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Magmatism, migrating topography, and the onset of Basin and
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KEY POINTS:
e Before the middle Eocene, the Sevier hinterland lay east of the axis of the Cretaceous
Sierran arc and was underlain by 50 km thick crust.
e Thermally driven uplift and southward migrating magmatism shifted the paleodivide to
central Nevada in the Eocene.
e Changing boundary conditions caused Miocene extension of thermally weakened crust,

rather than collapse of a high Cretaceous Nevadaplano.
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ABSTRACT

According to a widely applied model, Cenozoic extension in the Great Basin was driven
by collapse of a high plateau supported by crustal thicknesses at least double the present ~30 km.
Despite widespread use, this model has been difficult to reconcile with known values of
moderate (<50%) extension and the discovery that rapid slip on normal faults began ca. 17 Ma,
tens of millions of years after crustal thickening. Here we integrate new and existing stable
isotope data, geochronology, and geologic mapping across northeast Nevada that together
suggest that the “ignimbrite flareup” magmatism that swept south across the Great Basin ca. 45—
20 Ma produced elevated topography supported by normal-thickness crust (mean ~45-50 km).
Migrating magmatism progressively shifted the continental divide east into central Nevada from
its Late Cretaceous location along the axis of the Sierra arc. This N—S-trending divide developed
across broad, dynamic highlands that may have persisted until rapid Basin and Range extension
began in middle Miocene time, long after the end of crustal thickening. Extension resulting from
spreading of thermally uplifted and weakened crust initiated following removal of the flat-
subducting Farallon slab and heating of the crust during mantle-derived magmatism, likely
during development of transtensional kinematics along the developing San Andreas plate

boundary.

PLAIN LANGUAGE SUMMARY

Although the western USA is one of the world’s best-mapped geologic systems, there is
considerable uncertainty about how its landscape developed. It is thought that Nevada, eastern
California, southern Idaho, and western Utah had high topography (3 km or more) and thick
crust (60 km or more) beginning more than 80 million years ago. However, there is little
agreement about the actual thickness of the crust, the height of topography, whether topography
was a broad plateau or rugged mountains, and when the region spread apart to form today’s
distinctive basin-and-range topography. We address these questions using stratigraphic studies,
stable isotope analyses, and precise mineral ages for sediments from a key area in northeast
Nevada. Integrated with prior studies, we are able to show that this region was a broad plateau
east of the Sierra Nevada until 45 million years ago. At that time, intense, southward-migrating
volcanism reached northeast Nevada, markedly raising elevations. Uplift propagated south with

volcanism, progressively shifting the continental divide east into central Nevada. Eventual basin-
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and-range spreading was caused by “collapse” of crust that remained hot, high, and weak. Other
scientists have shown that spreading finally began 17 million years ago because of changing

plate tectonic conditions.

1 INTRODUCTION

The transition from Mesozoic shortening to Cenozoic extension in the western USA
Cordillera is a fundamental tectonic switch whose causes are poorly understood. The assortment
of models focusing on this time interval reveal underlying disagreements about the pre-
extensional crustal structure and topographic character of this region as well as the lithosphere-
scale mechanical factors responsible for their change over time. The prevailing view argues that
Mesozoic crustal thickening in the Sevier fold and thrust belt produced a high plateau (the
“Nevadaplano™) across the region of the present-day Great Basin (Fig. 1) (DeCelles, 2004).
Although the concept of the Nevadaplano is widely accepted, there is significant disagreement
regarding the timing and cause of plateau uplift (c.f. Parsons et al., 1994; Mix et al., 2011; Cassel
et al., 2018), its peak elevation (c.f. Chase et al., 1998; Wolfe et al., 1998; Best et al., 2009;
Cassel et al., 2012), whether and where “rugged topography” may have been present (c.f.
Chamberlain et al., 2007; Henry et al., 2012; Snell et al., 2014; Bahadori et al., 2018), and the
causes and timing of its inferred “collapse” (c.f. Sonder et al., 1987; McQuarrie and Chase, 2000;

Colgan and Henry, 2009; Long, 2012; Wells et al., 2012; Lee et al., 2017).
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Figure 1. Map of the Great Basin, including the northern and central Basin and Range province (BRP), western
USA. The Mesozoic Sierra Nevada batholith is after Van Buer and Miller (2010). Paleogene basins are compiled
from Haynes (2003) and Smith et al. (2017). The location of the Luning-Fencemaker thrust belt is from Best et al.
(2009). Locations of the Golconda allochthon, Roberts Mountains allochthon, Central Nevada thrust belt, and Sevier
fold and thrust belt are from DeCelles (2004). BRP boundary is from Dickinson (2013). ARG = Albion—Raft River—
Grouse Creek Mountains; CB = Copper Basin; CNTB = Central Nevada thrust belt; EB = Elko Basin; FM = Funeral
Mountains; LFTB = Luning-Fencemaker thrust belt; REH = Ruby Mountains—East Humboldt Range; S = Snake
Range; SB = Sheep Pass Basin, WSB = White Sage Basin.

There is general agreement about the location of the late Eocene to earliest Miocene ~N—
S regional paleodivide, which is based on the pattern of Cenozoic ash-flow tuffs that filled
paleovalleys (e.g., Best et al., 2013; Henry and John, 2013). However, it has not been clearly
established how and why the divide shifted eastward into central Nevada from its inferred Late
Cretaceous position along the axis of the Mesozoic Sierra Nevada arc (e.g., Van Buer et al.,
2009), nor how the topography of western North America might have been affected by the
addition of large volumes of magma and heat associated with southward-sweeping (Fig. 2)
Cenozoic volcanism (the “ignimbrite flareup” of, e.g., Armstrong and Ward, 1991). Establishing
the nature and temporal evolution of these factors and their relationship to faulting and
topography are critical to better understanding the transition from shortening to extension across

the Cordillera.
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To address these questions, we collected additional data from a series of unusually
complete and well-studied stratigraphic sections exposed in the region of the former Elko Basin,
northeast Nevada. The studied rocks span the latest Mesozoic to Cenozoic transition and record
the history of topography changes, the timing of magmatism and faulting leading to crustal
extension (Fig. 3). Because Late Cretaceous and Paleogene sedimentary rocks are rare across the
Great Basin (Stewart, 1980), strata from this area have been targeted by numerous studies
employing geologic mapping (e.g., Haynes, 2003; Lund Snee et al., 2016) and stable isotopes
(Horton et al., 2004; Mix et al., 2011; Chamberlain et al., 2012; Feng et al., 2013; Mulch et al.,
2015; Smith et al., 2017; Cassel et al., 2018) to evaluate regional tectonism, magmatism,
paleoelevation, and paleoclimate. Lund Snee et al. (2016) showed that ages previously assigned
to parts of these studied sections were incorrect, demonstrating a need to improve age control on
these deposits in order to reevaluate their attendant implications for faulting and topographic
changes. As part of the present study, we have refined existing geologic mapping along these key
sections (Fig. 4) and used U-Pb detrital zircon geochronology to more precisely link stratigraphic
sections and intervals to previously published studies and age constraints. We have also obtained
&30 stable isotopic measurements to fill the identified gaps in the existing record. We first
present the analytical methodology and results and then we outline the implications of the data

for the region's tectonic, magmatic, and topographic history.
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Figure 2. Late Cretaceous and Cenozoic evolution of volcanism, major drainages, and topography in the Great Basin

and nearby areas. The approximate location of the Late Cretaceous paleodivide is inferred from Van Buer et al.
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(2009) and Sharman et al. (2015). The Cenozoic paleodivide is from Henry and John (2013) and represents the
conventional view that the drainage divide was broadly static over Eocene—Oligocene time. Blue paleodrainages are
colored by the age of the oldest reported Cenozoic volcanic material deposited within them, compiled from sources
given in the Supplementary Information. Lighter blues represent younger paleodrainages, and gray indicates no age
information. Volcanic fields are based on data from the North American Volcanic and Intrusive Rock Database

(NAVDAT; http://ecp.iedadata.org). Other references and acronyms as in Fig. 1.

2 Geologic setting

The Cenozoic strata that we studied unconformably overlie a thick Triassic to Precambrian
section of strata deposited along the passive margin of western North America that was formed
by Neoproterozoic to Cambrian rifting of the Rodinia supercontinent (e.g., Lund, 2008). To the
west lie older allochthonous deep water rocks of the Roberts Mountains and Golconda
allochthons (Fig. 1) that were thrust over the continental margin in the earliest Mississippian and
the Permo-Triassic (Stewart, 1980). It is inferred that western Nevada was underlain by oceanic
crust and the passive margin succession further east was underlain by thinned continental crust
(Tosdal et al., 2000). By the early Triassic, east-dipping subduction was established along the
Cordilleran margin (e.g., Saleeby et al., 2008). After this time, the study area lay in the retro-arc
region of the evolving Sierra Nevada arc and experienced two general episodes of crustal
shortening and metamorphism during periods of increased arc magmatism, one in the Middle to
Late Jurassic and the next in the Late Cretaceous ca. 120—70 Ma (Miller and Gans, 1989; Smith
et al., 1993; Du Bray, 2007). Late Cretaceous thrust faulting at the latitudes of northern and
central Nevada was confined mostly to the Sevier fold and thrust belt to the east of the study
area, with significantly less shortening represented by the Central Nevada thrust belt (Taylor et
al., 2000) in central and southern Nevada (Fig. 1). Following Sevier shortening, the Cordilleran
orogen at these latitudes transitioned to a state of extension. It remains controversial whether
extension initiated as early as Eocene or even Late Cretaceous time in certain areas (e.g., Henry
et al., 2011; Miller et al., 2012; Wells et al., 2012), but it is clear that rapid ~\WNW-ESE Basin
and Range extension initiated only in middle Miocene time (Lund et al., 1993; Miller et al.,
1999; Henry, 2008; Colgan and Henry, 2009; Colgan et al., 2010; Colgan, 2013; Konstantinou
and Miller, 2015; Lund Snee et al., 2016). The main episode of extension in the Great Basin
(northern BRP) occurred long after an episode of intense, widespread “ignimbrite flare-up”

volcanism and plutonism that swept south-southwest from southern Canada to the latitudes of
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Las Vegas in early and middle Cenozoic time (Armstrong, 1970; Dickinson, 2013; Konstantinou

and Miller, 2015), passing through the Great Basin (Fig. 2) between ca. 44-20 Ma (Brooks et al.,
1995; Ressel and Henry, 2006; Ryskamp et al., 2008; Henry and John, 2013; Lund Snee et al.,
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Figure 3. Geologic map of the greater 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.

In many areas, Cenozoic south-sweeping magmatism added 1 km or more of volcanic

)
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material to the Earth’s surface (Gans et al., 1989; Best et al., 2009; Henry and John, 2013), and

likely several times more plutonic material (Gans, 1987; Lachenbruch and Morgan, 1990;

Catchings and Mooney, 1991). This magmatism was ultimately mantle-derived and its sources

were related to asthenospheric upwelling resulting from foundering of the inferred flat-

subducting Farallon slab, which led to melting of subduction-hydrated and metasomatized sub-
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continental mantle (Armstrong and Ward, 1991; Humphreys, 1995). Miocene extension across
the northern BRP (Great Basin) began along the center and eastern part of the present province
and then affected crust successively further west and north (Stockli et al., 2002; Surpless et al.,
2002; Stockli, 2005; Colgan et al., 2006). The Humboldt Formation (Sharp, 1939), which is
predominantly middle to late Miocene in age, forms thick deposits in the study area (Fig. 3) and
provides the primary sedimentary record of rapid fault slip, half-graben basin formation and

extension in northeast Nevada (Wallace et al., 2008; Colgan et al., 2010; Lund Snee et al., 2016).
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Figure 4. Geologic maps of areas sampled for this study. Unit boundaries and structures are from Smith and Howard
(1977), Crafford (2007), Lund Snee et al. (2016), and this study. Maximum depositional ages are indicated with

inequality symbols (“<”), unlike for nearly absolute depositional ages from tuffaceous horizons.

3 METHODS

We report U-Pb detrital zircon ages for 9 new samples and 67 measurements of §'%0 and
&13C from 20 sedimentary samples collected in the Elko Basin area (Fig. 3). This study expands
upon and refines geologic mapping by Smith and Howard (1977), Smith and Ketner (1978),
Lund Snee (2013), Lund Snee and Miller (2015), and Lund Snee et al. (2016), who provided
detailed descriptions of those rocks and (re-)assigned ages throughout the stratigraphic
succession.

Stable isotope and age data compiled here from this and prior studies (Horton et al.,
2004; Mix et al., 2011; Chamberlain et al., 2012; Mulch et al., 2015) in the Elko Basin are from
the Eocene Elko Formation, the latest Oligocene to late Miocene Humboldt Formation, and the
middle Pliocene—middle Pleistocene Hay Ranch Formation (Fig. 3). Rocks described by those
studies as belonging to the Eocene—Oligocene Indian Well Formation were found by Lund Snee
et al. (2016) to belong to the younger Humboldt Formation and thus the Indian Well Formation is
no longer used for these strata. Here we apply improved age constraints for the rocks from all of
the units sampled by the prior studies using both the new U-Pb geochronologic constraints and
previously published age information. Sample localities are indicated in Fig. 4 and their
stratigraphic position and associated age constraints are shown in Fig. 5.

The rocks we analyzed for 6'%0 values were mostly obtained from the latest Oligocene to
late Miocene Humboldt Formation, which was mapped and described in detail by Lund Snee
(2013) and Lund Snee and Miller (2015). We have focused on improving age constraints and
expanding the sample database to cover higher and lower parts of the sections, in order to
provide a more complete description of the basin history. The rocks sampled include limestones,
marls, shales, and sandstones, which were typically carbonate cemented and often contained
appreciable volcanic ash material as well. Tables S1 and S4 provide the lithologic details for
each sample, together with sample localities, (maximum) depositional age information, and
analytical data. Rocks sampled from a localized, unnamed sedimentary unit (Ts) immediately
below the ca. 31.1 Ma tuff of Hackwood Ranch (Figs. 4a and 5) yielded insufficient carbonate to

obtain reliable 630 values.
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Figure 5. Plots of isotopic analyses by stratigraphic section. Section and sample locations are shown in Fig. 4.
Maximum depositional ages are indicated with inequality symbols (“<”), unlike for nearly absolute depositional
ages from tuffaceous horizons. Plotted stable isotope measurements and age data are listed in the Supplementary
Information. These plots complement those in Fig. 6, where isotopic measurements from all stratigraphic sections

are plotted together by preferred depositional age.

3.1 Methods for U-Pb detrital zircon geochronology

Mineral separation and analytical procedures for U-Pb detrital zircon geochronology
closely followed those by Dumitru et al. (2016). Fresh, fine-grained samples were sought and
weathered rinds were removed. Samples were crushed and mineral separates were made at
Stanford University using standard magnetic and gravity techniques. Zircon grains were dump-
mounted to avoid biasing in the analysis of grains. For tuffaceous samples, euhedral grains were
not analyzed separately as reworking can abrade grains. Samples were analyzed by the laser
ablation inductively coupled mass spectrometer (LA-ICP-MS) method. A first group of samples
was analyzed at the University of California, Santa Cruz (UCSC), Institute of Marine Sciences.
Another group was analyzed at the University of Arizona LaserChron Center following
procedures of Gehrels et al. (2006, 2008). For samples analyzed at UCSC, 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. For both groups, final data analysis was
performed using Isoplot v.3.75 (Ludwig, 2008). The reported ages are from the 2°Pb/2*3U system
for 20°Pb/238U ages < 1000 Ma and otherwise from the 2°’Pb/2%Pb system. For grains with
206pp/238U ages > 800 Ma, grains were excluded in cases of discordance > 30% or < —7% relative

to 207Pb/2*Pb ages. Please see the Supplementary Information for additional details.

3.2 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
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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 accommodation space for sediments 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 26 uncertainty and were
clearly younger than others (outside the 2 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 age that would produce MSWD =1 is also shown.

Data from the 5 stratigraphic sections shown in Fig. 6 are compiled together into a
generalized column based on the preferred depositional ages listed in Tables S3 and S4. The
preferred ages for samples 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.
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 2c age

uncertainties.
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3.3 Methods for sampling and stable isotope measurements

When sampling sedimentary rocks for stable isotope analysis, we chose samples that
appeared to have high authigenic calcite content on the basis of outcrop appearance or
effervescence upon exposure to 10% HCI. We sought unexposed material by digging and
trenching and we removed any weathering rinds using a rock hammer. We removed all possible
dust from samples in the field and then again in the laboratory using compressed air to reduce
any potential for contamination. Throughout the Humboldt Formation, water-lain, weakly
bedded tephra beds are interlayered between clastic lacustrine carbonates (marls), siliciclastic
fine- and medium-grained fluvial (typically cross-bedded) sandstones, and thin (generally <1 m)
pebble conglomerates (Lund Snee et al., 2016). Sampled rocks range from marls to often calcite
cemented fine- and medium-grained fluvial sandstones. Some of the earlier sampled strata from
the lower Humboldt Formation (previously called the Indian Well Formation) reportedly
included paleosols (Mulch et al., 2015). Ash or other volcanic material is present in most
Humboldt Formation strata, and calcite cement comprises the authigenic carbonate.

We obtained powder from carbonate-rich samples using ~0.5-2.0 mm width bits fastened
to a Dremel tool. Sampled spot locations were selected for their likelihood of containing calcite
cement or matrix. While care was taken to sample only matrix material, we cannot exclude the
possibility that sampling included small amounts of detrital carbonates, silicates, volcanic rock
fragments, and other materials in addition to matrix material. Accordingly, subsamples were
obtained and analyzed in triplicate or quintuplicate for each sample to ensure redundancy and to
reduce the effect of bias from incorporation of detrital carbonates.

The carbon and oxygen isotope values of carbonates were obtained at the Stable Isotope
Biogeochemistry Laboratory, Stanford University, using a Thermo Finnigan Gasbench interfaced
with a Thermo Finnigan Delta Plus XL mass spectrometer. Between 0.3 and 4.8 mg of carbonate
powder (typically about 0.5 mg) was weighed into sealed vials that were flushed with He gas and
reacted with ~0.5 ml of phosphoric acid (H3POs) for 1 hour at 72° C. External precision (1c) of
oxygen and carbon isotope data is <0.08%o, based upon repeated measurements of two internal
lab reference materials (calibrated against NBS 18, NBS 19, and LSVEC). The samples were
analyzed in three sessions: 26 April 2016, 8 July 2016, and 9 July 2016. Analyses were excluded
from the first session if weight percent carbonate was <24. All §'°C values are reported relative

to VPDB and 6§80 values are reported relative to VSMOW. Table S3 lists the stratigraphic
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Figure 6. Composite chart of regional Cenozoic tectonic events and measured isotopic values in the eastern Pifion

Range and central Huntington Valley. Stable isotope and Sr data are from this study, Horton et al. (2004), Mix et al.
(2011), Chamberlain et al. (2012), and Mulch et al. (2015). Vertical bars indicate the full permissible age range for

each analysis, conservatively including the 26 uncertainties of the bounding age constraints. Stable isotope value

uncertainties are too small to be visible. Benthic §'0 values are from Zachos et al. (2001). References: a—Colgan
and Henry (2009); b—Coble and Mahood (2012); c—Armstrong and Ward (1991); d—Atwater (1989); e—Haynes
(2003); f—Lund Snee et al. (2016); g—Brooks et al. (1995); h—Druschke et al. (2009a); i—Howard et al. (2011);

j—Henry et al. (2011); and k—McGrew and Snee (1994).

4 RESULTS

4.1 Results of U-Pb detrital zircon geochronology
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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 0f 29.9 = 0.2
Ma on the basis of the weighted mean of 45 analyses (Fig. 5). 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 “°Ar/*°Ar (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 “°Ar/*°Ar age of the overlying tuff (counting error), but we
take the 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 MDA 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 (sample
15JLS027A, 72 m stratigraphic height) provided a tentative MDA of 25.3 = 1.2 Ma, on the basis
of a single young grain. Because this age is older than those of the underlying strata (Fig. 5), it
did not contribute to constraining depositional ages. An overlying 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; 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



344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374

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 further east (Fig. 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 section are not as well constrained as to the west but they represent the
available information. At 292 m from the base of the measured section, a single grain at 11.5
+ 0.4 Ma provides a tentative MDA. This relatively young age may be reliable because Lund
Snee et al. (2016) reported an older MDA of 15.7 + 0.5 Ma (also tentative because it was based
on a single U-Pb detrital zircon grain) from an underlying sample (12HBDO06; 77 m) within this
section (Fig. 5). Stratigraphically higher in this area, Lund Snee et al. (2016) reported a U-Pb
detrital zircon age of 8.2 + 0.2 Ma, representing the youngest known MDA of the Humboldt
Formation.

A third Humboldt Formation section was sampled to the northeast, west of the Lee
township (Fig. 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.

Fig. 6 illustrates the permissible depositional age ranges and our preferred ages for the
samples analyzed for stable isotope values based on these constraints. Preferred ages and bounds
were assigned according to the above guidelines. In addition, we improved depositional ages for
previously reported stable isotope measurements from the older Cenozoic succession sampled in
the Elko Basin area, for which a number of contradictory age ranges were previously reported
(c.f. Horton et al., 2004; Mix et al., 2011; Chamberlain et al., 2012; Mulch et al., 2015; Smith et
al., 2017). In most cases, the permissible age bounds were not previously given, and sample ages
were reported as being absolute when in fact they were MDAs. The new preferred ages and
permissible bounds presented here account for changes to age assignments required by this more
recent geochronology, as illustrated in Fig. 5 and explained in further detail within the

Supplementary Information.
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4.2 Stable isotope measurements

Stable isotope values reported here are from the latest Oligocene—Miocene Humboldt
Formation. Here we describe the observed shifts in stable isotope values within the Cenozoic
succession illustrated in Fig. 6, compiled from this and prior work. Within the lower Elko
Formation (the oldest strata sampled for stable isotope values in the Elko Basin), §'%0
(VSMOW) values are relatively high, increasing from about +19—+26%o to +25—+31%o0 between
ca. 45 to 42 Ma. During the same interval, §'3C (VPDB) values also increase from about —4—+3
to > +10%o, and then they decrease significantly in the upper Elko Formation (42-38 Ma), to —8—
+6%o. Values of §'30 also decrease over this latter interval, although data are somewhat scattered
and the magnitude of this decrease hinges upon three samples with §'*0 values < 20%o ca. 41-39
Ma (Fig. 6). Regardless, by 24 Ma, §'30 values had clearly decreased dramatically, to <+17%o.
Values of §'3C also remained relatively low (mostly <+2%o) until well after 24 Ma.

Precisely determining the timing of the large negative shift in §'%0 values is complicated
by a substantial gap in the record between the end of Elko Formation deposition ca. 38 (Haynes,
2003; Lund Snee et al., 2016) and the start of Humboldt Formation deposition ca. 25 Ma. This
gap reflects a near-total absence of deposition in the Elko Basin and surrounding areas in
Oligocene and early Miocene time, with critical implications for paleotopographic and tectonic
evolution (discussed below). Rare exceptions are represented by Oligocene conglomerates in
Copper Basin (Henry et al., 2011), north of the Elko Basin (Fig. 1), and by thin Oligocene
sedimentary deposits (Ts) below the tuff of Hackwood Ranch in the Elko Basin (Lund Snee and
Miller, 2015). Unfortunately, sandstone samples from the Ts unit (Fig. 4a) contained insufficient
carbonate content to provide reliable stable isotope measurements. Although Cassel et al. (2014,
2018) obtained 8D values from rocks younger than 33 Ma elsewhere in the Great Basin, stable
isotope values in the Oligocene are undocumented in northeast Nevada due to the lack of
sediments of this age. In the study area, the beginning of this gap coincides with the onset of
volcanism.

Throughout the sampled portion of the Humboldt Formation (ca. 24—10 Ma), §'30 values
remain relatively low, generally varying between +10—+16%o. Over the same interval, §°0
values are generally —7-0%o, with some additional scatter, but they appear to increase slightly in

the latter portion of this interval, from about —4 to 0%o between ca. 16—10 Ma. Subsequently,
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between the youngest sampled Humboldt Formation deposits ca. 10 Ma and the potentially
middle Pliocene onset of Hay Ranch Formation deposition (Regnier, 1960; Smith et al., 1976),
&80 values increase moderately to +15—+20%o, whereas 6'°C values are widely scattered
between —9—+6%eo.

The shifts in §'%0 and §'3C values are accompanied by changes in 8’Sr/*Sr and Sr
concentration (Mulch et al., 2015). Throughout the Eocene (at least until ca. 38 Ma), 87Sr/*6Sr
values remain relatively low (0.7075—0.7085) but increase slightly to >0.7085 in Middle
Miocene time (16 Ma). Subsequently, ¥’Sr/*Sr values increase dramatically to >0.710 by 14 Ma.
Over the sampled intervals, Sr concentration followed a similar pattern to §'30 values, increasing
from <200 ppm ca. 45 Ma to ~1000 ppm ca. 42 Ma, then declining moderately to scattered
values ranging between ~200—-600 ppm, before decreasing dramatically to <200 ppm between ca.

16-14 Ma.

5 DISCUSSION

5.1 Interpretation of stable isotope results

Oxygen stable isotope values measured in authigenic carbonates provide information
about a region’s hypsometric mean elevation during deposition (Poage and Chamberlain, 2001).
Because heavy isotopes (e.g., 0 rather than '%0) are preferentially precipitated as an air mass
rises over an orographic barrier, §'80 can be inversely proportional to the height of the tallest
mountain chain between a sampled area and the source of precipitation, providing insights for
temporal or spatial changes in paleoelevation. However, other factors also affect preserved
isotopic values, notably climate and diagenesis (Blisniuk and Stern, 2005; Ehlers and Poulsen,
2009; Fiorella et al., 2015), so changes in §'0 often should not be directly interpreted to
indicate changes in elevation. In addition, although the Pacific Ocean likely represented the
primary moisture source for the Great Basin in Eocene and Oligocene time, some proportion of
moisture was also derived from the Gulf of California and Gulf of Mexico, depending in part on
the existing topography (Chamberlain et al., 2012). Furthermore, isotopic lapse rates can vary
considerably by tectonic setting, and they are known to be especially uncertain in the BRP
(Lechler and Niemi, 2011a).

Here we discuss the implications of the changes in stable isotope values in the context of

climate and basin fill record. The potential effects of paleoclimate on stable isotope values
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recorded in northeast Nevada have been discussed at length (Feng et al., 2013; Mulch et al.,
2015; Smith et al., 2017). However, prior interpretations are limited by the discovery that the age
assignments applied to most of the same strata were incorrect to varying degrees (Lund Snee et
al., 2016). For all of the above reasons, we interpret the changes in §'80 and §'*C values shown
in Fig. 6 in an intentionally qualitative fashion that incorporates geologic data, pointing out
which models and geologic relations are consistent with the measured changes in isotopic values
and, in general, the implied changes in elevation.

In the lower parts of the Eocene Elko Formation (the oldest strata that have been
sampled for stable isotope values in northeast Nevada) a ~5%o increase in §'%0 (VSMOW)
values (from ~+18-26%o to ~+25-31%o) occurred between ca. 45 to 42 Ma (Fig. 6). Mulch et al.
(2015) suggested that a portion of the upward increase in §'0 values was due to development of
a persistently stratified lacustrine setting and increasing evaporative enrichment of §'80 and
813C. Deposition of these strata also occurred during gradual global cooling (Pearson et al.,
2001; Zachos et al., 2001), which might have served to decrease values of §'30. If any portion of
the increasing §'%0 values was related to topographic change, the data would suggest a local
decrease in elevation during formation of the Elko Basin, preceding the arrival of local
volcanism. However, this is speculative and geologic relations suggest that faulting was limited
and that gradual sediment accumulation took place across northeast Nevada during this time
(Henry et al., 2011).

By far the most significant change in §'80 values observed in Fig. 6 is a ~12%o decrease
that occurred in late Eocene and/or Oligocene time. This decrease was first observed by Horton
et al. (2004). They and others showed that similar, rapid decreases in §'%0 values occurred in
carbonates throughout the North American Cordillera, following a south-younging pattern: A
decrease from ~+20%o to ~+13%o between ca. 49—47 Ma in southwest Montana and eastern
Idaho (Kent-Corson et al., 2006), followed by a decrease from ~+29%o to ~+15%o in the Elko
Basin originally thought to have occurred between ca. 40.2-39.4 Ma (Mulch et al., 2015) but
later revised to ca. 40—15.5 Ma by Lund Snee et al. (2016), and finally a ~4%o decrease after ca.
23 Ma in southern Nevada (Chamberlain et al., 2012). This study more tightly constrains the
magnitude and timing of the shift in the Elko Basin to a ~12%o decrease in §'%0 values (~+27—
+15%o) that likely initiated ca. 42 Ma, may have largely occurred by ca. 38.5 Ma, and was clearly

complete by ca. 24 Ma (Fig. 6). This timing is corroborated by comparable negative isotopic
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shifts ca. 44—40 Ma near this latitude in foreland basin deposits east of the Sevier fold and thrust
belt (Fig. 1), which may have been related to drainages developed to the west and north that
filled these basins (Carroll et al., 2008; Davis et al., 2009). The trend of south-younging
decreases in §'80 values has been interpreted to indicate south-migrating topographic uplift that
coincided with intense, south-migrating volcanism (Horton et al., 2004; Mix et al., 2011;
Chamberlain et al., 2012), supporting an early model by Gans (1990) based on geologic
evidence.

In the Elko Basin, the large-magnitude negative isotopic shift shown in Fig. 6 appears to
have initiated shortly before arrival of the first locally-erupted lavas and tuffs near the sampled
sections (Figs. 2 and 3) ca. 39-38 Ma (Ressel and Henry, 2006; Henry et al., 2015; Lund Snee et
al., 2016). The sign and magnitude of the decrease in §'*0 values is clearly consistent with an
elevation increase in this region. It is inconsistent with models that require elevations to have
decreased significantly at any point between ca. 42—10 Ma (e.g., Coney and Harms, 1984;
Sonder et al., 1987; Bahadori et al., 2018; Cassel et al., 2018) because 6'%0 values remain low
throughout that interval (Fig. 6). We also note that the initiation of the negative §'30 shift in the
Elko Basin could reflect input of water (and sediment) from higher-elevation areas that might
have developed further north shortly before this time (as the arrival of magmatism occurred
earlier to the north, e.g., Konstantinou and Miller, 2015). In summary, it is unclear what
proportion of this shift in northeast Nevada was due to elevation changes because it may have
also coincided with changes in depositional setting, regional climate, and precipitation sources
for drainages that fed this basin (Chamberlain et al., 2012; Mulch et al., 2015; Smith et al.,
2017). Considering the present-day isotopic lapse rate of ~—1.5%o/km in the BRP (Lechler and
Niemi, 2011a), clearly not all of the 12%o decrease in §'0 values could have been due to surface
uplift, and much of it would therefore have been related to climate and/or diagenesis.

It is of course also possible that just the opposite—decreasing elevations—could have occurred
at this time, with such a signal somehow obscured by climatic or diagenetic effects that caused
the large magnitude decrease in 6'%0 values. This appears unlikely for several reasons. The
large-magnitude decrease in §'30 values at this time is not reflected in the global climate record,
which shows only gradual cooling (and generally increasing benthic §'%0 values) specifically in
late Eocene time and more generally between 42—24 Ma (Zachos et al., 2001). Chamberlain et al.
(2012) and Feng et al. (2013) noted that decreases in §'80 values due to global cooling and
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regional aridification in late Eocene and Oligocene time would have been dwarfed by isotopic
changes due to topographic uplift. Focusing on the Elko Basin, Mulch et al. (2015) further
considered the effects of climate and diagenesis, arguing that the pronounced decrease in §'%0
values in the basin during Eocene time (Fig. 6) could have been partly due to freshening of the
lacustrine system due to warming during the Middle Eocene Climatic Optimum (MECO),
combined with the onset of surface uplift. Based on our revised age assignments and the addition
of age uncertainties into this discussion, it is clear from Fig. 6 that the measured isotopic data do
not show short-wavelength changes that might indicate local effects of global climatic events.
This suggests that the negative shift shown in Fig. 6 likely represents a more profound change—
either climatic factors, diagenesis, and/or topography—that specifically affected this part of the
Cordillera at approximately the time when voluminous volcanic activity began. That similar
changes in isotopic values tracked volcanism southward through the North American Cordillera
strongly suggests the onset of magmatism may have been an important influence on topography.
The subsequent persistence of relatively low §'30 values following the negative shift in the Elko
Basin (Fig. 6) and throughout the North American Cordillera (Chamberlain et al., 2012) further
indicates that the negative shift is likely not associated with transient changes in climate.
Therefore, we agree with prior work indicating that a portion of this decrease in §'30 values
must have been related to topographic uplift.Subsequent to the large-magnitude decrease in §'0
values, values of §'®0 and §'°C remained generally low (but somewhat variable) throughout the
sampled portion of the Humboldt Formation between ca. 24—12 Ma or later. However, ¥’Sr/*Sr
increased dramatically within the middle part of the Humboldt Formation ca. 16—-14 Ma (Mulch
et al., 2015), which could reflect the first arrival of detritus supplied by the newly exposed
adjacent Ruby Mountains—East Humboldt Range (REH) metamorphic core complex (MCC)
(Figs. 1, 2, and 3), a result of Miocene fault uplift of the metamorphic and igneous rocks of the
complex (Colgan et al., 2010; Lund Snee et al., 2016). Finally, the <5%o increase in §'80 values
upward into the (approximately) middle Pliocene—middle Pleistocene Hay Ranch Formation
(Horton et al., 2004) probably reflects a global rise of §'®0 values (Chamberlain et al., 2014),
although it is also consistent with decreasing elevations of northern Nevada relative to central
Nevada that occurred after middle or late Miocene time (Wallace et al., 2008; Camilleri et al.,
2017).

5.2 Re-evaluating the evolution of the pre-Basin and Range drainage system
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Rocks preserved within a network of mapped middle Cenozoic paleovalleys (Fig. 2)
provide valuable insights for the region’s topographic evolution independent from—but
consistent with—the stable isotope record. Most of the dated rocks filling the paleovalleys are
middle Cenozoic ignimbrites that flowed hundreds of km east and west along these channels,
leaving deposits that have been linked to source calderas in Nevada (Henry, 2008). As calderas
erupted, covering large parts of Nevada with ignimbrites, the flows traveled down paleochannels,
away from a proposed paleodivide (Fig. 2), and progressively filled them (Henry and John,
2013).

We alternatively propose that the paleovalleys developed in response to localized
topographic uplift during a time when significant magmatic material was added to the crust, with
associated thermally driven uplift. 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., 2012; Henry and John, 2013; Dumitru et al., 2015, 2016). The age of oldest dated
material in each paleovalley decreases systematically southward, broadly accompanied by the
southward progression of volcanism, suggesting that each drainage developed around the time
that volcanism reached that particular latitude. Figure 7 presents a schematic snapshot of the
proposed paleotopographic evolution ca. 36 Ma. We suggest that a highlands developed near the
main eruptive centers at any given time and that the ~N—S-trending middle Cenozoic paleodivide
proposed by Henry (2008), Henry et al. (2012), and Best et al. (2013) was a dynamic one, with
the highest topography located above the region of the most active nested caldera centers.

Evolving southward-moving topography would have tended to disrupt pre-existing
topography and drainages that were holdovers from the Late Cretaceous. Prior to volcanism,
drainages likely flowed east and west away from the axis of the Cretaceous arc (Van Buer et al.,
2009; Sharman et al., 2015). As magmatism swept south across the Sevier hinterland in Eocene
and Oligocene time, creating its own topography, the divide would have shifted eastward to the
main volcanic centers in central Nevada. Preexisting river channels might have been destroyed
by uplift as magmatism migrated southward, including any south-flowing channels that formed
on the southern ramp of the highlands at any given time (Fig. 7). The migrating volcanic front
would have progressively filled any newly developed valleys with resistant volcanic rocks that

eventually (because they blanketed the landscape) left behind an elevated, relatively flat plateau
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such as described by Best et al. (2009), with surface elevations substantially altered by magmatic
and thermal input into the crust.

Because the mapped paleochannels contain basal sedimentary deposits (Fig. S3) whose
MDAs are only known in a handful of places (e.g., Henry, 2008), some paleovalleys could, of
course, have developed before their oldest dated fill. Perhaps partly for this reason, it was
previously assumed that this southward progression of oldest drainage fill occurred without any
significant change in topography or drainage networks as volcanism migrated, and that the
paleovalleys had existed since the Late Cretaceous (Henry, 2008; Best et al., 2009; Henry et al.,
2012; Henry and John, 2013; Cassel et al., 2014, 2018). We note, however that it is unusual that
there are no basal deposits in the mapped paleovalleys that have known ages significantly older
than nearby magmatism. This is especially remarkable considering that ignimbrites were capable
of traveling hundreds of km north and south of their eruptive centers (Henry and John, 2013).
For each stage of migrating volcanism, earliest deposits are preserved near the source calderas,
filling paleovalleys to the west, east, and sometimes north. Yet—critically—the record of fill
preserved at the bottoms of paleovalleys (Fig. 2) shows few to no examples of eruptive products
that would have had to travel significantly south (e.g., >100 km). The likeliest explanation is that
most or all of these drainages simply did not exist significantly before magmatism began at a
given latitude.

Thermally driven topographic uplift is an expected byproduct of both lithospheric
thinning and addition of magmatic material (e.g., Lachenbruch and Morgan, 1990). Removal of
the Farallon slab in middle Cenozoic time is thought to have caused asthenospheric upwelling
and magmatism that would have thinned the lithosphere below the Great Basin (Humphreys,
1995). It is likely that these effects would have rapidly and dramatically increased elevations
during the ignimbrite flareup. Analogous examples of uplift related to migrating volcanism and
asthenospheric upwelling have been documented worldwide. Along the Yellowstone hotspot
track (Snake River Plain on Fig. 1), east-migrating volcanism between middle Miocene time and
the present was accompanied by pronounced uplift, faulting, and shifts of the continental divide
(Anders and Sleep, 1992; Pierce et al., 1992; Coble and Mahood, 2016; Larimer et al., 2019).
Uplift near Yellowstone, for example, has led to 1 km deep river incision since 3.6 Ma (Pierce
and Morgan, 2009), which is comparable to the 1.2 km depth of the Great Basin paleovalleys

(Henry et al., 2012). We propose that the same processes that are active today near Yellowstone
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were active in the Great Basin, but at a grander scale, during the much more voluminous middle

Cenozoic ignimbrite flareup magmatism.

5.3 Regional paleogeographic evolution

In this section, we present a summary view of the evolution of the Late Cretaceous to
Cenozoic paleogeography of the northern Great Basin that we consider most likely given new
and existing data and the geologic history of this region. This summary makes use of two critical
interpretations described above: 1.) A pronounced decrease in 6'®0 values in Cenozoic strata of
northeast Nevada that might indicate substantial uplift approximately synchronous with arrival of
Eocene volcanism, consistent with previous interpretations at other latitudes in the North
American Cordillera, and 2.) That a south-younging pattern of material preserved at the bottom
of middle Cenozoic paleodrainages suggests that drainage networks were reorganized
synchronous with migrating volcanism. The timeline summarized below applies primarily to
northeast Nevada where our study was conducted (right-hand panels of Fig. 6), but it is broadly
applicable to the Sevier hinterland region of the northern Great Basin, especially where

pertaining to regional tectonic events (left-hand panels of Fig. 6).

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

For much of the early Cenozoic, northeast Nevada and much of the Sevier hinterland
region experienced only modest erosion (Fig. 6) and limited surface expressions of tectonism.
This inference is based on reconstructions of the middle Cenozoic unconformity, the
development of paleogeologic maps representing the time before Basin and Range extension,
and observation of generally low conodont alteration index values across much of the Great
Basin (Gans and Miller, 1983; Gans et al., 1990; Crafford and Harris, 2005; Long, 2012;
Konstantinou et al., 2012). Moreover, little or no deposition occurred within the Elko Basin
during this time (Smith et al., 1976; Fouch et al., 1979; Haynes, 2003; Lund Snee et al., 2016).
The regional topographic divide is inferred to have been located along the axis of youngest
magmatism within the Mesozoic Sierra Nevada arc (Figs. 2 and 8a), as indicated by significantly
higher magnitudes of erosion (~5—7 km) compared to 1-3 km across the back-arc region west of
the Sevier fold and thrust belt (Van Buer et al., 2009). The signatures of detrital zircons from

Late Cretaceous—Eocene sediments deposited in the California forearc also indicate derivation
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from the Sierra Nevada magmatic arc (Figs. 1 and 2) and apparently not from further east
(Sharman et al., 2015) supporting the inference that the continental divide lay along the axis of
the Cretaceous arc at this time. Surface-cutting thrust faults were active along the Sevier belt in
the Late Cretaceous and they created topography as the thrust belt developed and shed its
erosional debris into the foreland basin. This is reflected both in the debris and in the Tertiary
unconformity map (e.g., Armstrong, 1968, 1972; Long, 2012; Konstantinou et al., 2012). The
Sevier thrust faults ceased most of their motion by Cenozoic time as deformation moved east to
the Rocky Mountains during the late Campanian to Eocene Laramide orogeny (e.g., DeCelles,
2004). This switch is linked to the onset of shallow slab subduction of the Farallon plate as
documented by both the cessation of magmatism in the Sierra Nevada arc and the eastward shift
in deformation (e.g., Dickinson and Snyder, 1978).

Surface-breaking faulting was limited and localized across the region of the Great Basin
in Late Cretaceous and Paleocene time (e.g., Burchfiel et al., 1992). The most significant
exception is the up to 3 km of normal slip on the high-angle Ninemile fault bounding the Sheep
Pass Basin (Druschke et al., 2009b) (Fig. 1). Localized deposition of conglomerate, siltstone, and
limestone in the Elko Basin before ca. 46 Ma (Lund Snee et al., 2016) could indicate modest
offset along normal faults that have not been clearly identified. These early deposits in the Elko
Basin, as well as the overlying Eocene Elko Formation, the Paleogene strata exposed in the
Sheep Pass Basin, and pre-volcanic conglomerate in the Sacramento Pass region of the Snake
Range (Fig. 1), contain clast compositions and detrital zircon age distributions that reflect
sediment recycling from strata mapped beneath the Cenozoic unconformity (Druschke et al.,
2011; Ruksznis, 2015; Lund Snee et al., 2016; Canada et al., 2020). All of these datasets appear
to preclude significant activity and offset along Late Cretaceous to Eocene faults across northeast
Nevada and, in general, the northern Great Basin. It has been the suggested that the evidence for
large-offset extensional faults at this time has been selectively obscured by Neogene faulting and
sediment deposition (Wells and Hoisch, 2012; Canada et al., 2020). We consider this view
unlikely because the reconstructions of strata beneath the Cenozoic unconformity, the Paleogene
detrital zircon record, and the evidence for minor pre-Miocene tilting all suggest limited pre-

Miocene faulting.
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5.3.2 Middle Eocene (ca. 46—38 Ma): Shallow basins and early volcanism in northeast
Nevada

A network of shallow basins (Fig. 2) developed in northeast Nevada in middle Eocene
time (Fig. 6), by ca. 46 Ma and perhaps locally as early as ca. 49 Ma, as indicated by deposition
of tuffs of these ages that likely arrived as air fall from eruptions in the Challis volcanic field in
central Idaho (Haynes, 2003; Lund Snee et al., 2016; Smith et al., 2017). At about this time, the
Farallon shallow slab is inferred to have begun to steepen (Fig. 8b), triggering upwelling of hot
asthenosphere that contributed to an influx of massive volumes of magma and heat into the crust
(e.g., Armstrong and Ward, 1991; Humphreys, 1995; Konstantinou et al., 2012; Konstantinou
and Miller, 2015). Initiation of these basins may have slightly preceded the arrival of volcanism
in northeast Nevada (Fig. 2) ca. 45-42 Ma (Brooks et al., 1995; Henry, 2008; Konstantinou et al.,
2012). The timing of basin development and possible faulting in northeast Nevada suggests that
these events were related to the onset of large-volume magmatism. Faulting shortly before, and
in rare cases during, middle Cenozoic volcanism is also observed in numerous areas further to
the south (Gans et al., 1989; Best and Christiansen, 1991; Druschke et al., 2009a; Ruksznis,
2015), perhaps as a result of the rapid but differential emplacement of voluminous magma bodies
and heat transfer to the upper crust and/or localized thermal weakening of crust experiencing far
field extensional strain.

It is noteworthy that (initiation of) the large-magnitude decrease in §'3C and §'30 values
occurred immediately before arrival of volcanism to this specific region (Fig. 6) ca. 39-38 Ma
(Ressel and Henry, 2006). The isotopic shifts were also approximately synchronous with a
marked increase of heat input to the crust as indicated by increased high-T mineral (zircon and
monazite) growth ca. 42 Ma at deeper levels of the crust now exposed in the REH MCC (Fig. 6)
(Howard et al., 2011). Changes in surface elevation beginning about this time are also suggested
by the first preserved volcanic fill in east- and west-flowing paleodrainages ca. 4240 Ma (Fig.
2). As discussed above, our preferred hypothesis is that the mapped paleodrainages developed
during magmatism, fundamentally changing an earlier landscape and replacing pre-existing
drainage networks. The northern Elko Basin and the Copper Basin further north (Fig. 2) provide
the first indications of an eastward shift of the topographic divide (Fig. 8b) in middle Eocene

time as deposits preserved in some of these paleovalleys indicate both eastward and westward
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flow of ignimbrites away from an area west and north of the Elko Basin (Fig. 2) in northern

Nevada (Henry, 2018).

Shallow
Eocene
basins

Ancestral Sierra Nevada South-migrating
(Cretaceous topography Cenozoic paleodivide
modified by south-migrating

Cenozoic magma’fi

Eocene-Oligocene
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thermal
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Figure 7. Schematic illustration of southward-migrating topographic uplift in the Great Basin related to the
ignimbrite flare-up. This figure depicts a late Eocene (ca. 36 Ma) snapshot of thermally and magmatically supported
volcanic highlands (to the north). At the latitude of the highlands, the drainage divide has shifted east from its Late
Cretaceous to Paleocene position along the axis of the ancestral Sierra Nevada range (Van Buer et al., 2009) toward
the center of the highlands. However, at latitudes further south, which have not yet experienced surface uplift, the
divide remains along the ancestral Sierra Nevada range. Drainage networks have been reorganized near and north of
the uplifted region, which remains elevated due to input of substantial heat (as indicated by ongoing partial melting
in the Ruby Mountains—East Humboldt Range metamorphic core complex; Fig. 6) and voluminous volcanic and

plutonic material to the crust.

5.3.3 Late Eocene (ca. 38-36 Ma): Active magmatism with volcanism

Sedimentation effectively ceased upon arrival of locally erupted volcanic rocks, which
blanketed the study area with volcanic flows and ignimbrites beginning ca. 38 Ma (Haynes,
2003; Ressel and Henry, 2006; Lund Snee et al., 2016). These deposits left behind a vast, broadly

flat regional volcanic tableland (Best et al., 2009) that persisted with little erosion until the onset
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of Neogene Basin and Range faulting. This is documented by the widespread preservation of
volcanic rocks above the Cenozoic unconformity across the entire northern Great Basin and
adjacent Mesozoic Sierra batholith (e.g., Van Buer et al., 2009; Long, 2012; Konstantinou et al.,
2012). Following the last eruption within the study area ca. 36.8 Ma (Lund Snee et al., 2016),
magmatism continued to propagate southward (e.g., Ryskamp et al., 2008), likely in tandem with

elevation gain (Gans, 1990).

a. 60-50 Ma: Tectonic quiescence in the hinterland
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Figure 8. Cross sections along 40.5°N latitude (line of section shown in Fig. 1) representing the lithospheric and
topographic evolution of the northern Basin and Range province 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 Sp—Ps interpretation of Levander and Miller (2012), and the Juan de Fuca slab position is after Tian and
Zhao (2012) and McCrory et al. (2012).
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5.3.4 Late Eocene to latest Oligocene (ca. 36-25.1 Ma): Volcanic quiescence with little

erosion or faulting (but ongoing magmatism at depth)

It is well documented that partial melting and decompression continued in the deeper
crust within the developing REH MCC and the Albion—Raft River—Grouse Creek (ARG) MCC
to the north (Figs. 1 and 2) long after the cessation of surface volcanism (McGrew and Snee,
1994; McGrew et al., 2000; Howard et al., 2011; Konstantinou et al., 2013a; Lund Snee et al.,
2016). The persistence of elevated temperatures, together with ongoing and prior magmatic
additions to the crust, likely ensured continuing elevated topography. Remarkably, little surface
deformation accompanied both magmatism and crustal flow at depth, except perhaps
immediately above the MCCs, where the record is incomplete due to Neogene faulting and
erosion (Colgan et al., 2010; Konstantinou et al., 2013a). Lund Snee et al. (2016) documented
10-15° tilting events between ca. 36.8-33.9 Ma and between ca. 31.1-24.4 Ma (now constrained
between ca. 31.1-25.1 Ma) that they interpreted to represent local deformation associated with
deeper crustal flow leading to surface adjustments in topography, either by faulting and/or
doming in the developing MCC. A similar lack of significant surface deformation at this time is
observed elsewhere across the region, including near the other Great Basin MCCs (Miller et al.,
1999; Henry et al., 2011; Konstantinou et al., 2012; Ruksznis, 2015). The near absence of
sedimentary deposits that span ca. 38—25 Ma (or later) in the study area (Fig. 6) and throughout
the northern Great Basin (Henry et al., 2011) provides additional evidence that very little
surface-breaking faulting occurred for at least 10 Ma following volcanism. This also suggests
that the region did not experience significant subsidence, which might have created

accommodation space for sediment deposition.

5.3.5 Latest Oligocene to middle Miocene (ca. 25.1-16.5 Ma): Little erosion and limited

Sfaulting

It is generally accepted that Basin and Range normal faulting and exhumation initiated
ca. 17 Ma (e.g., Stockli, 2005; Colgan et al., 2010). However, the sedimentary record in the study
area indicates that lacustrine sedimentation (an indication of the formation of accommodation
space for sediment) was possibly associated with initial slip along Basin and Range faults as
early as ca. 25.1 Ma, based on the MDA of the earliest lacustrine sediments deposited above

Eocene and Oligocene volcanic rocks in the study area (Figs. 4b and 5). Minor deposition in the
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latest Oligocene or earliest Miocene has also been recorded near the ARG and Snake Range

MCCs (Gans et al., 1989; Miller et al., 1999; Konstantinou et al., 2012; Ruksznis, 2015).

5.3.6 Middle Miocene (ca. 16.5 Ma) to present: Rapid and then more gradual extension

Rapid slip along Basin and Range normal faults initiated ca. 17-16 Ma across most of the
central part of the northern BRP (Figs. 1, 2, and 8c) and then propagated west, east, and north
(Noble, 1972; Lund et al., 1993; Miller et al., 1999; Surpless et al., 2002; Stockli, 2005; Colgan
et al., 2006, 2010; Lerch et al., 2008). Across this same region, the rate of extension decreased
beginning ca. 12—-10 Ma (e.g., Colgan and Henry, 2009) and continues at a slow rate today as
active slip is primarily focused on faults now bounding the province (Thatcher et al., 1999;
Kreemer et al., 2010). Measured §'%0 values were relatively low (mostly <15%o) before and
during rapid fault slip and extension in the Elko Basin region, potentially implying that extension
began across a region where elevations were already high.

Although the ~4%o increase in §'30 values that occurred in the study area before the
middle Pliocene may not indicate elevation loss (as noted above), evidence from drainage
patterns show that northern Nevada decreased in elevation relative to central Nevada after
middle or late Miocene time (Wallace et al., 2008; Camilleri et al., 2017). In several other areas
across Nevada and eastern California, a modest increase in 6'%0 values (~2—5%o) occurred
broadly between middle Miocene and late Pliocene time (in some cases perhaps beginning as
early as early Miocene and elsewhere beginning as late as late Miocene), approximately at the
same time as in the Elko region or perhaps slightly earlier (Poage and Chamberlain, 2002;
Horton and Chamberlain, 2006; Kent-Corson et al., 2006). These suggestions are consistent with
leaf physiognomic data from western Nevada, which suggest that elevations fell from <3 km

around 16—15 Ma to <2 km by 14-12 Ma (Wolfe et al., 1997).

5.4 Implications for paleotopography including the Nevadaplano model

The paleogeographic and crustal evolution suggested by the synthesis of existing data
with new data and improved age constraints that is presented here (Fig. 6) has direct implications
for the topographic evolution of the region that lay between the axis of the Cretaceous arc and
the Sevier thrust belt, often referred to as the “hinterland.” A number of models for the Late

Cretaceous and Cenozoic evolution of the hinterland across the Great Basin, especially those that
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invoke a high plateau or Nevadaplano resulting from Mesozoic shortening, do not appear to be
compatible with geologic, geochronologic and isotope data as they bear on topography, faulting
and the evolution of drainage patterns. The Nevadaplano was originally defined by DeCelles
(2004) as a low-relief, high-elevation (potentially >3 km) plateau in eastern Nevada and western
Utah that was situated west of the Sevier fold and thrust belt and east of the Sierra Nevada (Fig.
1) in Late Cretaceous time (possibly forming as early as the Late Jurassic and persisting into the
Cenozoic).

Multiple lines of evidence presented here suggest that the region became a plateau-like
highlands much later than Mesozoic time, roughly synchronous with and continuing after
Cenozoic volcanism swept across the region (Fig. 2), before falling modestly to its present ~1.75
km elevations during and/or after Basin and Range extension. This growing database is also
inconsistent with suggestions that such a high plateau was supported by gravitationally unstable
crust overthickened by Mesozoic shortening (e.g., Sonder et al., 1987; Chase et al., 1998;
Druschke et al., 2009b; Wells et al., 2012; Wells and Hoisch, 2012) because of the lack of
evidence for significant extensional faulting until after the onset of Cenozoic magmatism.
Simply put, the heat budget represented by Cenozoic magmatism far exceeds that related to
thermal equilibration of crust thickened by thrust faulting. However, it is indeed likely that
topographic relief was low across most of the Sevier hinterland before middle Cenozoic time,
based on the depositional patterns of far-traveled Cenozoic ash-flow tuffs (Best et al., 2009) and
the modest magnitudes of pre-Eocene erosion and tilting documented in the Elko region (Brooks
et al., 1995; Henry et al., 2011; Lund Snee et al., 2016; Canada et al., 2019; this study) and
across the hinterland in general (Gans and Miller, 1983; Gans et al., 1990; Crafford and Harris,
2005; Van Buer et al., 2009; Long, 2012; Konstantinou et al., 2013b). Suggestions that the
hinterland was characterized by rugged, mountainous topography (Druschke et al., 2011; Snell et
al., 2014; Bahadori et al., 2018; Bahadori and Holt, 2019) are clearly at odds with these
observations.

Few constraints are available for absolute elevations of the Sevier hinterland during Late
Cretaceous and Cenozoic time. Snell et al. (2014) estimated >2 km elevation and potentially up
to 3.1 km in latest Cretaceous time in east-central Nevada by comparing measurements from
clumped isotope thermometry from lacustrine carbonates in the Sheep Pass Basin (Fig. 1) to

those in carbonates preserved within redbeds deposited near sea level in central Utah. This
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measurement remains one of the only estimates for the time span before the onset of middle
Cenozoic volcanism and its associated surface uplift. Measurements from Eocene fossil leaves in
Copper Basin (Figs. 1 and 2), representing the time approximately at the onset of volcanism,
provide widely distributed elevation estimates ranging from 0.6—1.2 km (Christiansen and Yeats,
1992) 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 (Chase et al., 1998). This broad range complicates efforts to employ these estimates
quantitatively. We consider estimates that some paleovalleys reached up to 1.2 km deep, and in
some cases possibly more (Henry et al., 2012), to provide the most definite minimum bounds on
hinterland elevation. However, those estimates only reflect the time when the paleovalleys were
active, which we suggest was likely upon the arrival of magmatic activity that varied by latitude
between middle Eocene and middle Miocene time (Figs. 2 and 7).

Other studies focused on the 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 Ma on the basis of relatively low 6D values
in altered volcanic glass (Cassel et al., 2009, 2014, 2018). However, the 6D values vary
considerably over time and space. This led Cassel et al. (2018) to propose that elevations across
the hinterland were ~2.25-3.0 km in late Eocene time and then fell by ~0.5—1 km by early
Oligocene time, followed by ~1.5 km uplift between the early and late Oligocene to as high as
3.5 km in central Nevada, before eventually falling to present-day mean elevations around 1.75
km. Such oscillatory elevation changes are not compatible with the contemporaneous §'0
record of the Elko Basin region (Fig. 6). They are also difficult to reconcile with geologic
evidence as they would seem to imply multiple episodes of substantial faulting and
sedimentation. The volcanic glass §D measurements were obtained from a wide range of
latitudes across the Great Basin and surroundings, under the assumption that elevations at any
time period would be comparable at different locations (see Cassel et al., 2018). If elevations
were strongly affected by migrating magmatism, as we suggest, then this assumption is invalid.

It is possible that the middle Cenozoic uplift that we document here simply added to
already high elevations (>2 km) that were the result of crustal thickening during Sevier fold and
thrust belt development. There are several reasons why this is unlikely. First, further elevation
increase above already high values would require later high-magnitude elevation loss through

erosion or extensional collapse that is not clearly demonstrated in the geologic or isotopic
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records. Second, marine fossils, stable isotope data, and detrital populations show that the
southern Sierra Nevada and areas slightly to the east (~35.5°N latitude), which have a similar
geologic history to the Great Basin, were at or near sea level in the Paleocene and remained very
low (<1 km) into Eocene time (Lofgren et al., 2008; Lechler and Niemi, 2011b). Eocene time is
exactly when a high plateau associated with crustal thickening should have been present in that
region. If a significantly elevated plateau was present across the Great Basin in Late Cretaceous
and Paleogene time, then it would have been limited to areas north of ~37-38°N and bounded on
the south by a steep ramp leading nearly to sea level. Third, the apparent absence of detritus
sourced from the Sevier hinterland in Late Cretaceous to early Eocene sediments of the northern
California forearc (Sharman et al., 2015) suggests that river systems in Nevada may not have
flowed west across the Sierra Nevada batholith (as suggested by Cassel et al., 2012b) or north
into the Late Cretaceous Kione (Dumitru et al., 2016) or early Eocene Princeton (Dumitru et al.,
2012) paleorivers during this time. The first U-Pb detrital zircon age population that could
represent deposition into the northern California forearc from northeastern Nevada has been
detected in deposits of the middle Eocene Upper Markley Formation sandstone near San
Francisco Bay (Gooley et al., in review). This suggests that, from Late Cretaceous through early
Eocene time, much of Nevada was lower than the area of the Mesozoic Sierra Nevada batholith
to the west (Fig. 1) and also not able to drain northward into Idaho and Oregon. Fourth and
finally, it is challenging to explain dramatic elevation losses such as those proposed by, e.g., Best
et al. (2009) given updated estimates of only moderate (40-50%) magnitudes of total extension
across the Great Basin (e.g., Colgan and Henry, 2009; Long, 2018).

5.5 Implications for crustal thickness

The data presented here are 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), for at least two reasons. First, the stable isotope and geologic
data suggest a pronounced elevation increase, not decrease, in middle Cenozoic time, long after
Mesozoic shortening. After this, §'80 remained low through middle Miocene time, suggesting
that elevations stayed approximately the same long after volcanism, which is consistent with the
inferred large volumes of magmatic material added to the crust and evidence that high crustal

temperatures were maintained up to the time when basin-and-range faulting began (Fig. 6).
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Evidence for topographic gain rather than extensional collapse in Paleogene time implies that
crustal thickness was probably not a primary cause of topographic changes. This evidence for
regionally modest and relatively unchanging elevation followed by topographic gain in middle
Cenozoic time also directly contradicts suggestions that elevations of the Colorado Plateau
increased markedly in Late Mesozoic to Paleogene time due to channelized flow of ductile lower
crust eastward from the hinterland toward the Colorado Plateau (e.g., McQuarrie and Chase,
2000).

Second, the timing and magnitude of extensional events are not compatible with collapse
of overthickened crust. Not only did appreciable extension not take place until the middle
Miocene (e.g., Colgan and Henry, 2009; Konstantinou and Miller, 2015), long after the end of
shortening, but estimates for only 40-50% total extension across the northern BRP (McQuarrie
and Wernicke, 2005; Colgan and Henry, 2009; Long, 2018) are insufficient (when restored) to
yield crustal thicknesses of 60 km or more, as has been assumed by a number of studies invoking
this model (e.g., Sonder et al., 1987; McQuarrie and Chase, 2000; DeCelles and Coogan, 2006;
Best et al., 2009). Restoration of extension across the northern BRP at ~39°N (Fig. 2) yielded a
mean pre-extensional (but post-volcanic) crustal thickness of ~54 km, reaching up to ~60 km in a
zone crossing the Nevada—Utah border that includes the Sevier Desert (Long, 2018) and
coinciding with the ~N—S-trending crustal welt that developed due to thrusting in the Sevier belt.
Accounting for potentially multiple km of magmatic addition to the crust in Cenozoic time could
reduce this estimated mean to ~50 km. In fact, the ~50% extension estimate by McQuarrie and
Wernicke (2005) and the ~46% estimate by Long (2018) are upper bounds because both assumed
large magnitudes of low-angle normal slip on the controversial (e.g., Anders and Christie-Blick,
1994) Sevier Desert detachment. Assuming mass balance along strike and accounting for the
present-day crustal thicknesses of ~31£3 km (e.g., Shen and Ritzwoller, 2016), the estimates of
extension suggest instead that mean crustal thicknesses of ~45—-50 km underpinned the region
following shortening and might have been even less after considering Cenozoic magmatic
addition.

A sophisticated 2D (map view) model by Bahadori et al. (2018), showed that
retrodeforming crustal thicknesses based on the restoration by McQuarrie and Wernicke (2005),
together with an isostatic compensation model, would produce a narrow, tall (crest >4 km and

peaks >6 km) mountain range atop the narrow welt of crust ~55-60 km thick suggested by Long
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(2018). Flanking the crustal welt, their model yielded very thin (~30—45 km) crust over most of
central and western Nevada. The modeled mountain chain is significantly (=200 km in northern
and central Nevada) east of the middle Cenozoic paleodivide inferred by Henry et al. (2012) and
Best et al. (2013) using the paleoflow directions of channelized ignimbrites, and incompatible
with the broad, migrating highlands that we propose (Figs. 2 and 7). The suggestion of a rugged,
>4 km-tall mountain belt along the Utah-Nevada border is also at odds with indications that pre-
volcanic erosion magnitudes were modest and smoothly distributed throughout the area of the
inferred crustal welt (Gans and Miller, 1983; Miller and Gans, 1989; Long, 2012; Konstantinou
et al., 2012). The disagreement between the geologic data and the crustal thicknesses and
topography estimates suggests the need for retrodeformation studies that consider the limited
crustal thicknesses that lay beneath the passive margin sequence west of its depositional
hingeline, use of updated models of Cenozoic extension, and greater focus on regional-scale

lower crustal flow that would flatten the Moho during extension (Gans, 1987).

S CONCLUSIONS

In this paper, we have added new stable isotope measurements, geochronology, and
geologic mapping from the Elko Basin region of northeast Nevada to a large body of previously
published data in order to clarify and place tighter temporal brackets on the geologic evolution of
this region and the surrounding northern Great Basin throughout the Late Cretaceous to Miocene
time interval. The data are in turn used to evaluate the multitude of hypotheses about the crustal
thickness, crustal evolution, onset of extension, and topographic elevation and relief of the
hinterland region between the Sierra Nevada Cretaceous arc and the Sevier foreland fold and
thrust belt to the east (Fig. 1). Multiple lines of evidence discussed here suggest that the Sevier
hinterland was a broad, low-relief plain subject to only modest erosion from the Late Cretaceous
through much of Paleogene time. During that time, the continental divide lay along the axis of
the Cretaceous arc. Minor-offset faulting, tilting and sedimentation began in the middle Eocene,
likely contemporaneous with a major (~12%o) decrease in §'30 values. The isotopic shift forms
part of a regional trend of south-younging negative isotopic shifts documented in fluvial-
lacustrine carbonates that, together with geologic data, suggest diachronous topographic uplift
that approximately tracks surface volcanism (Gans, 1990; Kent-Corson et al., 2006; Mix et al.,

2011; Chamberlain et al., 2012).
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Due to appreciable magmatic inflation and thermally-driven uplift, the drainage divide
located along the axis of the Cretaceous arc (Van Buer et al., 2009; Sharman et al., 2015) stepped
eastward to northeast Nevada in a south-progressing fashion (Figs. 7 and 8). We envisage that
migrating magmatism produced broad, southward-growing highlands, forming a divide centered
on the areas of highest caldera density and thermal input into the crust (Fig. 8b). The highlands
would have maintained much of their elevation long after being established, and up to the onset
of basin and range faulting, due to the continued addition of magma and heat to the crust, the
latter of which has been documented to have occurred at least to 25 Ma (McGrew and Snee,
1994; Strickland et al., 2011; Konstantinou et al., 2012, 2013a; Konstantinou and Miller, 2015).
Uplift roughly coincident with onset of volcanism (Fig. 7) appears to be the simplest explanation
for the south-younging pattern of oldest fill recorded in the network of mapped middle Cenozoic
paleodrainages across much of the Great Basin (Fig. 2), suggesting that pre-existing drainages
were profoundly disrupted and their deposits mostly eroded away as the highlands migrated
southward.

Eventually, rapid Basin and Range extension between ca. 17-10 Ma (e.g., Stockli, 2005;
Colgan, 2013) reduced the crust to its present ~30 km thickness (e.g., Shen and Ritzwoller,
2016), from peak thicknesses that reached averages of only ~45—-50 km after addition of
Cenozoic magmas. A later episode of drainage reorganization indicates that elevation in northern
Nevada declined relative to central Nevada beginning after middle or late Miocene time (Wallace
et al., 2008; Camilleri et al., 2017). It is notable that appreciable extension began long after
Mesozoic shortening and middle Cenozoic volcanism . This timing, together with the evidence
for migrating topography presented here, is incompatible with models that propose that extension
was driven by gravitational collapse of a high plateau that developed due to Mesozoic crustal
shortening. Instead, rapid extension in middle Miocene time was likely caused by a combination
of removal of the flat-subducting Farallon slab (Armstrong and Ward, 1991) and changing
tectonic boundary conditions associated with development of the San Andreas transform margin
(see Spencer and Normark, 1979; Stock and Hodges, 1989; Dickinson, 2002; Colgan and Henry,
2009; Bahadori and Holt, 2019). These events allowed extension to occur rapidly along a vast
region of thermally weakened crust beneath the future Basin and Range ca. 17 Ma (e.g., Stockli,
2005). Extension was likely driven by thermal elevation and gravitational potential energy that

remained high following intense middle Cenozoic magmatism.
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