its base (Haynes, 2003). The end of Elko Formation deposition is tightly 222 

constrained at ca. 38.4 Ma, based on a U-Pb detrital zircon maximum depositional age (MDA) of 223 

37.9 ± 0.5 Ma from its upper stratigraphic levels within the eastern Carlin-Piñon Range, south of 224 

Robinson Mountain (Fig. 3; sample ELKO-2 of Lund Snee et al., 2016) and a minimum 225 

depositional age of 38.47 ± 0.15 Ma from 40Ar/39Ar plagioclase analysis on an overlying ash-226 

flow tuff nearby (sample H10-45 of Henry et al., 2015) (Fig. 5). These dates revise an estimate of 227 

40.4 Ma for the end of Elko Formation deposition by Smith et al. (2017) and they are compatible 228 

with estimates of ca. 39–38 Ma by Haynes (2003) and Mulch et al. (2015). The initiation of 229 

shallow basin development recorded by the onset of Elko Formation deposition ca. 46–44 Ma, 230 

shortly before arrival of volcanism (see below), indicates that volcanism occurring to the north in 231 

southern Idaho may have been responsible for a change in topography and regional stress state. 232 

The development of accommodation for deposition at this time, following tens of millions of 233 

years with little or no sedimentation, suggests initiation of a mechanism such as normal faulting, 234 

development of sags or uplifts, and/or establishment of broad paleodrainages (e.g., Howard, 235 

2003; Smith et al., 2017; Henry, 2018; this study). Lithofacies characterization and 𝛿𝛿13Ccarbonate, 236 

𝛿𝛿18Ocarbonate, and 𝛿𝛿Dglass measurements suggest that the Elko Basin experienced a profound 237 

transition in depositional setting between the lower and upper Elko Formation ca. 40 Ma, as 238 

volcanism became more proximal (Fig. 2), although published interpretations are contradictory. 239 

Mulch et al. (2015) suggested that elevations increased and lake waters freshened within the 240 

Elko Basin around this time, whereas Smith et al. (2017) proposed an upward transition from 241 

freshwater fluvial-lacustrine to saline and anoxic profundal settings, with substantial uplift only 242 

after the end of Elko Formation deposition.  243 

The ca. 38.5–36.8 Ma Robinson Mountain volcanic field (Ressel and Henry, 2006; Henry 244 

et al., 2015; Lund Snee et al., 2016) is a thick succession (>1 km) of rocks associated with the 245 

ignimbrite flareup on the eastern flanks of the Carlin-Piñon Range (Fig. 3), and it conformably 246 



overlies the Elko Formation (Smith and Ketner, 1976, 1978; Ressel and Henry, 2006; Ryskamp 247 

et al., 2008; Lund Snee and Miller, 2015). Following volcanism, sedimentation and faulting 248 

effectively ceased in this area (Fig. 6), with few exceptions, until Basin and Range faulting began 249 

in the middle Miocene (Henry et al., 2011; Lund Snee et al., 2016; this study). Any faulting that 250 

accompanied magmatism and crustal flow at depth might have been limited to the immediate 251 

areas above the metamorphic core complexes (MCCs), where the surface record is incomplete 252 

due to younger faulting and erosion (Miller et al., 1999; Colgan et al., 2010; Konstantinou et al., 253 

2013a; Lee et al., 2017). Lund Snee et al. (2016) documented 10–15º tilting events following 254 

volcanism, between ca. 36.8–33.9 Ma and between ca. 31.1–24.4 Ma (better constrained by this 255 

study to between ca. 31.1–25.1 Ma as shown in Figs. 4b, 5, and 6), which they interpreted to 256 

represent local deformation associated with deeper crustal flow leading to surface adjustments by 257 

either faulting and/or doming adjacent to the developing Ruby Mountains–East Humboldt Range 258 

(REH) MCC. Best and Christiansen (1991) made a similar interpretation for the limited and 259 

localized faulting that occurred during the ~10 Myr following volcanism throughout the Great 260 

Basin.  261 

An early phase of gradual extension within this generally quiescent interval may be 262 

represented by deposition of ca. 25 Ma and progressively younger fluvial-lacustrine material 263 

near the base of the Humboldt Formation (Figs. 3, 4a, and 6; Lund Snee et al., 2016; this study), 264 

as well as the possibly correlative late Oligocene and/or early Miocene sedimentary sequence of 265 

Clover Creek (McGrew and Snoke, 2015) near the East Humboldt Range (Fig. 1). Subsequently, 266 

rapid slip initiated on basin-bounding faults at 17–16 Ma (e.g., Colgan et al., 2010), represented 267 

in northeast Nevada by thick middle to late Miocene deposits of the Humboldt Formation. Near 268 

the REH (Figs. 3, 4b–d, and 5), the Humboldt Formation locally exceeds 4 km thickness 269 

(Satarugsa and Johnson, 2000), by far dwarfing the thicknesses of older Cenozoic units.  270 

 271 



 272 
Figure 6. Regional Cenozoic tectonic events and measured isotopic values in the Elko area, northeast Nevada. 273 
Stable isotope data are from Mulch et al. (2015) and sources therein. Vertical bars indicate the full permissible 274 
age range for each analysis, conservatively including the 2σ uncertainties of the bounding age constraints. 275 
Values of 𝛿𝛿18O are reported relative to standard mean ocean water (SMOW) and values of 𝛿𝛿13C are reported 276 
relative to Peedee belemnite (PDB) for consistency with prior studies in this region. Cong.—Conglomerate; 277 
EECO—Early Eocene Climatic Optimum; Fm.—Formation; MECO—Middle Eocene Climatic Optimum; 278 
REH—Ruby Mountains–East Humboldt Range. References: 1—Colgan and Henry (2009); 2—Coble and 279 
Mahood (2012); 3—Armstrong and Ward (1991); 4—Atwater (1989); 5—Haynes (2003); 6—Lund Snee et al. 280 
(2016); 7—Brooks et al. (1995); 8—Druschke et al. (2009a, 2009b); 9—Howard et al. (2011); 10—Henry et 281 
al. (2011); 11—McGrew and Snee (1994); 12—Rahl et al. (2002) and McGrew et al. (2007); 13—Mulch et al. 282 
(2015); 14—McGrew et al. (2000); 15—Smith and Ketner (1976); 16—Potter et al. (1995) and Dubiel et al. 283 
(1996); 17—Henry (2008); 18—Stockli (2005); 19—Satarugsa and Johnson (2000); 20—Colgan et al. (2010); 284 
21—Haines and Van Der Pluijm (2010); 22—Wright and Snoke (1993); 23—MacCready et al. (1997); 24—285 
Ryskamp et al. (2008); 25—Horton and Schmitt (1998); 26—Gans et al. (1989); 27—McGrew and Snoke 286 
(2015); 28—DeCelles and Coogan (2006); 29—Miller et al. (1999); 30—Ruksznis (2015); 31—Zachos et al. 287 
(2001); 32—Sluijs et al. (2013); 33—Cooper et al. (2010); 34—Liu and Stegman (2012); 35—Van Buer et al. 288 
(2009); 36—Lechler and Niemi (2011); 37—this study. 289 
 290 



Great Basin region 291 

Here we expand the above discussion to include rocks of Late Cretaceous to Neogene age 292 

deposited elsewhere in the Great Basin, primarily in the Copper, White Sage, and Sheep Pass 293 

basins (Fig. 1). As can be seen in Figure 6, the histories of deposition and tectonism in these 294 

areas are broadly similar, characterized by limited and localized Late Cretaceous to Paleogene 295 

sedimentation and faulting (e.g., Gans and Miller, 1983; Best and Christiansen, 1991; Burchfiel 296 

et al., 1992; Van Buer et al., 2009; Henry et al., 2011; Konstantinou et al., 2012; Long, 2012; 297 

Henry and John, 2013) followed by volcanism, a subsequent hiatus in sedimentation, and then 298 

rapid sedimentation and tilting in the middle Miocene.  299 

Regionally, the most significant deposition in the Late Cretaceous to Paleogene interval 300 

was in the greater Sheep Pass Basin of east-central Nevada (Fig. 1), where deposition of up to 301 

~1200 m of Late Cretaceous–middle Eocene Sheep Pass Formation and late Eocene Stinking 302 

Spring Conglomerate (Fig. 6) was associated with potentially 3 km of normal slip on the 303 

northwest-dipping Ninemile fault system (Druschke et al., 2009a, 2009b). Sedimentation and 304 

tilting occurred elsewhere in east-central Nevada (Gans et al., 1989), including near the Snake 305 

Range MCC (Figs. 1 and 6), but deposition was localized (Best and Christiansen, 1991).  306 

As in the case of the Elko area described above, the limited pre-Miocene deposition that 307 

did take place elsewhere in the Great Basin occurred several millions of years before ignimbrite 308 

flareup volcanism (Fig. 6), suggesting that early magmatic processes could have prompted 309 

changes in topography. In the Copper Basin of northeast Nevada (Fig. 1), localized late Eocene–310 

Oligocene deposition may have occurred due to basin development associated with normal fault 311 

slip shortly before and during nearby volcanism (Axelrod, 1966; Rahl et al., 2002). Alternatively, 312 

these units (and the nearby Elko Formation) may have been deposited into paleochannels, some 313 

of which could have been partially dammed by faulting (Henry, 2008, 2018). In the White Sage 314 

Basin of western Utah, ~150 m of early Eocene deposits experienced modest tilting in the middle 315 

Eocene before being blanketed ca. 40–39 Ma by ignimbrite flareup volcanic rocks (Potter et al., 316 

1995; Dubiel et al., 1996). These datasets appear to preclude significant activity and offset along 317 

Late Cretaceous to Oligocene faults, consistent with prior compilations for the Great Basin (Best 318 

and Christiansen, 1991; Colgan and Henry, 2009; Henry et al., 2011; Henry and John, 2013). 319 

In most places, sedimentation effectively ceased following volcanism, lasting at least 320 

through most of the Oligocene. Similar to the REH MCC, gradual sedimentation near the Snake 321 



Range MCC re-initiated as early as the late Oligocene or earliest Miocene (Miller et al., 1999; 322 

Ruksznis, 2015). Nevertheless, by far the most significant episode of sedimentation, tilting, and 323 

uplift in the Great Basin occurred during middle Miocene time, ca. 17–16 Ma, resulting in 324 

region-wide development of deep (often >2 km) half-graben basins that filled rapidly with 325 

sediments (Noble, 1972; Stockli et al., 2002; Colgan, 2013). 326 

 327 

REVIEW OF STABLE ISOTOPE MEASUREMENTS 328 

Numerous studies have targeted strata in the ancestral Elko Basin for stable isotope 329 

analysis in efforts to understand regional paleoelevation and paleoclimate histories (Fig. 3). 330 

Stable isotope measurements from Elko area carbonates have served as key constraints in 331 

regional studies arguing that large and rapid negative shifts in 𝛿𝛿18O, which proceeded southward 332 

across the western USA approximately synchronous with migrating middle Cenozoic volcanism, 333 

indicate simultaneous south-migrating topographic uplift (Horton et al., 2004; Davis et al., 2006; 334 

Mix et al., 2011; Chamberlain et al., 2012), supporting a model initially proposed by Gans 335 

(1990). Specifically, these conclusions were based on a proposed ~7–10‰ decrease in 𝛿𝛿18O 336 

values at ca. 50–47 Ma in southwestern Montana and eastern Idaho (Kent-Corson et al., 2006), 337 

followed by a decrease of up to ~15‰ in the Elko Basin, proposed to have occurred between ca. 338 

40.2–39.4 Ma (Mulch et al., 2015), and finally a ~4‰ decrease after ca. 23 Ma in southern 339 

Nevada (Chamberlain et al., 2012). This timing is generally corroborated by comparable negative 340 

shifts of 𝛿𝛿18O values ca. 44–40 Ma in foreland basin deposits east of the Sevier fold and thrust 341 

belt at the latitude of northeast Nevada (Fig. 1), which have been attributed to high-elevation 342 

catchment areas in the Sevier hinterland (e.g., Carroll et al., 2008; Davis et al., 2009). In the 343 

ancestral Elko Basin, the decrease in 𝛿𝛿18O values was interpreted to suggest 2.5 km of uplift 344 

occurring over <2 Myr (Chamberlain et al., 2012). Mulch et al. (2015) subsequently suggested 345 

that a component of the up to 15‰ decrease in 𝛿𝛿18O values in the Elko Basin should be 346 

attributed to climatic and diagenetic factors, including late Eocene global cooling.  347 

More recently, however, the sedimentary age constraints, mean 𝛿𝛿18O values, and 348 

interpretations of depositional environment underpinning some of these studies have changed, 349 

both for the ancestral Elko Basin (Lund Snee et al., 2016; Smith et al., 2017) and the Sage Creek 350 

Basin of southwest Montana (Kent-Corson et al., 2010; Schwartz et al., 2019). In southwest 351 

Montana, Kent-Corson et al. (2010) revised the magnitude of the negative shift in 𝛿𝛿18O values 352 



from 7‰ to only 4–5‰ (all 𝛿𝛿18O values are relative to standard mean ocean water, SMOW). The 353 

4–5‰ shift was corroborated by Schwartz et al. (2019), who also established that it occurred 354 

rapidly at ca. 47 Ma, across a conformable stratigraphic boundary. The ~1 Myr time interval for 355 

this shift in 𝛿𝛿18O values may be too rapid to be explained by topographic changes associated with 356 

Challis and Absaroka volcanism, which reached southwest Montana ~5 Myr earlier.  357 

In the Elko area, Lund Snee et al. (2016) found that the rocks previously mapped as part 358 

of the Oligocene Indian Well Formation (Fig. 3) are mostly middle Miocene and younger in age 359 

and hence part of the Miocene Humboldt Formation. As a result, that study recommended 360 

abandoning the Indian Well Formation name. Because much of the marked decrease in 𝛿𝛿18O 361 

values (an interpreted ~14–15‰ decrease from ~+29.1 to +14.4‰) occurred across this angular 362 

unconformity, the age revisions imply that the timing of the shift could have occurred anytime 363 

within a large window of time between 40–15.5 Ma. Our new geochronologic data and more 364 

conservative approach to constraining temporal bounds (Fig. 6) do not significantly narrow the 365 

time interval over which the 𝛿𝛿18O shift occurred, but they do constrain the ages more rigorously 366 

and in greater detail than prior studies (e.g., Mix et al., 2011; Mulch et al., 2015; Lund Snee et 367 

al., 2016; Smith et al., 2017). The record of 𝛿𝛿18O values with improved age constraints shown in 368 

Fig. 6 indicates considerable scatter in 𝛿𝛿18O values both in the upper part of the Eocene Elko 369 

Formation and in lower levels of the Humboldt Formation for which stable isotope values have 370 

been measured. This scatter leads us to interpret a slightly different shift of ~–12‰, from ~+25 371 

(but ranging between ~+14–+30‰) in upper Elko Formation strata with preferred ages spanning 372 

ca. 40.9–38.6 Ma to ~+13‰ (ranging between ~+9–+20‰) in strata within the lower Humboldt 373 

Formation with preferred ages spanning ca. 15.8–15.5 Ma. Although prior workers (e.g., Mulch 374 

et al., 2015) argued that the decrease in 𝛿𝛿18O values occurred within the upper Elko Formation 375 

because of a ~14–15‰ decrease that is observed within that succession, we point out that this 376 

interpretation was made on the basis of three nonsequential data points and that 𝛿𝛿18O values 377 

increase again by ~10‰ (from +14.4–+17.6‰ to +24.9–+26.1‰) immediately above and still 378 

within the Elko Formation (Fig. 6). Such rapid oscillation of 𝛿𝛿18O values within a narrow part of 379 

the succession are unlikely to reflect changes in topography. Hence, we conclude that the ~12‰ 380 

(or possibly less) decrease in 𝛿𝛿18O values observed in the Elko Basin occurred at an unknown 381 

rate sometime between ca. 38.6–15.8 Ma. Moreover, our new age constraints and stratigraphic 382 

thickness measurements show that >400 m of stratigraphic section are present below the lowest 383 



measured Humboldt Formation 𝛿𝛿18O values, with a depositional age of 25.1 ± 0.2 Ma now 384 

established for a tuffaceous bed near the base of that unit (Figs. 4 and 5). A consequence of the 385 

improved age constraints is that we do not know when the decrease in Elko Basin 𝛿𝛿18O values 386 

occurred relative to the onset of volcanism (Figs. 2 and 3) ca. 39–38 Ma (Ressel and Henry, 387 

2006; Henry et al., 2015; Lund Snee et al., 2016). The sign and magnitude of the decrease in 388 

𝛿𝛿18O values is clearly consistent with an elevation increase, although it is also not definitive of 389 

that because of the potential for climatic and diagenetic influences over this interval.  390 

 Stable isotopic studies focused instead on volcanic rocks erupted across the Great Basin 391 

(including the Elko region) and westward to the Sierra Nevada flank have argued that a high 392 

plateau persisted across the former Sevier hinterland between 41–23 Ma on the basis of relatively 393 

low 𝛿𝛿D values in altered volcanic glass that span this age spectrum (Cassel et al., 2009, 2014, 394 

2018). These results were interpreted to suggest that the inferred high plateau developed in 395 

Cretaceous time (Henry et al., 2012). However, the 𝛿𝛿D values vary with sample age and location. 396 

This led Cassel et al. (2018) to propose that elevations across the hinterland were ~2.25–3.0 km 397 

during late Eocene time and then fell by ~0.5–1 km by early Oligocene time, followed by ~1.5 398 

km uplift between the early and late Oligocene (to as high as 3.5 km in central Nevada), before 399 

eventually falling to present-day mean elevations around 1.75 km. Although the presence of an 400 

elevated plateau following the arrival of volcanism is consistent with the other geologic and 401 

stable isotopic evidence discussed here, these proposed oscillatory elevation changes are difficult 402 

to reconcile with geologic evidence as they imply multiple episodes of faulting and 403 

sedimentation that are not corroborated by the geologic record (see above and summaries by Best 404 

and Christiansen, 1991; Henry et al., 2011; Henry and John, 2013). Moreover, the age brackets of 405 

𝛿𝛿18O values from Elko Basin carbonates (Fig. 6; Horton et al., 2004; Mix et al., 2011; 406 

Chamberlain et al., 2012; Mulch et al., 2015) are not consistent with models that require 407 

elevations to have decreased between ca. 42–13 Ma (e.g., Coney and Harms, 1984; Sonder et al., 408 

1987; Bahadori et al., 2018; Cassel et al., 2018) because 𝛿𝛿18O and 𝛿𝛿13C values were generally 409 

low from ca. 16 Ma onward and prior to ca. 42 Ma were substantially higher (Fig. 6).  410 

 In summary, recent work to improve age constraints and better define depositional 411 

settings in both northeast Nevada and southwest Montana (Kent-Corson et al., 2010; Lund Snee 412 

et al., 2016; Schwartz et al., 2019; this study) indicates that the stable isotope record does not 413 

alone provide clear evidence for south-migrating topography across the region. On the basis of 414 



more rigorous age constraints, the negative shift in 𝛿𝛿18O values within the ancestral Elko Basin 415 

cannot be decisively linked to the age of south-migrating volcanism, although it is consistent 416 

with uplift occurring at that time or later and is inconsistent with models requiring a decrease in 417 

elevation anytime between ca. 42–13 Ma (Fig. 6). Far stronger evidence for south-migrating 418 

topography is demonstrated by the other datasets discussed here: the record of sedimentation, 419 

faulting, erosion, and reorganization of drainage networks. Stable isotope studies based on 𝛿𝛿D 420 

values in altered volcanic glass present a more complex pattern with space and time. Published 421 

interpretations of those results cannot presently be reconciled with the existing record of 422 

sedimentation and faulting.  423 

 424 

RE-EVALUATING THE EVOLUTION OF PRE-BASIN AND RANGE DRAINAGE 425 

SYSTEMS 426 

Rocks preserved within a mapped network of Eocene–Oligocene paleovalleys (Fig. 2) 427 

provide additional insights for the region’s topographic evolution that can be interpreted in 428 

concert with the sedimentary record. The paleovalleys are defined and mapped by their thicker 429 

sequences of volcanic fill and can be traced generally east–west from range to range across 430 

Nevada (Henry, 2008). The rocks filling the paleovalleys are precisely dated and consist of well 431 

correlated middle Cenozoic ignimbrites that flowed hundreds of kilometers east and west along 432 

these channels from their source calderas (e.g., Henry and John, 2013). The flow directions 433 

defined by these relations outline a north–south-trending paleodivide through central Nevada 434 

(Henry, 2008; Best et al., 2013), which has been widely displayed in subsequent publications 435 

portraying the paleotopography of the west. The paleodivide is viewed as a static feature at least 436 

through the early Cenozoic if not as far back as the Cretaceous (e.g., Henry et al., 2012).  437 

Figure 2 shows the Cenozoic temporal evolution of volcanism together with the ages of 438 

oldest material dated within each paleodrainage (compiled from MacGinitie, 1941; Yeend, 1974; 439 

Goldstrand, 1992, 1994; Garside et al., 2005; Henry, 2008; Henry et al., 2012; Henry and John, 440 

2013; Dumitru et al., 2015, 2016). The age of the oldest dated material in each paleovalley 441 

decreases systematically southward, broadly accompanied by the southward progression of 442 

volcanism. We consider it unusual that no basal paleovalley deposits have known ages 443 

significantly older than nearby magmatism. This is especially remarkable considering that the 444 

ignimbrites were capable of traveling hundreds of kilometers north and south of their eruptive 445 



centers (Henry and John, 2013). For each stage of migrating volcanism, the earliest deposits are 446 

preserved near the source calderas, filling paleovalleys to the west, east, and sometimes north. 447 

Yet—critically—the record of fill preserved at the bottoms of paleovalleys (Fig. 2) shows few to 448 

no examples of eruptive products that would have had to travel significantly south (e.g., ≥100 449 

km).  450 

The likeliest explanation is that most or all of these drainages did not exist more than a 451 

few million years before magmatism began at a given latitude and paleovalleys were filled with 452 

volcanic material. We propose that the paleovalleys could have developed diachronously in 453 

response to dynamic topographic uplift that likely occurred during south-migrating ignimbrite 454 

flareup volcanism, when large amounts of magmatic material and thermal energy were added to 455 

the crust. In this context, fluvial paleovalleys with valley-margin relief approaching 1.2 km (e.g., 456 

Henry et al., 2012) were incised into the rising hinterland, similar to the paleovalleys that formed 457 

during the Paleocene–Eocene to the north of the study area (e.g., Schwartz and Schwartz, 2013; 458 

Schwartz et al., 2019). Migrating eruptions would have progressively filled any newly developed 459 

valleys with resistant volcanic rocks that eventually (because they blanketed the landscape) 460 

constructed an elevated, relatively flat plateau such as described by Best et al. (2009), with 461 

surface elevations substantially increased by magmatic and thermal input into the crust.  462 

 463 

 464 
Figure 7. Schematic illustration of southward-migrating topographic uplift in the Great Basin related to the 465 
ignimbrite flareup. This figure depicts a late Eocene (ca. 36 Ma) snapshot of thermally and magmatically 466 



supported volcanic highlands (to the north). At the latitude of the highlands, the drainage divide has shifted 467 
east from its Late Cretaceous to Paleocene position along the axis of the ancestral Sierra Nevada range (Van 468 
Buer et al., 2009) toward the center of the highlands. Latitudes farther south have not yet experienced surface 469 
uplift, and the divide remains along the ancestral Sierra Nevada range. Drainage networks have been 470 
reorganized near and north of the uplifted region, which remains elevated after cessation of volcanism due to 471 
input of substantial heat (as indicated by ongoing partial melting in the Ruby Mountains–East Humboldt 472 
Range metamorphic core complex; Fig. 6) and voluminous volcanic and plutonic material to the crust. 473 

 474 

Figure 7 presents a schematic diagram of the proposed paleotopographic evolution ca. 36 475 

Ma, immediately following the end of volcanism in the Elko area. As magmatism swept south 476 

across the Sevier hinterland in Eocene and Oligocene time, it prompted the growth of topography 477 

due to the voluminous addition of magma to the crust together with accompanying thermal 478 

uplift. We suggest that highlands developed near the main eruptive centers at any given time and 479 

that the ~north–south-trending paleodivide proposed by Henry (2008), Henry et al. (2012), and 480 

Best et al. (2013) was a southward-propagating dynamic feature, with the highest topography 481 

located above the region of the most active caldera centers. Prior to volcanism, drainages likely 482 

flowed east and west away from the axis of the Cretaceous arc (Figs. 2 and 6), as defined by the 483 

locus of intrusion of the youngest plutonic complexes (Van Buer et al., 2009; Van Buer and 484 

Miller, 2010; Sharman et al., 2015). This inference is based on the significantly higher calculated 485 

magnitudes of erosion (~5–7 km) in the arc compared to 1–3 km across the back-arc region west 486 

of the Sevier fold and thrust belt (Van Buer et al., 2009). The detrital zircon signatures of Late 487 

Cretaceous–Eocene sediments deposited in the California forearc basin, west of the arc axis, also 488 

indicate derivation from the Sierra Nevada magmatic arc (Figs. 1 and 2) and do not indicate 489 

detectable sediment derivation from farther east (Sharman et al., 2015). Some drainages may also 490 

have flowed southward toward the Mojave region (Fig. 1), much of which was a marine 491 

environment during Paleocene time (e.g., Lofgren et al., 2008; Lechler and Niemi, 2011). 492 

Evolving southward-moving uplift would have tended to reorganize pre-existing topography and 493 

drainages that were holdovers from the Late Cretaceous, resulting in paleodrainages that 494 

emanated to the west, east, and south from the new paleodivide in Nevada (e.g., Best et al., 2013; 495 

Henry and John, 2013; Lechler and Niemi, 2011; Miller et al., this volume). Notably, exposures 496 

of the Eocene Titus Canyon Formation in the Funeral Range, southeast California (Fig. 1), herald 497 

the onset of volcanism in north central Nevada and include clast compositions and detrital zircon 498 



age components that suggest that sediment traveled through this region in south-flowing river 499 

systems from higher elevations located at least 300 km to the north-northeast (Miller et al., 2019; 500 

Miller et al., this volume). At the same time, paleodrainages were unlikely to flow northward 501 

from active calderas due to the presence of predecessor high topography (Fig. 7). 502 

Removal of the Farallon slab during middle Cenozoic time is thought to have caused the 503 

asthenospheric upwelling and subsequent ignimbrite flareup magmatism that would have also 504 

thinned the lithosphere below the Great Basin (Humphreys, 1995). Thermally driven uplift is an 505 

established consequence of both lithospheric thinning and addition of magmatic material (e.g., 506 

Lachenbruch and Morgan, 1990). The precise magnitude of elevation increase due to ignimbrite 507 

flareup volcanism is uncertain, but analogy with other regions suggests that it was 1 km or more 508 

(see Crough, 1978; Pierce and Morgan, 1992; Larimer et al., 2019; Schwartz et al., 2019). Along 509 

and adjacent to the Yellowstone hotspot track (approximately the Snake River Plain on Fig. 1), 510 

localized volcanism between middle Miocene time and the present was accompanied by an east-511 

migrating zone of pronounced uplift, faulting, reorganization of drainage systems, and shifts of 512 

the continental divide (Anders and Sleep, 1992; Pierce et al., 1992; Beranek et al., 2006; Coble 513 

and Mahood, 2016; Camilleri et al., 2017; Larimer et al., 2019). Detrital zircon records indicate 514 

that northeastward migration of Yellowstone hotspot magmatism profoundly disrupted drainage 515 

networks, causing streams to emanate away from the associated topographic bulge as it 516 

progressed, producing a northeast-oriented paleodivide that was centered either on or at the 517 

southern margin of the hotspot track, which later evolved into a crescent-shaped divide around 518 

the northwest, east, and southeast sides of Yellowstone (Beranek et al., 2006; Camilleri et al., 519 

2017). The uplift near Yellowstone has led to 1 km deep river incision since 3.6 Ma, an incision 520 

rate of nearly 300 m/Myr (Pierce and Morgan, 2009). If the middle Cenozoic Great Basin 521 

paleovalleys shown in Fig. 2 developed as a result of magmatism as we propose, then the up to 522 

1.2 km of mapped paleovalley relief (Henry, 2008; Henry et al., 2012) provides a minimum 523 

estimate for the amount of syn-volcanic uplift, comparable to recent incision near Yellowstone. 524 

The lack of evidence for paleorivers that incised into this elevated volcanic tableland following 525 

the decline of volcanism (Figs. 6 and 7) might have been a consequence of post-volcanic areas 526 

being slightly lower than areas to the south that were still experiencing active volcanism, and/or 527 

due to the erosional resistivity of the volcanic rocks. The uplift rates along the Yellowstone 528 

hotspot track not only demonstrate the significance of thermally driven topographic changes but 529 



also underscore that hundreds of meters of paleovalley erosion/incision may occur relatively 530 

rapidly, such as on the order of 1 to 10 Myr, rather than over long periods of geologic time, such 531 

as from the Late Cretaceous to middle Eocene (see, e.g., Colgan and Henry, 2017). We propose 532 

that the same processes that are active today near Yellowstone were active in the Great Basin, but 533 

at a grander scale, during the much more voluminous middle Cenozoic ignimbrite flareup.  534 

 535 

PALEOGEOGRAPHIC EVOLUTION OF NORTHEAST NEVADA AND THE GREAT 536 

BASIN 537 

Based on the evidence presented above from the sedimentary, structural, and magmatic 538 

records of the Elko area, integrated with data from surrounding areas, we present a summary 539 

view of the evolution of the Late Cretaceous to Cenozoic paleogeography of the northern Great 540 

Basin, as illustrated in Fig. 8. The timeline applies to northeast Nevada (right-hand panels of Fig. 541 

6), but we suggest that it is also applicable to much of the Great Basin, especially where 542 

pertaining to regional tectonic events (left-hand panels of Fig. 6). This paleogeographic and 543 

tectonic history is based upon the well-preserved and less controversial surface geologic record, 544 

but it is also intended to reconcile some of the contradictory models for the tectonic evolution of 545 

the region.  546 

 547 

Late Cretaceous to middle Eocene (until ca. 46 Ma): Gradual erosion 548 

Surface-breaking thrust faults were active along the Sevier belt (Fig. 1) in the Late 549 

Cretaceous (Fig. 8a), and they created topography as the thrust belt finalized its development and 550 

shed its erosional debris into the foreland basin (e.g., Malone et al., this volume). In addition to 551 

voluminous foreland basin deposits, erosion of the Sevier belt is reflected by the basal Cenozoic 552 

unconformity map that shows erosion carved much deeper into the miogeoclinal section within 553 

the thrust belt (e.g., Armstrong, 1968, 1972; Van Buer et al., 2009; Konstantinou et al., 2012). 554 

The Sevier thrust faults ceased most of their motion by Paleocene time (Fig. 6) as deformation 555 

moved east to the Rocky Mountains during the middle Late Cretaceous to Eocene Laramide 556 

orogeny (e.g., DeCelles and Coogan, 2006; Copeland et al., 2017), but motion along the Paris 557 

thrust of the Sevier belt in southeast Idaho and northeast Utah may have continued into the 558 

Oligocene (Malone et al., this volume). The switch to Laramide-style deformation is thought to 559 

be linked to the onset of shallow slab subduction of part of the Farallon plate (Fig. 8a), as 560 



documented by both the cessation of magmatism in the Sierra Nevada arc and the eastward shift 561 

of deformation (e.g., Dickinson and Snyder, 1978). 562 

Throughout the Late Cretaceous and early Cenozoic (Fig. 6), northeast Nevada and much 563 

of the Great Basin region to the west of the Sevier thrust belt (its hinterland) appears to have 564 

experienced only modest erosion (less than 3 km in most areas) with evidence for faulting and 565 

tectonism in the surficial record only located around a handful of previously identified structures  566 

(e.g., Van Buer et al., 2009; Konstantinou et al., 2012; Long, 2012). These inferences are farther 567 

supported by reconstructions of the middle Cenozoic unconformity and paleogeologic maps of 568 

units beneath that unconformity. The observation of generally low conodont alteration index 569 

values across much of the Great Basin (Harris et al., 1980; Gans and Miller, 1983; Gans et al., 570 

1990; Crafford and Harris, 2005) likewise indicates burial only to stratigraphic depths and is 571 

consistent with erosion mostly limited to the upper part of the Paleozoic-Mesozoic shelf 572 

stratigraphic section. During the Late Cretaceous and early Cenozoic, multiple lines of evidence 573 

discussed above suggest that the regional topographic divide was located near the axis of the 574 

Cretaceous magmatic arc (Figs. 2, 6, and 8a; Van Buer et al., 2009; Sharman et al., 2015). To the 575 

east of the Sevier fold and thrust belt, parts of the foreland basin system in Utah were near sea 576 

level (Fig. 8a) in the Late Cretaceous (DeCelles and Coogan, 2006). The southern margin of the 577 

Great Basin also lay near sea level in Paleocene and possibly early Eocene time (Figs. 1 and 6), 578 

as indicated by the Paleogene marine fossils near the southeastern part of the Sierra Nevada, on 579 

the northern margin of the Mojave Desert (Lofgren et al., 2008; Lechler and Niemi, 2011). 580 

Consequently, elevations most likely decreased both to the east (Fig. 8a) and south from the 581 

Cretaceous Sierra Nevada arc and the Sevier hinterland. 582 

 583 

Middle Eocene (ca. 46–38 Ma): Shallow basins and early volcanism in northeast Nevada 584 

The Elko and Copper basins developed during middle Eocene time as shallow basins in 585 

northeast Nevada (Figs. 1 and 2), initiating by ca. 46 Ma and perhaps locally as early as ca. 49 586 

Ma (Haynes, 2003; Lund Snee et al., 2016; Smith et al., 2017). At about this time, the Farallon 587 

shallow slab is inferred to have started to steepen (Fig. 8b), triggering upwelling of hot 588 

asthenosphere that contributed to an influx of magma and heat to the crust (e.g., Armstrong and 589 

Ward, 1991; Humphreys, 1995; Konstantinou et al., 2012; Konstantinou and Miller, 2015). The 590 

Elko and Copper basins (Fig. 1) provide the first indications of an eastward shift of the 591 



topographic divide (Fig. 8b) in middle Eocene time. Deposits preserved in paleovalleys indicate 592 

both eastward and westward flow of ignimbrites away from an area west and north of the Elko 593 

Basin (Fig. 2) in northern Nevada (Henry, 2008). As suggested above, the mapped 594 

paleodrainages developed approximately during magmatism (Fig. 6), changing an earlier 595 

landscape through topographic growth and reorganizing and replacing pre-existing drainage 596 

networks (Fig. 7).  597 

Basin development may have been a result of normal faulting (Vandervoort and Schmitt, 598 

1990; Rahl et al., 2002; Haynes, 2003; Howard, 2003) and/or isostatic adjustments associated 599 

with steepening of the Farallon slab and associated asthenospheric upwelling (Smith et al., 2017) 600 

and/or the onset of magma chamber formation and volcanism. Faulting before and during 601 

ignimbrite flareup volcanism “was minor and/or exceedingly local” throughout the Great Basin 602 

(e.g., Henry and John, 2013, p. 954), but such faulting shortly before—and in rare cases during—603 

volcanism is observed in several areas, including northeast Nevada (e.g., Henry et al., 2011) and 604 

central Nevada (e.g., Gans et al., 1989; Best and Christiansen, 1991; Miller et al., 1999; 605 

Druschke et al., 2009a; Ruksznis, 2015). Localized faulting may have occurred due to rapid but 606 

differential emplacement of voluminous magma bodies and heat transfer to the upper crust, 607 

and/or to localized thermal weakening of crust experiencing far-field extensional strain, as has 608 

been suggested for the vicinity of all three Great Basin MCCs (Miller et al., 1999; Konstantinou 609 

et al., 2012, 2013a; Konstantinou and Miller, 2015; Lund Snee et al., 2016; Lee et al., 2017). 610 

Arrival of volcanism was accompanied by a marked increase of heat input to the crust as 611 

indicated by increased high-T mineral (zircon and monazite) growth ca. 42 Ma at deeper levels 612 

of the crust now exposed in the REH MCC (Fig. 6; Howard et al., 2011).  613 

 614 

Late Eocene (ca. 38–36 Ma): Active magmatism with volcanism 615 

Sedimentation effectively ceased with the inception of volcanism (see above and Fig. 6), 616 

which blanketed the focus area with volcanic flows and ignimbrites beginning ca. 38 Ma 617 

(Haynes, 2003; Ressel and Henry, 2006; Lund Snee et al., 2016). These volcanic rocks formed a 618 

flat regional tableland (Best et al., 2009) that persisted in northeast Nevada with little erosion 619 

until the onset of Neogene Basin and Range faulting. Similar relationships are likely across the 620 

entire northern Great Basin (Fig. 6), as documented by the widespread preservation of volcanic 621 

rocks above the regional lower Cenozoic unconformity (e.g., Gans and Miller, 1983; Van Buer et 622 



al., 2009; Konstantinou et al., 2012). Following the last eruption within the study area ca. 36.8 623 

Ma (Lund Snee et al., 2016), magmatism continued southward (e.g., Ryskamp et al., 2008), 624 

likely in tandem with elevation gain, as proposed in this paper (Fig. 7).  625 

 626 

 627 
Figure 8. Cross sections along 40.5ºN latitude (line of section shown in Fig. 1) from Late Cretaceous time to 628 
the present. Present-day crustal thickness is from Shen and Ritzwoller (2016), the lithosphere–asthenosphere 629 
boundary is after the combined Sp–Ps interpretation of Levander and Miller (2012), and the Juan de Fuca slab 630 
position is after McCrory et al. (2012) and Tian and Zhao (2012). Extension magnitudes are based loosely on 631 
those estimated by Colgan et al. (2004) and Colgan and Henry (2009). 632 

 633 

Late Eocene to latest Oligocene (ca. 36–25 Ma): Volcanic quiescence with little erosion or 634 

faulting at the Earth’s surface (but continuing magmatism and crustal melting at depth) 635 



Partial melting and magmatism continued in the deeper crust within the developing REH 636 

MCC and the Albion–Raft River–Grouse Creek (ARG) MCC to the north (Figs. 1, 2, and 6), 637 

long after the cessation of surface volcanism, and concomitant with relative rise of metamorphic 638 

rocks (McGrew and Snee, 1994; McGrew et al., 2000; Howard et al., 2011; Konstantinou et al., 639 

2013a). The persistence of elevated temperatures, combined with ongoing and prior magmatic 640 

addition to the crust from the mantle, likely ensured that topography remained thermally elevated 641 

to some degree (Fig. 7), at least through much of the Oligocene. The near absence of sedimentary 642 

deposits between ca. 38–25 Ma in the study area (Fig. 6) and following volcanism throughout the 643 

northern Great Basin in general (Henry et al., 2011) confirm that whatever surface-breaking 644 

faulting that occurred during the 10 Myr or more time span following volcanism was very 645 

limited in extent and magnitude.  646 

 647 

Latest Oligocene to middle Miocene (ca. 25–16.5 Ma): Little erosion and limited faulting 648 

The sedimentary record in northeast Nevada indicates that tectonic quiescence and 649 

gradual erosion occurred between latest Oligocene and middle Miocene time (Fig. 6). Locally, 650 

however, lacustrine sedimentation (indicating the formation of basin accommodation) may have 651 

initiated (Figs. 4b, 5, and 6), based on ages of the earliest fluvial-lacustrine sediments deposited 652 

above Eocene and Oligocene volcanic rocks in Huntington Valley (Figs. 4b and 5) and near the 653 

East Humboldt Range (Fig. 1) (Frerichs and Pekarek, 1994; McGrew and Snoke, 2015; Lund 654 

Snee et al., 2016). Minor deposition in the latest Oligocene or early Miocene has also been 655 

recorded near the Snake Range MCC (Gans et al., 1989; Miller et al., 1999; Ruksznis, 2015) and 656 

elsewhere (Fig. 6). 657 

 658 

Middle Miocene (17–16 Ma) to present: Rapid and then more gradual extension 659 

As discussed above, rapid slip on Basin and Range normal faults with formation of 660 

ensuing topography similar to that of today occurred across most of the central part of the 661 

northern BRP (Figs. 1, 2, 6, and 8c) ca. 17–16 Ma (e.g., Noble, 1972; Lund et al., 1993; Miller et 662 

al., 1999; Stockli, 2005; Colgan et al., 2010). Across this region, fault slip rates decreased 663 

beginning ca. 12–10 Ma (Fig. 6), based on thermochronologic data and sedimentation rates (e.g., 664 

Colgan et al., 2008; Colgan and Henry, 2009). Extension that began in these central areas 665 

subsequently propagated west, east, and north (Surpless et al., 2002; Stockli, 2005; Colgan et al., 666 



2006; Lerch et al., 2008). Extension continues at a slow rate today as active slip takes place 667 

primarily on faults now close to the boundaries of the province (Thatcher et al., 1999; Kreemer et 668 

al., 2010). The timing of rapid extension coincides closely with a number of notable tectonic 669 

events (Figs. 6 and 8c), including final removal of the Farallon slab ca. 20 Ma (Humphreys, 670 

1995), development of a gap in the Farallon slab ca. 17 Ma and subsequent impingement of the 671 

Yellowstone hotspot (Liu and Stegman, 2012), and the progressive development of the San 672 

Andreas transform boundary with northward migration of the Mendocino triple junction over 673 

Neogene time (Atwater and Stock, 1998).  674 

 675 

IMPLICATIONS FOR PALEOTOPOGRAPHY AND CRUSTAL THICKNESS  676 

The paleogeographic and crustal history outlined in the above synthesis (Figs. 6, 7, and 8) 677 

has direct implications for the topographic and crustal evolution of the hinterland region between 678 

the Cretaceous arc and Sevier thrust belt (Figs. 1 and 2). Multiple lines of evidence suggest that 679 

appreciable elevation gain (probably 1 km or more, as suggested above) may have taken place 680 

much later than Mesozoic time (Fig. 8a), roughly synchronous with and persisting to some 681 

degree after Cenozoic volcanism swept across the region (Figs. 2 and 8b), before subsiding to its 682 

present ~1.5–2.0 km average elevations and sawtooth topography during and/or after Basin and 683 

Range extension (Fig. 8c). The growing database discussed here indicates an important time lag 684 

between crustal thickening and extension that is inconsistent with suggestions that a high plateau 685 

was supported by gravitationally unstable crust overthickened during the Mesozoic (e.g., Sonder 686 

et al., 1987; Chase et al., 1998; Druschke et al., 2009b; Wells et al., 2012; Wells and Hoisch, 687 

2012; Affinati et al., this volume). In addition, an important consideration is that the heat budget 688 

represented by ultimately mantle-derived Cenozoic magmatism by far exceeded that related to 689 

thermal equilibration of crust thickened by thrust faulting (Gottlieb, 2018; Gottlieb et al., this 690 

volume).  691 

The thermal effects from voluminous and widespread ignimbrite flareup magmatism are 692 

rarely considered in topographic and tectonic models of the Great Basin. Studies that estimate 693 

pre-extensional crustal thicknesses by restoring Cenozoic extension (e.g., Bahadori et al., 2018; 694 

Long, 2018) do not account for the substantial thicknesses of middle Cenozoic volcanic material 695 

added to the surface in many areas nor the potentially much greater volumes of associated 696 

plutonic material; thus, their inferred post-thickening and pre-extensional crustal thicknesses are 697 



likely overestimates. A (map view) restoration of topography across the northern Great Basin by 698 

Bahadori et al. (2018) proposed a narrow, tall (crest ≥4 km and peaks >6 km) mountain range 699 

atop a ~55–60 km thick welt of crust in the Eocene. That study restored pre-extensional crustal 700 

thicknesses based on the kinematic model by McQuarrie and Wernicke (2005), combined with an 701 

isostatic compensation model. The geometry of the resulting crustal welt is broadly similar to 702 

that shown by Long (2018), which was based largely on the Sevier thrust belt reconstruction of 703 

DeCelles and Coogan (2006). The modeled mountain chain by Bahadori et al. (2018) lies ~200 704 

km east of the middle Cenozoic paleodivide that was inferred by Henry et al. (2012) and Best et 705 

al. (2013) using the paleoflow directions of channelized ignimbrites. The suggestion of a rugged, 706 

≥4 km-tall mountain chain along the Utah-Nevada border, supported by relatively thick crust, is 707 

at odds with evidence that pre-volcanic erosion magnitudes were modest and smoothly 708 

distributed throughout the area of the inferred crustal welt (Gans and Miller, 1983; Miller and 709 

Gans, 1989; Konstantinou et al., 2012; Long, 2012). It would also be unusual for such steep 710 

topography to develop just to the west of the active fold and thrust belt. This disagreement 711 

between these estimates of crustal thickness and topography and the geologic data described in 712 

this paper suggests the need for (1) Retrodeformation studies that consider the limited crustal 713 

thicknesses that lay beneath the passive margin sequence west of its depositional hingeline; (2) 714 

Tighter constraints on the magnitude of westward crustal underthrusting (see Craddock et al., this 715 

volume; Gottlieb et al., this volume); (3) Incorporation of updated models of Cenozoic extension 716 

and possible magmatic additions to the crust during the ignimbrite flareup; and (4) Consideration 717 

of the thermal state of the crust and the likelihood of regional-scale lower crustal flow that might 718 

flatten the Moho before and during extension (Gans, 1987).  719 

The assortment of geologic data presented here is incompatible with suggestions that 720 

crustal thicknesses became so great during Mesozoic shortening that they led to gravitationally 721 

driven extensional collapse (e.g., Wells et al., 2012). There is also little in the record of 722 

sedimentation, stable isotope values, and deformation such as surface faulting to suggest 723 

significant changes in elevation between the Late Cretaceous and shortly before the arrival of 724 

middle Cenozoic volcanism. What little deposition occurred was mostly within the Sheep Pass 725 

Basin, where up to ~1 km of Sheep Pass Formation sediments was deposited throughout Late 726 

Cretaceous to middle Eocene time (Figs. 1, 2, and 6; Druschke et al., 2009a, 2009b). We point 727 

out that the gradual, localized occurrence of normal faulting thought to have provided 728 



accommodation for these deposits need not signify wholesale gravitational collapse of 729 

overthickened crust across the immense region envisaged as encompassing the Nevadaplano. 730 

Moreover, topographic relief (which would result from widespread surface-breaking faulting) 731 

likely was low across most of the Sevier hinterland before middle Cenozoic time (Fig. 8a), based 732 

on the depositional patterns of far-traveled Cenozoic ash-flow tuffs (e.g., Best et al., 2009) and 733 

the modest magnitudes of pre-Eocene erosion and tilting documented in the Elko region (Brooks 734 

et al., 1995; Henry et al., 2011; Lund Snee et al., 2016; Canada et al., 2019; this study) and 735 

across the hinterland in general (Gans and Miller, 1983; Gans et al., 1990; Crafford and Harris, 736 

2005; Van Buer et al., 2009; Long, 2012; Konstantinou et al., 2013b). Suggestions that the 737 

hinterland was early on characterized by rugged, mountainous topography (Druschke et al., 738 

2011; Bahadori et al., 2018; Bahadori and Holt, 2019) are clearly at odds with the above set of 739 

observations.  740 

Few constraints are available for absolute elevations of the Sevier hinterland prior to 741 

extension, during the Late Cretaceous and early Cenozoic. Measurements from Eocene fossil 742 

leaves in Copper Basin (Figs. 1 and 2), representing the time at the onset of volcanism, provide 743 

widely distributed elevation estimates ranging from 0.6–1.2 km (Christiansen and Yeats, 1992) 744 

and 1.6 ± 1.6 km (Chase et al., 1998), to 2.0 ± 0.2 km (Wolfe et al., 1998) and 2.8 ± 1.8 km 745 

(Chase et al., 1998). This broad range complicates efforts to employ such estimates 746 

quantitatively. A definitive minimum hinterland elevation bound of 1.2 km was provided by 747 

Henry et al. (2012), based on measured middle Cenozoic paleovalley depths, which we suggest 748 

developed only after uplift related to ignimbrite flareup volcanism. Probably the most reliable 749 

estimates of absolute elevation are provided by two clumped isotope studies. Snell et al. (2014) 750 

estimated that absolute elevations in the Sheep Pass Basin (Fig. 1) of east-central Nevada ranged 751 

between 2.0–3.1 km in latest Cretaceous to early Paleocene time. Also using clumped isotope 752 

thermometry, Lechler et al. (2013) estimated only ≤2 km paleoelevation for the Sheep Pass 753 

Basin, integrated over the younger but overlapping latest Cretaceous–early Eocene interval. 754 

Although different, these two elevation estimates overlap at ~2 km, suggesting that this may be a 755 

reasonable elevation value for east-central Nevada in latest Cretaceous–early Eocene time. 756 

Additional lines of evidence support suggestions of only modest elevations across the Sevier 757 

hinterland prior to volcanism. As noted, marine fossils, stable isotope data, and detrital 758 

populations show that the southern Sierra Nevada and areas slightly to the east (~35.5ºN 759 



latitude), which have a similar geologic history to the Great Basin, were at or near sea level in 760 

the Paleocene (Figs. 1 and 6) and may have remained very low (<1 km) into Eocene time 761 

(Lofgren et al., 2008; Lechler and Niemi, 2011). If a significantly elevated plateau was present 762 

across the Great Basin in Late Cretaceous and Paleogene time, then it must have been limited to 763 

areas north of ~37–38ºN and bounded on the south by slopes leading nearly to sea level.  764 

It is challenging to reconcile the above narrative of Great Basin surface evolution with 765 

implications for 10–20 km of relative uplift implied by quantitative geobarometry on Cretaceous 766 

metamorphic assemblages in MCCs (Hodges et al., 1992; Lewis et al., 1999; McGrew et al., 767 

2000; Cooper et al., 2010; Hallett and Spear, 2013). These analyses represent the primary 768 

evidence supporting suggestions of large crustal thicknesses that drove gravitational collapse of 769 

the hinterland prior to Miocene time. A more complete discussion of these questions is provided 770 

by Hoiland et al. (this volume), but two hypotheses are relevant: 1.) In recent years, it 771 

was recognized that the assumptions underpinning these geobarometric methods may in some 772 

cases be invalid, particularly the expectations that mineral assemblages were in equilibrium 773 

during formation (Spear et al., 2014) and that the pressure measurements can be interpreted 774 

as representing steady-state overburden pressures (proportional to burial depth) rather than 775 

transient and/or non-isostatic (tectonic) stresses (Schmalholz et al., 2014; Gerya, 2015). This 776 

leaves open a number of other possibilities to explain high pressure estimates in Great Basin 777 

MCCs, including tectonic “overpressure” (Henry et al., 2018; Thorman et al., 2020; Zuza et al., 778 

2020; Hoiland et al., this volume). 2.) If some or all of the proposed uplift in developing MCCs 779 

was Cenozoic in age, then uplift could have occurred with little surface-breaking extension 780 

provided that lower crustal rocks were locally decoupled from surface deformation due to 781 

strongly elevated heat flow during mid-crustal melting (MacCready et al., 1997; Miller et al., 782 

1999; Konstantinou et al., 2012; Lund Snee et al., 2016; Lee et al., 2017). This mechanism 783 

would explain the difference in timing of subsurface uplift versus surface-breaking extension, as 784 

elegantly demonstrated for the ARG (Fig. 1) MCC (Konstantinou et al., 2013a). 785 

 786 

CONCLUSIONS 787 

We have presented an updated view of the enigmatic transition from Mesozoic shortening 788 

to Cenozoic extension in the Great Basin (Figs. 1 and 2), focusing primarily on the supracrustal 789 

records of sedimentation, erosion, faulting, volcanism, and stable isotope values, and how those 790 



relate to topography development. This integrated record shows that gradual erosion, limited 791 

deposition, and general tectonic quiescence prevailed between Late Cretaceous and middle 792 

Cenozoic time (Fig. 6). Although surface-breaking faults are documented across this time 793 

interval, they were local in scale and significance, involving relatively low magnitudes of slip 794 

(e.g., Best and Christiansen, 1991; Henry et al., 2011). The arrival of south-migrating ignimbrite 795 

flareup volcanism in the middle Cenozoic profoundly affected topography, disrupting hinterland 796 

drainage networks. This is most clearly shown by the systematic southward-younging ages of the 797 

oldest material recorded at the base of west- and east-flowing Eocene–Oligocene paleovalleys 798 

(Fig. 2), suggesting that new drainages formed progressively southward, roughly synchronous 799 

with volcanism. In some areas, volcanism was also preceded by development of shallow basins, 800 

relatively minor offset along normal faults, and limited sedimentation. We suggest that volcanism 801 

caused pronounced uplift, perhaps of the order of 1.2 km based on the measured height of 802 

paleovalleys active during this time (Henry et al., 2012). Given the massive influx (see, e.g., Best 803 

et al., 2009) of heat associated with the addition of volcanic and plutonic material to the 804 

lithosphere, uplift is an expected result (e.g., Lachenbruch and Morgan, 1990), as exemplified 805 

today by the >1 km uplift around Yellowstone (e.g., Pierce et al., 1992). However, while the 806 

records of sedimentation, erosion, faulting, drainage development, and magmatism all support an 807 

elevation increase associated with the ignimbrite flareup, this is no longer clearly supported by 808 

the available stable isotope information from carbonates in basins across the western USA. A 809 

consequence of the improved age control and characterization of those sections near Elko (Lund 810 

Snee et al., 2016; Smith et al., 2017; this study) and in southwest Montana (Schwartz et al., 811 

2019) is that prominent decreases in δ18O values during the early and middle Cenozoic (e.g., 812 

Horton et al., 2004; Davis et al., 2006; Kent-Corson et al., 2006; Mix et al., 2011; Chamberlain et 813 

al., 2012) can no longer be tied directly to the onset of volcanism in these areas. 814 

We propose that dynamic uplift accompanying ignimbrite flareup magmatism shifted the 815 

continental divide eastward into central Nevada from its prior position along the crest of the 816 

Cretaceous magmatic arc (Van Buer et al., 2009) and that this shift occurred in a southward-817 

propagating fashion (Figs. 7 and 8). The middle Cenozoic highlands that supported this 818 

developing paleodivide were not static but instead responded dynamically as eruptions occurred 819 

and calderas formed. Volcanism left behind a plateau, with little documented erosion, tectonism, 820 

or sedimentation occurring until ca. 17 Ma (Figs. 6–8), although minor deposition initiated as 821 



early as latest Oligocene time in certain areas (Fig. 6), dominantly near developing metamorphic 822 

core complexes (Gans et al., 1989; Frerichs and Pekarek, 1994; Miller et al., 1999; Lund Snee et 823 

al., 2016; McGrew and Snoke, 2015; Ruksznis, 2015; this study). Elevations likely remained 824 

high following volcanism (perhaps with some component of gradual subsidence) due to the 825 

largely irreversible addition of magma to the crust and evidence that rocks currently exposed in 826 

MCCs experienced partial melting tens of millions of years later than the onset of Cenozoic 827 

magmatism (Howard et al., 2011; Strickland et al., 2011; Konstantinou et al., 2012, 2013a; 828 

Konstantinou and Miller, 2015). Rapid regional extension by Basin and Range faulting initiated 829 

ca. 17 Ma (Stockli, 2005; Colgan and Henry, 2009; Colgan, 2013), probably in response to 830 

changing boundary conditions, and driven by crust that remained elevated and thermally 831 

weakened.  832 

The tectonic and topographic history and its temporal framework discussed here 833 

challenge suggestions that Mesozoic shortening produced a greatly thickened and elevated crust 834 

that drove gravitational collapse across the Sevier hinterland either during shortening or soon 835 

after (see also Konstantinou, this volume). Evidence for rapidly evolving topography, drainage 836 

divides, and highlands related to and during Cenozoic magmatism also challenges the traditional 837 

notion of a long-lived, strongly elevated Nevadaplano (Cassel et al., 2012; Wells et al., 2012; 838 

Best et al., 2013) with a fixed (Late Cretaceous to) Cenozoic drainage divide (Henry et al., 839 

2012). These suggestions pose implications for our understanding of orogenic and magmatic 840 

systems worldwide, underscoring the short time scales over which major changes in elevation 841 

and catchment can occur, particularly when the influence of magmatism on topography is 842 

considered. 843 
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INTRODUCTION 

This GSA Data Repository contains appendices and figures that support the text (below) 

as well as supplementary data tables (separate file). The first two appendices below present the 

detailed methods for obtaining new U-Pb detrital zircon ages (Text S1) and for assigning 

(maximum) depositional age constraints to sedimentary rocks in the Elko area of northeast 

Nevada (Text S2). Text S3 presents the results of U-Pb detrital zircon analysis and Text S4 

specifically details the new age constraints throughout the stratigraphic succession. Figures S1 

and S2 respectively provide probability density plots and weighted mean age plots for each 

detrital zircon age sample. Finally, Figure S3 provides references for the ages of Great Basin 

paleodrainages, to support Figure 2 of the main body. References for this Data Repository are 

provided at the end. Any use of trade, firm, or product names is for descriptive purposes only and 

does not imply endorsement by the U.S. Government. 

 

 

  



TEXT S1. METHODS FOR U-PB DETRITAL ZIRCON GEOCHRONOLOGIC 

ANALYSES 

We sampled fine-grained sandstones for U-Pb detrital zircon analysis. We sought fresh, 

unexposed samples, and we removed weathering rinds with a rock hammer or shovel. Sampling 

localities, rock types, and other details are given in Table S1 and the locations are shown in Fig. 

4. We blew dust off sampled rocks in the field and then again using compressed air in the 

laboratory in order to reduce the potential for contamination. Rock crushing, mineral separation, 

mount-making, geochronological analysis, and data reduction techniques closely followed those 

outlined by Dumitru et al. (2016) in their Data Repository. 

We crushed rock samples and made zircon separates at Stanford University using 

standard procedures that included fracturing with a steel hammer followed by dust removal with 

compressed air, rock crushing, rock grinding, and concentration of denser grains using a 

modified Gemeni Table water-aided shaking apparatus. For the first of two sets of samples 

(15JLS002, 15JLS004, 15JLS015, 15JLS017, 15JLS027A, 15JLS029, 15JLS036B, and 

15JLS037), which were separated in 2016, we employed a Frantz magnetic separator with 10º 

side slope and final (maximum) power setting of 2.3A to progressively remove magnetic grains. 

Dumitru et al. (2016) recommended a final power setting of 1.2A, so our higher setting may have 

removed some zircon grains containing inclusions or mantled by volcanic material, which could 

have resulted in lower yields of younger, primary volcanic grains (Naeser and Naeser, 1984) 

when these samples were analyzed at the University of California Santa Cruz. If this occurred, it 

would not weaken the integrity of maximum depositional ages (MDAs), but it could produce 

older MDAs for some samples, rendering the age constraints more conservative. Hence, for three 

samples initially separated in this manner in which we observed zircon in the magnetic fractions 

(15JLS029, 15JLS036B, and 15JLS037), we later (2018) combined all nonmagnetic fractions 

that were yielded from power settings of 1.2A and greater and extracted zircons again from these 

samples. These additional zircon separates, together with one additional sample not previously 

separated (15JLS041), were analyzed at the University of Arizona LaserChron Center. 

Nonmagnetic mineral separates were fractionated by density using 3.32 g/cm3 methylene 

iodide according to methods outlined by Dumitru and Stockli (1998). The resulting heavy 

fraction containing zircon was rinsed multiple times using deionized water. Zircon crystals were 

placed on an epoxy mount, photographed with the aid of an optical microscope, and then 



analyzed. For the first group of samples, separated in 2016, analyses were conducted on an 

Element XR high-resolution magnetic-sector inductively coupled plasma mass spectrometer 

(ICP–MS) outfitted with a single collector and housed at the University of California, Santa 

Cruz, Institute of Marine Sciences. A total of 1000 analyses were conducted on sample grains. 

Our analyses were conducted using the 2015 instrument configuration and workflow described 

by Dumitru et al. (2016), but we selected slightly different parameters for laser ablation:  

• Laser fluence: 4.0 J/cm2 

• Repetition rate: 8/s 

• Shot count: 160 (20 s total duration) 

• Spot size: 20 µm.  

For these analyses, we employed Temora 2 zircon (416.78 ± 0.33 Ma isotope dilution–thermal 

ionization mass spectrometry weighted mean age by Black et al., 2004) as the primary age 

reference material (standard). A total of 210 grains of Temora 2 were analyzed, one after every 

fifth unknown age analysis, with additional Temora 2 analyses at the start and end of the session. 

We employed FC-5Z zircon (1099 ± 0.6 Ma; see Paces and Miller, 1993) as a secondary age 

reference material. One hundred eight analyses were made of FC-5Z. Mount Dromedary 

(“DROM”) zircon (98.8 ± 0.6 Ma; White and Ireland, 2012) was employed as a tertiary age 

reference material and analyzed 50 times during the session. The zircon concentration reference 

material MADDER was used to estimate U, Th, and Pb abundances. MADDER was analyzed 

several times at the start of the session, and then once per approximately 50 other analyses. 

Data reduction was conducted with the Iolite v.2.5 add-in to IGOR Pro v.6.3 (Paton et al., 

2011) using the “U_Pb_Geochronology3” data reduction scheme. Baseline subtraction was 

applied using the “StepForward” spline. Baseline integrations were trimmed manually to exclude 

zones where 202Hg and 204Pb signal diverged from the mean of the baseline by 3 standard 

deviations or more. A correction for downhole fractionation was applied using Temora 2 as the 

reference material. Integration windows for the all reference materials were trimmed at the start 

and end in order to maximize the quality of fit of a double exponential downhole correction 

curve. We removed spikes of 204Pb detected in Temora 2 analyses by manually trimming 

individual integrations away from the end. Finally, we interpolated signal between Temora 2 

primary reference materials using “Spline_Smooth_Med5,” which yielded the following 

statistics for final, downhole-corrected 206Pb/238U ages of the reference materials: MSWD = 



0.92 for primary reference material Temora 2, MSWD = 1.1 for secondary reference material 

FC-5Z, and MSWD = 1.3 for tertiary reference material Mount Dromedary (“DROM”). 

Integrations of unknown analyses were deleted or trimmed away from the end according to 

criteria established by Dumitru et al. (2016). We employ their comment codes in our Table S2 as 

explanation for modifications to integration windows. We also add the comment “moved” in 

cases where the integration window was simply shifted due to a mismatch with the signal time 

series. 

The single-collector ICP–MS at the UCSC Marine Sciences is unable to resolve 204Pb due 

to isobaric interferences with 204Hg, preventing the use of a 204Pb-based common Pb correction. 

Instead, we applied a 207Pb-based correction to 206Pb/238U ages ≤ 800 Ma using Isoplot v.3.75 

(Ludwig, 2008). Although the 207-correction can yield erroneously young ages in cases where 

crystals have experienced significant Pb loss (Andersen et al., 2019), this correction is viable for 

younger grains (those ≤ ~800 Ma), and especially for those younger than ~100 Ma. This is 

because the common Pb composition is estimated by subtracting the radiogenic 207Pb from the 

total. Since 238U is much (137×) more abundant than 235U, 206Pb (from 238U) is highly radiogenic, 

unlike 207Pb (from235U). Hence, at relatively young ages, subtracting out the radiogenic 207Pb is 

more reliable because it represents a low proportion and will therefore result in a smaller 

potential correction. Because the youngest coherent group of ages for our samples (used to 

determine MDAs) is exclusively less than ca. 31 Ma, this method is especially viable for our 

study. Moreover, we applied a number of criteria, described below, to ensure reliable ages in 

general and to limit the potential that the correction could yield erroneously young ages.  

In cases where the 206Pb/238U age exceeded 1000 Ma, we took uncorrected 207Pb/206Pb 

ages to represent the best age. We applied the following filtering criteria to omit analyses that 

exhibited discordance, reverse discordance, or potentially high common Pb:  

• 206Pb/238U ages > 800 Ma and discordance > 30% relative to 207Pb/206Pb ages 

• 206Pb/238U ages > 800 Ma and discordance < –7% (reverse discordance) relative to 
207Pb/206Pb ages 

• 206Pb/238U ages < 1000 Ma and 207Pb-based common Pb correction to the 206Pb/238U ages 

> 10% relative to uncorrected 206Pb/238U ages 

• 206Pb/238U ages ≥ 1000 Ma and 206Pb/204Pb < 250 

• Extremely high errors (2σ) that are greater than the corresponding “best age.” 



There is no indication of systematic Pb loss among the grains to which the 207-correction was 

applied. The 207-correction was usually exceedingly small, as is documented in Table S2; the 

vast majority of grains were corrected by << 1 Ma (≤ 1%). 

For the second group of samples, separated in 2018, analyses were conducted on a Nu 

Plasma multi-collector LA–ICP–MS attached to a Photon Machines Analyte G2 excimer laser at 

the University of Arizona LaserChron Center. Reference materials were supplied by the 

LaserChron Center and included their Sri Lanka (SL) zircon as a primary reference material and 

R33 (419.26 ± 0.39 Ma; Black et al., 2004) as a secondary reference material. Analytical 

procedures are outlined by Gehrels et al. (2006, 2008), and they include an automatic 204Pb-

based common Pb correction. The same filtering criteria were applied to this second group of 

samples. However, because the Nu Plasma multi-collector instrument is able to resolve 204Pb, we 

also omitted analyses with 204Pb > 700 cps. 

Plots of weighted mean depositional or maximum depositional ages (Fig. S2) and age 

probability distributions (Fig. S1) were generated using Isoplot v.3.75. U-Pb ages by analysis 

and isotopic data used to calculate these ages are presented in Table S2. All weighted mean 

errors except for that of sample 15JLS029 are calculated according to the 95% confidence error 

of the weighted average. In the case of 15JLS029, only two grains are present in the youngest 

coherent group of ages, so we estimate the weighted mean errors using only the 2σ internal error 

(error propagated from only the assigned data-point errors), not multiplied by the square root of 

the mean square weighted deviation, MSWD). Only the young (≤ 70 Ma) analyses are shown in 

Fig. S2. Preferred MDAs (in green) are typically based on the weighted mean of the youngest 

coherent group of analyses. Fig. S2 also presents weighted mean ages (in black) with sufficient 

additional grains included to achieve MSWD ~1, although these are not our preferred ages. 

 

  



TEXT S2. METHODS FOR ASSIGNING (MAXIMUM) DEPOSITIONAL AGES  

As illustrated in Fig. 5, three techniques were applied to determine depositional age 

constraints for the strata sampled for stable isotope values, depending on the types of rocks and 

available age data. The youngest isotopically dated mineral population within a detrital sample 

provides a maximum depositional age (MDA). Second, fossil ages (from previous studies) 

provide age brackets for all or part of a stratigraphic unit. Third, isotopic dating or tephra 

correlation conducted on volcanic minerals within air- or water-lain tuffs can, in some cases, 

provide absolute depositional ages. Although it is possible that such tuffs experienced some 

reworking by fluvial or lacustrine processes, their eruption ages are likely close to the time of 

deposition (probably << 1 Ma). This is supported by the large number of temporally distinct 

Cenozoic tuffs preserved in basins across the northern Basin and Range Province, often with 

short gaps between subsequent eruptions, all of which typically provide tight temporal 

constraints on depositional ages (Wallace et al., 2008). In particular, Neogene silicic tuffs 

erupted from the Snake River Plain (Fig. 1) provide excellent and high-resolution age control for 

basin-and-range faulting and sediment deposition throughout this region. Faulting began 

approximately at the onset of silicic eruptions ca. 16.5 Ma (Coble and Mahood, 2012), rapidly 

creating sediment accommodation in fault hanging walls. Silicic eruptions occurred frequently 

along the SRP from its inception ca 16.5 to the present. For these reasons, any volcanic material 

that spent large amounts of time being reworked at the surface would have a high probability of 

including material from younger eruptions.  

For isotopically dated samples, maximum and absolute depositional ages from 

sedimentary rocks and tuffs were determined by estimating the weighted mean of the youngest 

coherent group of ages (Fig. S2). In several cases, the youngest coherent group was 

straightforwardly identified as those whose ages overlapped within 2σ uncertainty and were 

clearly younger than others (outside the 2σ error bounds). In less clear cases, the youngest 

coherent group was determined in an interpretive fashion that attempted to maximize the number 

of included grains while avoiding inclusion of so many grains as to significantly increase age 

uncertainty. All but one of such cases yielded mean square weighted deviation (MSWD) ~1.0. 

That case (sample 15JLS002; Fig. S2b) yielded MSWD = 0.42 because of several relatively 

young grains, but the weighted mean age that would produce MSWD = 1 is also shown. 



Data from the stratigraphic sections shown in Fig. 5 are compiled together into a 

generalized column (Fig. 6) based on the preferred depositional ages listed in Tables S3 and S4. 

The preferred ages for samples previously analyzed for stable isotope values (which do not all 

have isotopic ages) were assigned by assuming constant sedimentation rates between horizons 

with age constraints as shown in Fig. 5, although we are aware that constant deposition was 

unlikely. Hence, vertical error bars in Fig. 6 indicate the full range of permissible ages for 

individual analyses between minimum and maximum age brackets, conservatively incorporating 

the full 2σ uncertainties of the bounding weighted mean ages.  

 

  



TEXT S3. RESULTS OF U-PB DETRITAL ZIRCON GEOCHRONOLOGY 

A sandstone sample (15JLS015) collected from near the top of a thin (< 200 m) 

sedimentary deposit below the tuff of Hackwood Ranch (Fig. 4a) yielded an MDA of 29.9 ± 0.2 

Ma on the basis of the weighted mean of 45 analyses (Figs. 5 and S2a). Lund Snee et al. (2016) 

obtained a U-Pb detrital zircon MDA of 33.9 ± 0.4 Ma from a sample (10JLS08) collected 

nearby but stratigraphically lower within the same unit. The age of these deposits is bracketed 

below by a U-Pb SHRIMP (zircon) age of 37.34 ± 0.33 Ma (sample 10JLS05) from the tuff of 

Dixie Creek and above by a 40Ar/39Ar (sanidine) age of 31.10 ± 0.47 Ma on the tuff of 

Hackwood Ranch (Lund Snee et al., 2016). It is unclear why the detrital zircon age of sample 

15JLS015 is ≥ 0.5 Ma younger than the previously obtained 40Ar/39Ar age of the overlying tuff 

(including uncertainty), but we take the 40Ar/39Ar tuff age to be authoritative because multiple 

samples and isotopic systems have yielded consistent ages (see Lund Snee et al., 2016).  

The remaining detrital zircon ages were obtained for samples collected from the latest 

Oligocene–Miocene Humboldt Formation. Deposition of the Humboldt Formation was 

previously bracketed to ca. 24.4 ± 0.1 Ma (U-Pb zircon sample ELM11-PN19) at the bottom to at 

least 8.2 ± 0.2 Ma (U-Pb zircon sample 12HBD09) at the top (Lund Snee et al., 2016). A 

tuffaceous sandstone from the western measured sections (Figs. 3 and 4b) representing the 

stratigraphically lowest Humboldt Formation sample that was analyzed as part of this study 

(15JLS002, 5 m above the angular unconformity with underlying Eocene and Oligocene tuffs) 

extends the oldest known depositional age of this unit to 25.1 ± 0.2 Ma (a weighted mean of 32 

grains). Progressing stratigraphically upward in the western section, a pebble conglomerate with 

an ashy matrix (sample 15JLS004; 89 m) yielded a younger MDA of 21.7 ± 0.1 Ma on the basis 

of a 75-grain weighted mean. One younger grain (15.7 ± 0.9 Ma) was excluded from this 

analysis due to obvious zoning, which is why we consider this analysis of a tuffaceous bed to be 

an MDA rather than an absolute depositional age; it is therefore possible that this sample could 

be ca. 16 Ma or younger, although the sample’s stratigraphic position near and below samples 

containing only significantly older ages discounts this possibility. Slightly above (101 m), a 

weighted mean of 3 analyses established an MDA of 18.4 ± 2.5 Ma for a matrix-supported 

pebble conglomerate (sample 15JLS029). Finally, an ashy sandstone (15JLS017) yielded a 

younger MDA of 16.6 ± 0.3 Ma from 8 grains. Four previously published approximately 



absolute depositional ages from tuffs higher in this section young progressively upward to ca. 

14.6 Ma (Fig. 5) (Lund Snee et al., 2016). 

A second Humboldt Formation section was sampled farther east (Figs. 3 and 4c), across a 

normal fault with > 700 m throw that exposes the base of the Humboldt Formation in its footwall 

(Wallace et al., 2008; Lund Snee and Miller, 2015; Lund Snee et al., 2016). The currently 

available ages within this redundant basal section are not as well constrained as to the west. 

However, it is quite unlikely that samples from this eastern section were deposited after 9.91 Ma, 

which is the youngest depositional age obtained by Wallace et al. (2008) using isotopic dating 

methods and tephra correlations on tuffs collected farther up-section, east of Huntington Creek 

(Fig. 3). Stratigraphically higher in this same area, Lund Snee et al. (2016) reported a U-Pb 

detrital zircon age of 8.2 ± 0.2 Ma (sample 12HBD09), representing the youngest known MDA 

for the Humboldt Formation (Fig. 3). 

A third Humboldt Formation section was sampled to the northeast, west of the Lee 

township (Figs. 3 and 4d), and roughly along strike of a section along Huntington Creek from 

which Wallace et al., (2008) reported tuff (absolute depositional) ages that decrease upward from 

15.31–9.91 Ma. An approximately absolute depositional age of 14.9 ± 0.2 Ma was established 

based on a 3-grain weighted mean for a tephra sample (15JLS041) collected from the base of the 

section (0 m). Near the top of this section (325 m), a silty sandstone (sample 15JLS037) yielded 

an MDA of 12.4 ± 1.0 Ma based on a 3-grain weighted mean.  

 

  



TEXT S4. REVISED STRATIGRAPHIC THICKNESS AND DEPOSITIONAL AGE 

CONSTRAINTS FOR ELKO BASIN SEDIMENTARY ROCKS, NORTHEAST NEVADA 

This section provides detailed information regarding how stratigraphic thicknesses were 

determined and how age constraints were applied throughout the stratigraphic sections presented 

in Figs. 5 and 6. Sample localities are shown in Figs. 3 and 4 and listed in the Supplementary 

Data Tables.  

 

Pliocene–Pleistocene Hay Ranch Formation 

Depositional ages are not well constrained for the Hay Ranch Formation, which is the 

youngest unit considered in this study. The stable isotope results for this unit that are shown in 

Fig. 5 were originally obtained by Horton et al. (2004), who did not report sample locations but 

assigned ages based on assumed sedimentation rates. We assume that these samples were 

collected from Pine Valley, west of the Piñon Range, in the general location indicated in Fig. 3. 

Regnier (1960) and Smith et al. (1976) provided a tentative depositional age range for the Hay 

Ranch Formation of middle Pliocene to middle Pleistocene. We therefore assume a permissible 

depositional age range of 3.6–1.8 Ma for Horton et al.’s samples. Lacking information about 

stratigraphic depths, for visualization purposes in Fig. 6 we plot all samples as being deposited at 

the same time, and we retain the full permissible depositional age ranges in the error bars. 

 

Latest Oligocene–Miocene Humboldt Formation 

The latest Oligocene to Miocene Humboldt Formation (Sharp, 1939) is described in 

detail by Wallace et al. (2008), Lund Snee (2013), Lund Snee and Miller (2015), and Lund Snee 

et al. (2016). Lund Snee et al. (2016) observed a clear pattern of upward-younging ages for tuffs 

sampled within the Humboldt Formation. For the present study, we collected additional samples 

for geochronology and stable isotope analysis in several measured sections shown in Fig. 5, 

which add to the geochronologic data presented by Lund Snee et al. (2016). The lowest exposed 

levels of the Humboldt Formation were sampled in two subparallel sections near the 

westernmost exposures of the Humboldt Formation in the studied area, as well as a third “eastern 

base Humboldt Formation” section northeast of Cedar Ridge (shown in Figs. 3 and 4), for 

redundancy across this important interval. Samples are described from older to younger in each 

of these sections.  



Using map relationships, stratigraphic thicknesses and depositional age constraints, the 

two western sections were compiled together in the “composite western base Humboldt 

Formation” section (Figs. 4b and 5). In our thickness measurements for this compiled section, we 

accounted for minor observed offset and duplication of Humboldt Formation strata across an 

east-striking fault in the northern of the two sections (~48 m stratigraphic thickness duplicated). 

An absolute maximum age constraint for this section (and for the Humboldt Formation across the 

area) is 31.08 ± 0.47 Ma (40Ar/39Ar sanidine), our preferred age obtained for the tuff of 

Hackwood Ranch, which the Humboldt Formation overlies across a poorly exposed angular 

unconformity (Lund Snee et al., 2016). Above this, only a few meters above the base of this unit 

in the composite western section, we obtained a U-Pb detrital zircon depositional age of 25.1 ± 

0.2 Ma (Fig. S2b) from a sample of air-fall tuff deposited within the Humboldt Formation 

(sample 15JLS002; Fig. 4b). Lund Snee et al. (2016) obtained a U-Pb detrital zircon MDA of 

24.4 ± 0.1 Ma from their sample ELM11-PN19, collected from about 60 m stratigraphically 

above 15JLS002, also from a probable air-fall tuff deposited within the Humboldt Formation, 

which provides another approximate absolute depositional age for that low stratigraphic level 

(Fig. 5). Together, these progressively younger ages within the Humboldt Formation reveal 

minor but sustained lacustrine deposition well before major surface-breaking extension initiated 

ca. 17–16 Ma (Colgan and Henry, 2009; Colgan et al., 2010; Lund Snee et al., 2016).   

Overlying sample 15JLS004 yielded an MDA of 21.7 ± 0.1 Ma based on a weighted 

mean of 75 grains (Fig. S2c). A single grain in sample 15JLS004 that displayed obvious zoning 

was omitted, but the earlier part of this grain’s analytical time series yielded a young age of 15.7 

± 0.9 Ma. Hence, we note that it is possible that sample 15JLS004 (and those above it) may be 

ca. 15.7 Ma or younger, but the tenuous nature of this zoned single grain age and the sample’s 

stratigraphic position (near and below samples containing only older ages) makes that possibility 

less likely. Although the large population of grains ca. 22 Ma (Fig. S2c) in this sample (n = 91) 

suggests that it may represent a reworked air-fall tuff, we conservatively do not treat this sample 

as a bound on minimum depositional ages for underlying strata due to the uncertainty related to 

the possible younger grain. Sample 15JLS027A yielded a poorly constrained MDA of 25.3 ± 1.2 

Ma based on a single zircon grain (older than age constraints beneath it). Stratigraphically 

overlying sample 15JLS029 (from the northern section) yielded an MDA of 18.4 ± 2.5 Ma, based 

on a weighted mean of 3 ages (Fig. S2f).  



A weighted mean age of 16.6 ± 0.3 (Fig. S2d), from 8 grains, is established for a higher 

sample from the southern section, 15JLS017. This sample provides an MDA for the 

stratigraphically overlying stable isotope analyses by Mulch et al. (2015) and sources therein. 

Consequently, an outcome of this work is that > 400 m of Humboldt Formation section are 

present below the lowest samples for which published stable isotope values are available. A 

minimum depositional age of 15.53 Ma is assigned to these older stable isotope samples (and to 

stratigraphically underlying rocks), based on a U-Pb detrital zircon age of 15.6 ± 0.1 Ma 

obtained by Lund Snee et al. (2016) for air-fall tuff sample Tiws-J4 (Fig. 5). Higher in this 

composite section, approximate absolute depositional ages reported by Lund Snee et al. (2016) 

on upward-younging, intercalated air-fall tuffs provide maximum and minimum depositional age 

constraints on overlying and underlying strata, respectively (Fig. 5). These ages enable us to 

assign depositional age bounds on the stable isotope samples reported by Mulch et al. (2015) and 

sources therein for the upper (northern) portions of their “Indian Well Formation” section as well 

(see Figs. 3, 4b, and 5). (Note that Lund Snee et al., 2016, recommended that the Indian Well 

Formation name be discontinued after they found that essentially all sedimentary strata 

previously included within it are latest Oligocene to Miocene in age and belong to the Humboldt 

Formation based on detailed re-mapping of the section by Lund Snee and Miller, 2015). 

The eastern section, which also contains the base of the Humboldt Formation, is exposed 

~8 km away from the western section described above, on the northeast side of Cedar Ridge 

(Figs. 3 and 4c), across a normal fault system that duplicates the Cenozoic succession (Wallace 

et al., 2008; Lund Snee and Miller, 2015; Lund Snee et al., 2016). In the eastern section, strata of 

the Humboldt Formation were deposited unconformably above rocks resembling the Eocene 

Elko Formation and Late Cretaceous(?)–Eocene(?) limestone (TKl) and conglomerate, 

sandstone, siltstone, and limestone (TKcs) units (Lund Snee and Miller, 2015; Lund Snee et al., 

2016). Unlike the composite basal section exposed farther west, detrital U-Pb zircon analyses 

carried out in this succession (sample 12HBD06 of Lund Snee et al., 2016, and sample 

15JLS036B of this study) record no grains in the age range between the end of local volcanic 

activity ca. 37 Ma and the onset of rapid extension ca. 17–16 Ma (Colgan et al., 2010; Lund Snee 

et al., 2016). The lowest sample collected near the base of the Humboldt Formation (sample 

12HBD06 of Lund Snee et al., 2016) contained a single young grain at 15.7 ± 0.5 Ma, which was 

not employed to constrain an MDA due to its tentative nature. The lack of Cenozoic grains older 



than 15.7 Ma suggests that sedimentation did not occur in this eastern area in the time span ~26–

15.7 Ma, when tuffs were being deposited in the Humboldt Formation succession sampled ~8 km 

to the west. Minimum depositional ages are not constrained for the eastern basal Humboldt 

Formation section (Figs. 3 and 4c) because sample 15JLS036B (Fig. S2g) yielded only a single 

U-Pb zircon age (11.5 ± 0.4 Ma). However, it is quite unlikely that samples from this eastern 

section were deposited after 9.91 Ma, which is the youngest depositional age obtained by 

Wallace et al. (2008) using isotopic dating methods and tephra correlations on tuffs collected 

farther up-section, east of Huntington Creek (Fig. 4d).  

Finally, we sampled a fourth Humboldt Formation section to the northeast of the others, 

near the Lee township (Figs. 3, 4d, and 5), part of which Chamberlain et al. (2012) and Mulch et 

al. (2015) previously sampled for stable isotope values but did not provide age constraints. We 

have bracketed the MDA for this succession with a U-Pb detrital zircon age of 14.9 ± 0.2 Ma 

obtained on tuff sample 15JLS041, from the base of the section (Figs. S2i, 4d, and 5). We 

account for local duplication by open folds shown in Fig. 4d, as well as minor, outcrop-scale 

normal faults. At the top of the section, we obtained a U-Pb detrital zircon MDA of 12.4 ± 1.0 

Ma, on sample 15JLS037 (Fig. S2h). Although this MDA does not provide an upper (minimum) 

age constraint, the section is approximately along strike from (and ~5 km away from) the 

Humboldt Formation type section on the eastern banks of Huntington Creek (Sharp, 1939) in 

which Wallace et al. (2008) found air-fall tuff depositional ages ranging from 15.31 Ma at the 

base to 9.91 Ma at the top (Fig. 3). The youngest detrital zircon MDA obtained for the Humboldt 

Formation in Huntington Valley is 8.2 ± 0.2 Ma (Lund Snee et al., 2016, sample 12HBD09), 

from a sample collected ~10 km southwest of the Lee section sampled in this study. We assign 

best ages to the stable isotope values previously obtained from the Lee section ranging between 

14.39–13.38 Ma considering the above information and assuming constant sedimentation rates, 

but we allow the uncertainty bars plotted in Fig. 6 to span as young as 8.01 Ma. 

  

Eocene–Oligocene sandstone and siltstone between the Eocene tuff of Dixie Creek and the 

Oligocene tuff of Hackwood Ranch 

A thin (< 200 m) deposit of sandstone and siltstone is exposed near the abandoned 

Hackwood Ranch site (Figs. 3 and 4a). The depositional ages for these strata are bracketed by a 

36.84 ± 0.34 Ma (U-Pb zircon SHRIMP) age for the unconformably underlying tuff of Dixie 



Creek and multiple 31.10 Ma (40Ar/39Ar sanidine and U-Pb zircon SHRIMP) eruptive ages for 

the overlying tuff of Hackwood Ranch (Lund Snee et al., 2016). Hence, deposition of this 

sedimentary succession occurred across the time interval 37.18 to ca. 31 Ma. In addition, Lund 

Snee et al. (2016) reported a U-Pb detrital zircon MDA of 33.9 ± 0.4 Ma for a sample (10JLS08) 

collected from the lower parts of this interval, and we (this study) obtained a U-Pb detrital zircon 

MDA of 29.9 ± 0.2 Ma for a sample (15JLS015) collected from near the top of the succession, 

based on a weighted mean of 45 grains (Figs. 4a, 5, and S2a). Two grains were omitted due to 

the indication of zoning in their time series. It is unclear why this upper MDA is ≥ 0.5 Ma 

younger than (outside of the uncertainty range of) the age of the overlying tuff of Hackwood 

Ranch. As noted above, we consider the previously reported ca. 31 Ma ages for the tuff of 

Hackwood Ranch to be definitive due to the consistency of these ages across multiple isotopic 

systems (Lund Snee et al., 2016), and the expectation that single collector LA–ICP–MS analysis 

could be less accurate than U-Pb SHRIMP or 40Ar/39Ar. Stable isotope values are not available 

for this section, but ages for these rocks are reported here because they nevertheless document 

localized sediment accumulation during that time span.  

 

Eocene Elko Formation 

Across the Elko Basin, the beginning of Elko Formation deposition is approximately 

bracketed by a pink air-fall tuff at low stratigraphic levels in the Elko Hills (Fig. S3) that yielded 

a U-Pb zircon (SHRIMP) age of 46.1 ± 0.2 (sample 00-188GS of Haynes, 2003), which is 

probably correlative with a less precise U-Pb detrital zircon age of 45.92 ± 0.95 Ma obtained by 

Lund Snee et al. (2016) farther south (sample ELKO-1). Here we take the more precise 46.10 ± 

0.20 Ma age obtained by Haynes (2003) to conservatively suggest an approximate start of Elko 

Formation deposition at 46.30 Ma (including the 2σ uncertainty). An eruptive age of 38.47 ± 

0.15 Ma (40Ar/39Ar plagioclase) obtained from a basal eruptive unit within the overlying tuff of 

Dixie Creek (sample H10-45 of Henry et al., 2015) provides a minimum depositional age of 

38.32 Ma for the Elko Formation. A U-Pb detrital zircon weighted mean age of 37.9 ± 0.5 Ma 

from the eastern Piñon Range (sample ELKO-2 of Lund Snee et al., 2016) indicates that 

deposition of the Elko Formation continued at least to that time, bracketing the youngest Elko 

Formation deposition to around ca. 38.4 Ma (accounting for 2σ uncertainties). The ages of the 



uppermost Elko Formation strata and the lowermost overlying tuffs suggest that Elko Formation 

deposition continued until the onset of volcanism in this area.  

None of these bracketing ages were obtained from samples collected within the 

immediate area of the Elko Formation section studied for stable isotope values by Horton et al. 

(2004) and subsequent studies (Mix et al., 2011; Chamberlain et al., 2012; Mulch et al., 2015), 

which is located near Emigrant Spring (Fig. 3). However, Mulch et al. (2015) obtained 40Ar/39Ar  

ages from detrital biotite collected across this same section, which permit establishment of 

MDAs throughout the sampled section. With one exception, these MDAs young upward, which 

could indicate that some of them represent air- or water-lain tuffs that originated from nearby 

eruptions of similar ages (Ressel and Henry, 2006). Accounting for this possibility, in Fig. 6 we 

select a best estimate of actual depositional age for each sample according to the possibility that 

some of the ages provided by Mulch et al. (2015) could represent absolute depositional ages, but 

we conservatively plot error bars that extend upward to the true minimum depositional age 

bound of 38.32 Ma provided by tuff sample H10-45 of Henry et al. (2015).  

Horton et al. (2004) assigned additional samples at the base of this section to underlying 

“Cherty Limestone” and “Limestone and Limestone clast Conglomerate” units (the same 

samples were assigned to units called “Cherty Limestone” and “Limestone and Conglomerate” 

by Mulch et al., 2015). Mulch et al. (2015) reported that these samples were collected from a 

section near Emigrant Spring (Fig. 4). However, Horton et al. (2004) did not report sample 

locations, so the exact stratigraphic assignment and age cannot be determined. Horton et al. 

(2004, p. 864) identified these rocks as belonging to the “non-volcanic sequence” of early 

Cenozoic strata that precedes the Elko Formation, which would make them older than ca. 46 Ma, 

although Mulch et al. (2015) placed the 46.1 Ma tuff age obtained by Haynes (2003) between the 

“Cherty Limestone” and “Limestone and Conglomerate” units, based on stratigraphic 

assignments made farther north in the Elko Hills, implying that the overlying “Cherty 

Limestone” is younger than 46.1 Ma and the “Limestone and Conglomerate” is older.  

This confusion may be at least partly resolved by the recent observation of Cenozoic 

volcanic clasts in a basal conglomerate within the Elko Formation from which a U-Pb zircon 

MDA of 44.5 ± 0.9 Ma was also obtained (sample EmigZr7 of Hollingsworth et al., 2017). This 

sample was collected from 50–85 m above the unconformity with underlying Paleozoic rocks at 

the Emigrant mine location (Ressel et al., 2015), which is ~3.5 km north of the Emigrant Spring 



section studied by Horton et al. (2004) and Mulch et al. (2015) and included in this study (Figs. 5 

and 6). For this reason, the strata that were previously assigned by Horton et al. (2004) and 

Mulch et al. (2015) to underlying units called “Cherty Limestone” and “Limestone and 

Conglomerate” (and similar) most likely belong to the lower part of the Elko Formation and are 

probably for the most part 45.4 Ma and younger, counting the 2σ age uncertainty (Figs. 5 and 6). 

Because that age was not obtained from a sample from the absolute bottom of the Elko 

Formation, we conservatively assign these basal Elko Formation strata an older MDA constraint 

of 46.3 Ma, the oldest age obtained from the Elko Formation (2σ uncertainty range of sample 00-

188GS of Haynes, 2003). Based on these age constraints, we assign a preferred depositional age 

of 45.0 Ma to the stratigraphically lowest “Limestone and Conglomerate” sample in Fig. 5 

(TL04-02). Because locations and stratigraphic depth information are not available for this unit 

and the “Cherty Limestone” of Horton et al. (2004) and Mulch et al. (2015), we assign best ages 

that decrease upward in increments of 0.1 Ma (to 44.3 Ma). As with some of the overlying strata 

of the middle Elko Formation described above, we employ a minimum depositional age bound of 

41.2 Ma for these units, based on the 2σ range for the 41.60 ± 0.40 Ma reworked sediments 

analyzed by Mulch et al. (2015).  

Finally, Smith et al. (2017) argued that the 40Ar/39Ar biotite ages determined by Mulch et 

al. (2015) and used to constrain depositional ages within the Elko Formation prior to the negative 

shift in 𝛿𝛿18O values were erroneously young. On this basis, they argued that Elko Formation 

deposition ceased by ca. 40.4 Ma, earlier than previously reported and prior to the ca. 40 Ma 

Middle Eocene Climatic Optimum (MECO) event (Sluijs et al., 2013). However, as explained 

above, multiple mineral and isotopic systems indicate that the end of Elko Formation deposition 

is tightly constrained to ca. 38.4 Ma, which is at odds with this ~2 Myr older estimate by Smith 

et al. (2017). Smith et al. (2017) suggested that the 40Ar/39Ar biotite ages previously obtained by 

Mulch et al. (2015) were ~2 Myr too young, and from this they proposed discounting the use of 

biotite 40Ar/39Ar ages in general for precise geochronologic applications. It is not clear why 

Smith et al. (2017) obtained systematically (ca. 1.5–2.0 Ma) older single-crystal sanidine 
40Ar/39Ar ages on some of the same strata, but it is possible that their analyses were conducted on 

detrital grains that were older than the true sedimentary depositional ages. Moreover, 

unpublished sanidine 40Ar/39Ar ages by Mulch et al. (2015), from the same Elko Formation 

strata, agree closely with the 40Ar/39Ar biotite ages; the unpublished sanidine ages are slightly 



younger (by 0.3–0.8 Ma) than the biotite ages and indistinguishable within 2σ error (M. Cosca, 

2019, pers. comm.). Hence we interpret that the detrital biotite and sanidine 40Ar/39Ar MDAs 

reported by Mulch et al. (2015) are closest to the true depositional ages for Elko Formation 

strata.  

 

Late Cretaceous(?)–early Eocene(?) limestone (TKl) and conglomerate, sandstone, 

siltstone, and limestone (TKcs) 

Late Cretaceous(?)–early Eocene(?) limestone (TKl) and conglomerate, sandstone, 

siltstone, and limestone (TKcs) units underlie the Elko Formation near Cedar Ridge (Figs. 3 and 

4) and are apparently older than the oldest strata sampled for this study (Fig. 5). Hence, these 

units are likely older than 46.10 ± 0.20 Ma, which is the age of the oldest volcanic tuff observed 

at the base of the Elko Formation (sample 00-188GS of Haynes, 2003). The MDA of these 

underlying sediments is constrained only by the presence of fossils “younger than Jurassic” (I.G. 

Sohn in Smith et al., 1976), with the bulk of fossil evidence provided by Smith et al. (1976) 

pointing to deposition during Late Cretaceous time or later, and a youngest detrital zircon 

population of 240 Ma (sample ELM11-PN16 of Lund Snee et al., 2016). Based on this 

information, we assume that the likeliest age for units TKcs and TKl is Late Cretaceous–Eocene 

(100 Ma to 45.9 Ma, counting the 2σ error for sample 00-188GS). The limestone unit (TKl) is 

thought to be slightly younger than the clastic unit (TKcs) on the basis of its generally higher 

stratigraphic position, although they could be partially contemporaneous (Lund Snee et al., 

2016). We note that Ketner and Alpha (1992) argued that the “cherty limestone” and 

“conglomerate” facies in the Emigrant Spring area and elsewhere should be included within the 

Eocene Elko Formation due to apparently conformable relations with the overlying Elko 

Formation rocks and because similar cherty limestone and conglomerate rocks are clearly part of 

the lower Elko Formation farther north in the Elko Hills (Fig. 3). Despite this, we consider the 

conspicuous lack of Cenozoic volcanic detritus in these older rocks within the study area to be 

diagnostic and to potentially provide important information about stratigraphic age. Hence, we 

follow Smith et al. (1976), Lund Snee (2013), and Lund Snee and Miller (2015) and separate the 

TKcs and TKl units from the younger Elko Formation where these sediments demonstrably lack 

Cenozoic detritus. 

 



 

 

 
 



Fig. S1. Probability density plots of detrital zircon U-Pb ages. 

 

 

 
 

Fig. S2. Weighted mean plots for the youngest coherent groups of detrital zircon U-Pb analyses obtained from each 

sample, defining depositional ages or maximum depositional ages. Preferred ages are indicated in green and are also 

given in Table S1. Non-preferred weighted mean ages (black) are given to indicate the youngest group of ages 

yielding MSWD ~1. Weighted by data-point errors only. Box heights represent 2σ errors. MSWD = mean square 

weighted deviation. 

 

 



 

 
 

Fig. S3. Map of paleovalleys from the Great Basin and surroundings, western USA, with data sources and ages of 

oldest fill material or onset of drainage activity indicated. Paleovalley locations are from Henry et al. (2012), Henry 

and John (2013), Dumitru et al. (2015, 2016), and sources therein. Oldest sedimentary and/or volcanic fill identified 

in each paleovalley are indicated (orange and red type, respectively). Ages of pre-volcanic sedimentary fill are not 

well constrained. Grey paleovalleys indicate no relevant age constraints. The Sevier fold and thrust belt is from 

DeCelles (2004). The Cretaceous Sierra Nevada arc is after Van Buer and Miller (2010). This figure complements 

Fig. 2, providing additional age information and references. (a)—Dumitru et al. (2015); (b)—Dumitru et al. (2016); 

(c)—Henry (2008); (d)—Henry and John (2013); (e)—Goldstrand (1992, 1994); (f)—MacGinitie (1941); (g)—

Yeend (1974); (h)—Garside et al. (2005). 
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	Figure 2. Late Cretaceous and Cenozoic volcanism and topography in the Great Basin, showing paleodrainages colored by the age of oldest reported material deposited within them, compiled from sources in the GSA Data Repository. Lighter blues represent ...
	GEOLOGIC SETTING
	Late Cretaceous and Cenozoic strata in northeast Nevada, in the area of the Eocene Elko Basin (Figs. 1–3), unconformably overlie a thick (~10 km) Neoproterozoic to Triassic section deposited along the passive margin of western North America (e.g., Wil...
	Following Late Cretaceous subduction-related arc magmatism, volcanism initiated again as part of the middle Cenozoic ignimbrite flareup, characterized by widespread caldera-forming volcanism that migrated southward across the Great Basin, passing thro...
	Figure 3. Geologic map of the ancestral Elko Basin region, northeast Nevada (location shown in Fig. 2). Unit boundaries and faults are from Crafford (2007), Colgan et al. (2010), Lund Snee et al. (2016), and this study. The Ruby-East Humboldt detachme...
	METHODS
	We mapped geologic units and tuffaceous beds, measured stratigraphic sections (Fig. 5), and collected samples for U-Pb detrital zircon geochronology in Oligocene and Miocene successions in Huntington Valley and the eastern Carlin-Piñon Range, northeas...
	Some of the same sections have previously been sampled for stable isotope analysis of calcite cements, limestone, and paleosols (Horton et al., 2004; Mix et al., 2011) and our work refines the age constraints and understanding of the depositional cont...
	Figure 4. Geologic maps of areas sampled for this study. Unit boundaries and structures are from Smith and Howard (1977), Crafford (2007), Lund Snee and Miller (2015), Lund Snee et al. (2016), and this study. Maximum depositional ages are indicated wi...
	Figure 5. Isotopic analyses from Mulch et al. (2015) and sources therein plotted by stratigraphic section. Section and sample locations are shown in Figs. 3 and 4. Maximum depositional ages are indicated with inequality symbols (“≤”), unlike for nearl...
	REVIEW OF THE SEDIMENTARY AND VOLCANIC RECORD
	Elko area of northeast Nevada
	The Elko area is one of the only places in the Great Basin where well-preserved sedimentary and volcanic rocks spanning the Late Cretaceous(?) to Neogene are exposed over appreciable areas (e.g., Stewart, 1980). Because the term “Elko Basin,” sensu st...
	As shown in Figure 6, little deposition is documented between the Cretaceous and early Eocene in the ancestral Elko Basin region (Smith and Ketner, 1976; Fouch et al., 1979; Rahl et al., 2002; Haynes, 2003; Crafford, 2007; Henry et al., 2011; Lund Sne...
	The more extensive middle to late Eocene Elko Formation (Figs. 5 and 6), which locally reaches thicknesses of ~850 m (Henry, 2008), consists of a broadly upward-fining succession of conglomerate, sandstone, siltstone, shale, clay, marl, and limestone ...
	The ca. 38.5–36.8 Ma Robinson Mountain volcanic field (Ressel and Henry, 2006; Henry et al., 2015; Lund Snee et al., 2016) is a thick succession (>1 km) of rocks associated with the ignimbrite flareup on the eastern flanks of the Carlin-Piñon Range (F...
	An early phase of gradual extension within this generally quiescent interval may be represented by deposition of ca. 25 Ma and progressively younger fluvial-lacustrine material near the base of the Humboldt Formation (Figs. 3, 4a, and 6; Lund Snee et ...
	Figure 6. Regional Cenozoic tectonic events and measured isotopic values in the Elko area, northeast Nevada. Stable isotope data are from Mulch et al. (2015) and sources therein. Vertical bars indicate the full permissible age range for each analysis,...
	Great Basin region
	Here we expand the above discussion to include rocks of Late Cretaceous to Neogene age deposited elsewhere in the Great Basin, primarily in the Copper, White Sage, and Sheep Pass basins (Fig. 1). As can be seen in Figure 6, the histories of deposition...
	Regionally, the most significant deposition in the Late Cretaceous to Paleogene interval was in the greater Sheep Pass Basin of east-central Nevada (Fig. 1), where deposition of up to ~1200 m of Late Cretaceous–middle Eocene Sheep Pass Formation and l...
	As in the case of the Elko area described above, the limited pre-Miocene deposition that did take place elsewhere in the Great Basin occurred several millions of years before ignimbrite flareup volcanism (Fig. 6), suggesting that early magmatic proces...
	In most places, sedimentation effectively ceased following volcanism, lasting at least through most of the Oligocene. Similar to the REH MCC, gradual sedimentation near the Snake Range MCC re-initiated as early as the late Oligocene or earliest Miocen...
	REVIEW OF STABLE ISOTOPE MEASUREMENTS
	Numerous studies have targeted strata in the ancestral Elko Basin for stable isotope analysis in efforts to understand regional paleoelevation and paleoclimate histories (Fig. 3). Stable isotope measurements from Elko area carbonates have served as ke...
	More recently, however, the sedimentary age constraints, mean 𝛿18O values, and interpretations of depositional environment underpinning some of these studies have changed, both for the ancestral Elko Basin (Lund Snee et al., 2016; Smith et al., 2017)...
	In the Elko area, Lund Snee et al. (2016) found that the rocks previously mapped as part of the Oligocene Indian Well Formation (Fig. 3) are mostly middle Miocene and younger in age and hence part of the Miocene Humboldt Formation. As a result, that s...
	Stable isotopic studies focused instead on volcanic rocks erupted across the Great Basin (including the Elko region) and westward to the Sierra Nevada flank have argued that a high plateau persisted across the former Sevier hinterland between 41–23 M...
	In summary, recent work to improve age constraints and better define depositional settings in both northeast Nevada and southwest Montana (Kent-Corson et al., 2010; Lund Snee et al., 2016; Schwartz et al., 2019; this study) indicates that the stable ...
	RE-EVALUATING THE EVOLUTION OF PRE-BASIN AND RANGE DRAINAGE SYSTEMs
	Rocks preserved within a mapped network of Eocene–Oligocene paleovalleys (Fig. 2) provide additional insights for the region’s topographic evolution that can be interpreted in concert with the sedimentary record. The paleovalleys are defined and mappe...
	Figure 2 shows the Cenozoic temporal evolution of volcanism together with the ages of oldest material dated within each paleodrainage (compiled from MacGinitie, 1941; Yeend, 1974; Goldstrand, 1992, 1994; Garside et al., 2005; Henry, 2008; Henry et al....
	The likeliest explanation is that most or all of these drainages did not exist more than a few million years before magmatism began at a given latitude and paleovalleys were filled with volcanic material. We propose that the paleovalleys could have de...
	Figure 7. Schematic illustration of southward-migrating topographic uplift in the Great Basin related to the ignimbrite flareup. This figure depicts a late Eocene (ca. 36 Ma) snapshot of thermally and magmatically supported volcanic highlands (to the ...
	Figure 7 presents a schematic diagram of the proposed paleotopographic evolution ca. 36 Ma, immediately following the end of volcanism in the Elko area. As magmatism swept south across the Sevier hinterland in Eocene and Oligocene time, it prompted th...
	Removal of the Farallon slab during middle Cenozoic time is thought to have caused the asthenospheric upwelling and subsequent ignimbrite flareup magmatism that would have also thinned the lithosphere below the Great Basin (Humphreys, 1995). Thermally...
	PALEOGEOGRAPHIC EVOLUTION OF NORTHEAST NEVADA AND THE GREAT BASIN
	Based on the evidence presented above from the sedimentary, structural, and magmatic records of the Elko area, integrated with data from surrounding areas, we present a summary view of the evolution of the Late Cretaceous to Cenozoic paleogeography of...
	Late Cretaceous to middle Eocene (until ca. 46 Ma): Gradual erosion

	Surface-breaking thrust faults were active along the Sevier belt (Fig. 1) in the Late Cretaceous (Fig. 8a), and they created topography as the thrust belt finalized its development and shed its erosional debris into the foreland basin (e.g., Malone et...
	Throughout the Late Cretaceous and early Cenozoic (Fig. 6), northeast Nevada and much of the Great Basin region to the west of the Sevier thrust belt (its hinterland) appears to have experienced only modest erosion (less than 3 km in most areas) with ...
	Middle Eocene (ca. 46–38 Ma): Shallow basins and early volcanism in northeast Nevada

	The Elko and Copper basins developed during middle Eocene time as shallow basins in northeast Nevada (Figs. 1 and 2), initiating by ca. 46 Ma and perhaps locally as early as ca. 49 Ma (Haynes, 2003; Lund Snee et al., 2016; Smith et al., 2017). At abou...
	Basin development may have been a result of normal faulting (Vandervoort and Schmitt, 1990; Rahl et al., 2002; Haynes, 2003; Howard, 2003) and/or isostatic adjustments associated with steepening of the Farallon slab and associated asthenospheric upwel...
	Late Eocene (ca. 38–36 Ma): Active magmatism with volcanism

	Sedimentation effectively ceased with the inception of volcanism (see above and Fig. 6), which blanketed the focus area with volcanic flows and ignimbrites beginning ca. 38 Ma (Haynes, 2003; Ressel and Henry, 2006; Lund Snee et al., 2016). These volca...
	Figure 8. Cross sections along 40.5ºN latitude (line of section shown in Fig. 1) from Late Cretaceous time to the present. Present-day crustal thickness is from Shen and Ritzwoller (2016), the lithosphere–asthenosphere boundary is after the combined S...
	Late Eocene to latest Oligocene (ca. 36–25 Ma): Volcanic quiescence with little erosion or faulting at the Earth’s surface (but continuing magmatism and crustal melting at depth)

	Partial melting and magmatism continued in the deeper crust within the developing REH MCC and the Albion–Raft River–Grouse Creek (ARG) MCC to the north (Figs. 1, 2, and 6), long after the cessation of surface volcanism, and concomitant with relative r...
	Latest Oligocene to middle Miocene (ca. 25–16.5 Ma): Little erosion and limited faulting

	The sedimentary record in northeast Nevada indicates that tectonic quiescence and gradual erosion occurred between latest Oligocene and middle Miocene time (Fig. 6). Locally, however, lacustrine sedimentation (indicating the formation of basin accommo...
	Middle Miocene (17–16 Ma) to present: Rapid and then more gradual extension

	As discussed above, rapid slip on Basin and Range normal faults with formation of ensuing topography similar to that of today occurred across most of the central part of the northern BRP (Figs. 1, 2, 6, and 8c) ca. 17–16 Ma (e.g., Noble, 1972; Lund et...
	IMPLICATIONS FOR PALEOTOPOGRAPHY and crustal thickness
	The paleogeographic and crustal history outlined in the above synthesis (Figs. 6, 7, and 8) has direct implications for the topographic and crustal evolution of the hinterland region between the Cretaceous arc and Sevier thrust belt (Figs. 1 and 2). M...
	The thermal effects from voluminous and widespread ignimbrite flareup magmatism are rarely considered in topographic and tectonic models of the Great Basin. Studies that estimate pre-extensional crustal thicknesses by restoring Cenozoic extension (e.g...
	The assortment of geologic data presented here is incompatible with suggestions that crustal thicknesses became so great during Mesozoic shortening that they led to gravitationally driven extensional collapse (e.g., Wells et al., 2012). There is also ...
	Few constraints are available for absolute elevations of the Sevier hinterland prior to extension, during the Late Cretaceous and early Cenozoic. Measurements from Eocene fossil leaves in Copper Basin (Figs. 1 and 2), representing the time at the onse...
	It is challenging to reconcile the above narrative of Great Basin surface evolution with implications for 10–20 km of relative uplift implied by quantitative geobarometry on Cretaceous metamorphic assemblages in MCCs (Hodges et al., 1992; Lewis et al....
	CONCLUSIONS
	We have presented an updated view of the enigmatic transition from Mesozoic shortening to Cenozoic extension in the Great Basin (Figs. 1 and 2), focusing primarily on the supracrustal records of sedimentation, erosion, faulting, volcanism, and stable ...
	We propose that dynamic uplift accompanying ignimbrite flareup magmatism shifted the continental divide eastward into central Nevada from its prior position along the crest of the Cretaceous magmatic arc (Van Buer et al., 2009) and that this shift occ...
	The tectonic and topographic history and its temporal framework discussed here challenge suggestions that Mesozoic shortening produced a greatly thickened and elevated crust that drove gravitational collapse across the Sevier hinterland either during ...
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