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Abstract

Records of terrestrial environmental change indicate that continental cooling and/or aridification
may have predated the greenhouse—icehouse climate shift at the Eocene—0Oligocene transition (EOT)
by ca. 600 kyr. In North America, marine-terrestrial environmental change asychronicity is inferred
from a direct comparison between the astronomically tuned marine EOT record, and published
Ar/*Ar geochronology of volcanic tuffs from the White River Group (WRG) sampled at Flagstaff
Rim (Wyoming) and Toadstool Geologic Park (Nebraska), which are type sections for the Chadronian
and Orellan North American Land Mammal Ages. We present a new age-model for the WRG,
underpinned by high-precision **Pb/>*®U zircon dates from 15 volcanic tuffs, including six tuffs

281 dates from this

previously dated using the “°Ar/*’Ar technique. Weighted mean zircon **°Pb/
study are up to 1.0 Myr younger than published anorthoclase and biotite “°Ar/*°Ar data (calibrated

relative to Fish Canyon sanidine at 28.201 Ma). Giving consideration to the complexities, strengths,
and limitations associated with both the *“°Ar/**Ar and *®*Pb/**3U datasets, our interpretation is that

238

the recalculated “°Ar/*Ar dates are anomalously old, and the 206pp /238 (zircon) dates more

accurately constrain deposition. 2*Pb/*U calibrated age-depth models were developed in order to



facilitate a robust intercomparison between marine and terrestrial archives of environmental

change, and indicate that: (i) early Orellan (terrestrial) cooling recorded at Toadstool Geologic Park
was synchronous with the onset of early Oligocene Antarctic glaciation and (ii) the last appearance
datums of key Chadronian mammal taxa are diachronous by ca. 0.7 Myr between central Wyoming

and NW Nebraska.
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Highlights

e U-Pb dated White River tuffs are ca. 0.6 Myr younger than published “°Ar/**Ar data
e Terrestrial climate shift across the EOT coincides with Antarctic glaciation
e Mammal first and last occurrence events are diachronous by 0.7 Myr over 400 km

e Tuning of the Oligocene time scale to the 405 kyr eccentricity signal is correct

1 Introduction

During the Eocene—0ligocene transition (EOT, 34.0-33.5 Ma) the Earth’s climate shifted abruptly
from greenhouse to icehouse mode, resulting in the development of a continent-scale Antarctic ice-
sheet (lvany et al., 2006; Shackleton and Kennett, 1975; Zachos et al., 2001). Marine records of the
EOT are characterized by a stepwise 1.2—1.5 %o positive shift in benthic foraminiferal 6'°0 values,
which took place over ca. 400 kyr, and was synchronous across ocean basins (Cramer et al., 2009;
Coxall et al., 2005; Pélike et al., 2006; Pearson et al., 2008; Zachos et al., 1996). The timing of events
surrounding the marine EOT is established by the astronomical tuning of the ODP Site 1218 record
from the equatorial Pacific (Palike et al., 2006; hereafter ATPS06), which provided continuous
coverage between chrons C1n-C19n (0—41.5 Myr). The detailed pattern of the §'0 shift varies
between localities and is dependent on stratigraphic completeness and sampling resolution, but two

major events are widely recognised: (i) a precursor event (EOT-1) marked by a ca. 0.5 %o 6'°0



increase around 34.0-33.8 Myr associated with >2 °C decrease in sea-surface temperatures, and (ii)
a ca. 1.0 %o 60 positive shift (Oi-1 event) at 33.6 Myr, close to the base of magnetochron C13n,
related to further cooling and Antarctic ice-sheet expansion (Coxall et al., 2005; Katz et al., 2008;
Wade et al., 2012). Coeval terrestrial records from the Americas, Europe, and Asia exhibit a wide
range of responses to marine cooling and Antarctic ice-sheet growth, from relative climatic stability
(Grimes et al., 2005; Kohn et al., 2004; Retallack et al., 2004) to a >4 °C drop in mean annual
temperature (MAT) (Hren et al., 2013; Wolfe, 1994; Zanazzi et al., 2007; Zanazzi et al., 2009), and a
shift towards more arid conditions (Boardman and Secord, 2013; Dupont-Nivet et al., 2007; Xiao et
al., 2010; Zhang and Guo, 2014). Where significant environmental changes are present in the
terrestrial record, their timing relative to the marine EOT is established based on
magnetostratigraphy, (e.g. Hren et al., 2013; Dupont-Nivet et al., 2007) and to a lesser extent
“Ar/*°Ar dating of volcanic tuffs (e.g. Boardman and Secord, 2013; Zanazzi et al., 2007; Zanazzi et al.,
2009) and floating astronomical time scales (Xiao et al., 2010). Combined, these studies indicate that
although terrestrial environmental change broadly coincided with the EOT-1 and Oi-1 interval at
some localities (Hren et al., 2013; Xiao et al., 2010), at others it apparently predates changes
associated with the marine EOT by 100—600 kyr (Boardmann and Secord, 2013; Zanazzi et al., 2007;

Zanazzi et al., 2009; Zhang and Guo, 2014).

Extensive radio-isotopic dating of the terrestrial EOT has so far only been carried out on volcanic
tuffs intercalated in the White River Group (WRG) in North America (Obradovich et al., 1995;
Swisher and Prothero, 1990). The predominantly fluvial and eolian deposits of the WRG host one of
the richest known late Eocene—Oligocene mammal fossil assemblages, which form the basis for the
definition of the Chadronian, Orellan and Whitneyan North American Land Mammal Ages (NALMA)
(Prothero and Emry, 1996; Prothero and Whittlesey, 1998; Wood et al., 1941). The Chadronian—
Orellan boundary is considered broadly equivalent to the EOT (Prothero and Swisher, 1992; Swisher
and Prothero, 1990). Stable isotope analyses of fossil mammal teeth and bones from Toadstool

Geologic Park (hereafter TGP), a key WRG locality in NW Nebraska (Figure 1.A), shows a 1.0-1.5 %o
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increase in mean 60 across the Chadronian—Orellan transition, interpreted as 7.1 + 3.1°C drop in
MAT (Zanazzi et al., 2007; Zanazzi et al., 2009). A ca. 8 °C drop in MAT is also supported by regional
paleobotanical studies from western North America (Wolfe, 1994) across this interval. However, in
an alternative interpretation of the TGP stable isotope record, Boardman and Secord (2013)
attributed the Chadronian—Orellan shift in tooth enamel 6'°0 to increased aridity, resulting in a

decline of wet habitats and a proliferation of less water-dependent mammals, rather than cooling.

The accuracy of published “Ar/**Ar data from the WRG, and the TGP record itself (Obradovich et al.,
1995; Swisher and Prothero 1990), is a critical factor in the correlation of environmental change in
North America to the marine EOT. The accuracy of “°Ar/>*°Ar dates is controlled by the accuracy of
the “°K decay constant, the assigned age of the mineral standard used (usually Fish Canyon sanidine,
hereafter FCs), and the nature and complexity of the analysed material. “°Ar/>*°Ar dates from the
WRG were reported relative to an FCs age of 27.84 Ma (Swisher and Prothero, 1990), and the “°K
decay constant recommended by Steiger and Jager (1977). Over the last two decades the age of FCs
has been the topic of ongoing revisions, through calibration relative to primary K-Ar standards,
astronomically dated tuffs, and the U-Pb system. Recent results converge towards a FCs age of ca.
28.20 Ma with an uncertainty of less than 0.1 Myr (Kuiper et al., 2008; Renne et al., 1994; Renne et
al., 2010; Renne et al., 1998; Rivera et al., 2011; Wotzlaw et al., 2013). The 40K decay constant has
also been revised through intercalibration and statistical optimization of the *°Ar/*°Ar and U-Pb

systems (Min et al., 2000; Renne et al., 2010).

Recalculation of published “Ar/*°Ar data from the WRG (Swisher and Prothero, 1990) relative to a
FCs age of 28.201 + 0.046 Ma (Kuiper et al., 2008) and a “°K decay constant value of 5.37 x 10™°/yr
(Min et al., 2000), both adopted in the 2012 edition of the Geological Time Scale (GTS12) (Gradstein
et al., 2012), results in a 1.28%, or ca. 450 kyr increase in numerical age. This increase exceeds the
typical age uncertainty quoted for the WRG tuffs, which is on the order of + 0.1-0.2 Myr (all

uncertainties are 2o unless otherwise stated), and has a significant impact on the age of events



recorded in the WRG when considered relative to the marine EOT chronology based on ATPS06.
Recalculated “°Ar/*°Ar dates from tuffs found within magnetochrons C16n.1n—C12n, (Prothero,

1996; Prothero and Swisher, 1992) are up to 600 kyr older than expected based on the ATPS06.
Additionally, calibration of the TGP stable isotope record (Boardman and Secord, 2013; Zanazzi et al.,
2007; Zanazzi et al., 2009) relative to these recalculated “°Ar/*°Ar dates suggests that the
Chadronian—Orellan 6'0 shift predates cooling in the marine realm by ca. 600 kyr. The possible
causes of these discrepancies include potential inaccuracies in the “OAr/*Ar dataset, errors in the
magnetic polarity pattern of the WRG, and/or inaccuracy of the ATPS06. However, if both the
recalculated “°Ar/*Ar dates from the WRG, and the ATPS06 are accurate, the implication is that
cooling and/or aridification in central North America was offset from the early Oligocene Antarctic

glaciation.

Published mineralogical data (Larson and Evanoff, 1998) and a pilot study of tuffs from E Wyoming
(Scott et al., 1999) point towards high-precision U-Pb dating of zircon as a viable alternative for
refining the numerical age calibration of the WRG record. The accuracy of U/Pb zircon data is

28 decay constant, determined through alpha counting

controlled by the accuracy of the
experiments (Jaffey et al., 1971), and the gravimetric calibration of isotopic tracer solutions which is
traceable to Sl units (Condon et al., 2015; McLean et al., 2015). As such there is a potential to
produce **°Pb/**U (zircon) based radio-isotopic ages with total uncertainties of ca. 0.12% which
have a resolving power (i.e., precision which does not include systematic sources of uncertainty) on
the order of 0.05%. When coupled with the availability of multiple closely spaced tuffs, the high
resolving power of the method allows for the assessment of complex zircon populations, and the

accurate identification of analyses affected by pre-, and post-eruptive bias, resulting in robust

eruption ages.

In this paper we present high-precision 2*Pb/***U chemical abrasion isotope dilution thermal

ionization mass spectrometry (CA-ID-TIMS) zircon dates for 15 WRG tuffs from central Wyoming and



NW Nebraska (Figure 1), six of which have been previously dated using the *“°Ar/**Ar technique
(Obradovich et al., 1995; Swisher and Prothero, 1990). These dates provide an improved age model
for the deposition of the WRG, and are used to (i) assess whether environmental and faunal change
across the EOT in North America was offset from, or coincident with, and possibly related to,
changes in the marine realm, and (ii) to improve the numerical age calibration of the Chadronian—

Whitneyan NALMAs.

2 Geological setting of the WRG

The WRG succession comprises fluvial and eolian deposits that accummulated in the North American
midcontinent (Figure 1.A) and adjacent Rocky Mountain basins during the late Eocene and early
Oligocene (ca. 37—29 Myr). Deposits consist of fine-grained reworked volcanic sediments and, to a
lesser extent, siliciclastic material derived from the Hartville, Laramie and Black Hills uplifts (Clark,
1975; Stanley and Benson, 1979), interspaced with primary air-fall tuffs. The volcanic material was
sourced from explosive volcanism in Nevada and Utah (Larson and Evanoff, 1998), ca. 500-800 km
south-west of the main WRG outcrops. As a result, both the thickness of individual stratigraphic
units within the WRG, and the grainsize of primary volcanic tuffs decrese from south-west to north-
east, as distance from the source area increases (Emry et al., 1987). The lithostratigraphic
nomenclature varies between localities (LaGarry, 1998; Terry, 1998; Terry and LaGarry, 1998), with
White River deposits ranked as a group in Nebraska and South Dakota and as a formation in
Wyoming. Volcanic tuff samples for this study were collected from two localities: Flagstaff Rim in

Wyoming, and TGP in Nebraska.

2.1 Flagstaff Rim

The Flagstaff Rim section is situated in central Wyoming, ca. 20 km southwest of Casper (Figure 1.A).

The White River Formation, exposed in a 200 m high cliff and smaller surrounding outcrops, overlies



the Cretaceous Cody Shale, and is in turn unconformably overlain by the Miocene Split Rock
Formation (Emry, 1973). The White River Formation at this locality consists mainly of volcaniclastic
overbank siltstones, interbedded with tabular and lenticular channel sandstones. 17 volcanic tuffs
have been identified at Flagstaff Rim (Figure 1.B), the most prominent of which are labelled A to J
(Emry, 1973). Mammal assemblages from the lower part of the section, up to 15 m below the B tuff,
indicate a late early Chadronian age, while the interval from 15 m below the B tuff to 15 m above
the G tuff has been designated as the type section for the middle Chadronian (Prothero and Emry,
1996; Prothero and Emry, 2004). The presence of brontotheres up to the level of the J tuff indicates
that the top of the Flagstaff Rim succession is of late Chadronian age (Emry, 1992). According to
existing literature, the section spans magnetochrons C16n.1n—C15n (Prothero and Swisher, 1992).
Estimates of the time interval represented at Flagstaff Rim vary from 0.6 Myr based on
magnetostratigraphic correlation to ATPSO06, to ca. 1 Myr based on sanidine “°Ar/*°Ar dates from the
B and J tuffs (Obradovich et al., 1995), and ca. 1.5 Myr based on biotite and anorthoclase “°Ar/*’Ar

dates from the B, F, G, |, and J tuffs (Swisher and Prothero, 1990).

2.2 Toadstool Geological Park

TGP is situated in nortwestern Nebraska, ca. 20 km west of Chadron (Figure 1.A), and consists of a
series of laterally continous outcrops spread over ca. 6 km? along Big Cottonwood Creek.
Lithostratigraphically the TGP succession comprises the Chadron and Brule Formations of the WRG
(Figure 1.C). The Chadron Formation is further subdivided into the Peanut Peak Member, consisting
of bluish green, gray, and olive claystones (Terry, 1998), and the overlying Big Cottonwood Creek
Member which comprises primarily volcaniclastic overbank silty claystones, interbedded with
tabular and lenticular channel sandstones (Terry and LaGarry, 1998). The Brule Formation is
subdivided into the Orella, Whitney, and Brown Siltstone Members. The Orella Member consists of
thinly interbedded brown and brownish-orange volcaniclastic overbank clay-, and siltstones and

bluish-green overbank sheet sandstone, while the Whitney Member mostly comprises pale-brown



massive, nodular, eolian siltstones (LaGarry, 1998). The TGP sedimentary succession spans the late
Chadronian, Orellan and Whitneyan NALMAs (Prothero and Whittlesey, 1998). The boundaries of
these NALMAs do not coincide with those of similarly named lithostratigraphic units, with the
Chadronian—Orellan transition defined by the first appearance of the artiodactyls Hypertragulus
calcaratus and Leptomeryx evansi ocurring ca. 10 m below the contact between the Chadron
Formation and the Orella Member of the Brule Formation (Zanazzi et al., 2009). The central part of
TGP is occupied by a multi-storey complex of Orellan channels, which incised ca. 20 m into the
underlying Chadronian deposits, however the Chadronian—Orellan boundary interval is preserved
outside the channel complex. Magnetostratigraphically, the TGP section spans chrons C15r-C12n
(Prothero, 1996). Of the seven volcanic tuffs identified so far at TGP, only the Upper and Lower
Whitney Ashes have been previously dated using the “°Ar/*’Ar technique, producing recalculated
ages of 30.97 + 0.36 Ma (biotite) and 32.25 + 0.06 Ma (anorthoclase), respectively (Swisher and

Prothero, 1990).

3 U-Pb zircon dating of volcanic tuffs from the WRG

We collected 23 volcanic tuff samples from Flagstaff Rim and TGP which are briefly described in the
Supplementary Information (Section S1). Of these, 15 samples yielded abundant euhedral zircons of
broadly similar morphology, with frequent melt inclusions, and aspect ratios of 5—7. Overall, zircons
recovered from the TGP tuffs were slightly smaller (100—200 um in length) than those from Flagstaff
Rim (100-400 pm). A total of 197 single zircons crystals and crystal fragments (6—19 grains/sample)
were analysed using CA-ID-TIMS methodologies employed at the Natural Environment Research
Council Isotope Geosciences Laboratory (NIGL), British Geological Survey. Details of analytical
protocols, along with tabulated results, are included in the Supplementary information (Section S2,
Table S2). However, two important points are briefly outlined here: (i) all zircons were chemically
abraded (Mattinson, 2005) prior to dissolution in order to minimise the effects of Pb—loss; and (ii) all
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samples were spiked using the gravimetrically calibrated ET535 or ET2535 EARTHTIME U-Pb tracer

solutions (Condon et al., 2015; McLean et al., 2015).

Low-precision data characterised by radiogenic to common Pb (Pb*/Pb,) ratios below 1 (n=18) were
excluded from further interpretation. Three normally discordant analyses with high radiogenic Pb
content (>25 pg, compared to an average of 7 pg for the rest of the dataset) reflect the presence of
older inherited cores. A further five analyses, characterised by Pb*/Pb. < 5, and thus sensitive to
common Pb correction, gave reversely discordant data which may be attributed to the presence of a
second source of common Pb in addition to laboratory blank, likely in the form of mineral and/or
melt inclusions. All discordant analyses were excluded from further interpretation. The analytical
precision of the remaining ***Pb/***U dates varied between 0.04-0.78% (0.02—0.27 Myr). Zircon
dates from each sample showed significant scatter over 0.4—3.0 Myr, in excess of analytical
uncertainty. Potential causes for this scatter include post-depositional Pb—loss, pre-eruptive
processes, either through the recycling of older xenocrysts or prolonged crystallization prior to
eruption, and post-eruption reworking during transport, sedimentation, and subsequent
pedogenesis. 2°°Pb/?**U dates from cathodoluminescence imaged zircons (see Supplementary
Information, Figure $3.1) suggest that scatter on the order of a few hundred kyr is present even
within zircon populations that appear to be free of inherited cores. Part of the observed scatter is
likely caused by detrital zircons incorporated during deposition, as most WRG tuffs exhibit root
traces on a scale of a few tens of cm, and the background sedimentation of the WRG mostly consists

of reworked volcaniclastic material which is fractionally older than the depositional ages.

Due to the issues outlined above, assignment of an ‘eruptive age’ based upon a spectrum of zircon
2%%pp /238y dates requires an element of subjective data selection. Typically, coherent populations of
youngest dates are combined via a weighted mean calculation to derive an age, however
incorporation of dates from material which substantially predates eruption will bias the

interpretation towards an older average date. An alternative approach is to make the assumption



that the youngest date approximates the youngest zircon in the sample, which inferentially should
best approximate the timing of eruption. The weakness in this approach is that reproducibility is
discounted as means to assess the robustness of the results, which opens up the question of
whether the youngest date is representative of a closed-system zircon, or the result of a non-
systematic process (i.e. Pb-loss). Additionally, from an analytical point of view, the youngest analysis
would fail to capture the distribution of results that would be expected from a single zircon
population crystallizing at the time of eruption. Taking into account the strengths and limitation of
both approaches we present multiple interpretations of our dataset (see Supplementary Information
Section 3.3) to demonstrate that the choice of interpretive framework does not significantly impact
the ages assigned to each sample. Our preference is to calculate weighted mean ages based on a
selection of youngest coherent zircon populations from each sample, assumed to represent
eruption/deposition age. The selection of representative dates is discussed in the Supplementary
Information (Sections $3.1 and $3.2) and was guided by: (i) reproducibility of single zircon *°°Pb/***U
dates (at the 20 level) quantified through the mean square of the weighted deviates (MSWD), and
(ii) overall stratigraphic consistency of the dataset. The latter criterion applies in particular to the
lower part of the Flagstaff Rim succession, where the age gap between consecutive tuffs is
comparable in magnitude to the analytical uncertainty of single-grain analyses. Our preferred
interpretation (Table 1, Figure2) is based on considering reproducibility of the single-crystal

2%%pp /238y dates included in each weighted mean age, while keeping the MSWD within acceptable
limits for populations consisting of 3—8 analyses (Wendt and Carl, 1991). Alternative interpretations
of the dataset based on fewer of the youngest analyses, or ‘youngest date’ from each sample are
statistically equivalent to our preferred model (see Supplementary Information, section S3.3) and
therefore do not significantly impact the derived age models. Inclusion of additional older dates
results in weighted mean ages with unacceptably high MSWD, which are considered to have low

probability (see Supplementary Information, section S3.3).

10



4 Age-depth modelling

Age-depth models for the Flagstaff Rim and TGP sedimentary successions (Figure 3) were developed
using the dataset described above with the Bayesian approach implemented in the P_Sequence
routine of the OxCal 4.2 software package (Bronk Ramsey, 2008). Details of the two models and
output age-depth data at a resolution of 50 cm for both the Flagstaff Rim and TGP successions are
included in the Supplementary Information (Section S4). The random analytical uncertainties of each
weighted mean 2%p} /238 date were modelled in OxCal, whereas the correlated systematic
uncertainties related to the calibration of the EARTHTIME isotopic tracer (+ 0.03%), and the U
decay constant (+ 0.11%) were added in quadrature to the 95% uncertainty envelope of both age-

depth models. This approach ensures that modelled ages are directly comparable to astronomically

tuned or “°Ar/*Ar dated records.

Due to the nature of fluvial and eolian deposition, both the Flagstaff Rim and the TGP records are
likely to contain hiatuses of unknown duration. The impact of such hiatuses on the accuracy of the
age-depth models developed in this study is mitigated by three factors: (i) the relatively high
stratigraphic resolution of the Flagstaff Rim *®Pb/?*®U dataset makes the presence of non-identified
hiatuses exceeding a few tens of kyr in this record unlikely; (ii) composite measured sections at both
localities were constructed so as to avoid recognizable paleo-channel structures and ensure, as far as
possible, the completeness of the record, and (iii) a comparison between paleosols from Flagstaff
Rim and TGP and modern soils of the same type suggests that hiatuses in excess of a few tens of kyr
are unlikely, except for the interval below the TP-2 tuff at TGP, where gaps on the order of 100 kyr

may be present (Griffis, 2011; Terry, 2001).

5 Discussion
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The implications of high-precision ***Pb/>*®U dating of the WRG tuffs for the timing of environmental
change recorded in central North America and the chronology of the Chadronian-Whitneyan
NALMAs, is discussed below. For clarity we use t, and t,, to denote **Pb/?*3U zircon dates, and data

extracted from *®*Pb/**U calibrated age-depth models respectively.

5.1 Comparison with published *’Ar/*°Ar geochronology

Interpreted weighted mean *°°Pb/?*3U dates from this study are younger than the biotite and
anorthoclase “°Ar/*Ar dates of Swisher and Prothero (1990) from the same tuffs (Figure 3). While
the magnitude of the discrepancy varies depending on the age assigned to the FCs neutron fluence
monitor, with published values ranging between FCs=27.84-28.29 Ma (Kuiper et al., 2008; Renne et
al., 1994; Renne et al., 2010; Renne et al., 1998; Rivera et al., 2011; Wotzlaw et al., 2013), none of
the available calibration options result in equivalent *°Ar/*°Ar and *°°Pb/***U data pairs (see
Supplementary Information, Section S5). Interpreting the geochronology of eruptive volcanics in
terms of depositional age requires the identification of pre-eruptive bias (e.g. pre-eruptive zircon,
extraneous Ar), and/or post-depositional modification of the isotope systematics (e.g. Pb and/or Ar
loss). Additional bias may result from analytical protocols, and the nature of the analysed material,
implying that the equivalence of U-Pb and “°Ar/*°Ar data pairs cannot always be assumed. The
statistical equivalence of biotite and anorthoclase dates from five out of the seven tuffs dated by
Swisher and Prothero (1990) would point towards a systematic bias in the OAr/*°Ar dataset,
however the offset relative to 2*°Pb/***U dates from this study is not constant, and ranges between
0.07-0.96 Myr for FCs=28.201 Ma. The biotite and anorthoclase data underpinning the mean ages of
Swisher and Prothero (1990) show scatter of similar magnitude to U-Pb data from this study (0.5-1
Myr), however the precision reported for individual single-crystal step-heating *°Ar/*°Ar
measurements is relatively low, at + 100-900 kyr (Prothero and Swisher, 1992). Because the WRG is
dominated by reworked volcaniclastic sediments, there is a potential for detrital contamination of

12



each tuff during and after deposition, which would be expected to affect U and K-bearing minerals
to a similar extent. The implication is that the averaging of low-precision “°Ar/**Ar datasets could
potentially bias mean ages towards older values, while the comparatively higher precision of single-
crystal/fragment *Pb/>*3U (zircon) dates (+ 30-50 kyr) allows the identification of “youngest”

coherent zircon populations assumed to represent eruption age.

Additional sanidine “°Ar/*’Ar dates for the B and J tuffs were reported in an abstract by Obradovich
et al. (1995). Assuming that these dates were reported relative to a Taylor Creek Rhyolite age of
28.32 Ma, as was done in other papers published by the same author around that time (e.g.
Obradovich et al., 1993), and that uncertainties were quoted at the 2c level, calibration relative to
an FCs age of 28.201 Ma using the intercalibration factor of Renne et al. (1998), results in a
recalculated *°Ar/*°Ar date of 35.65 + 0.14 Ma for the B tuff, statistically equivalent to t,: 35.81
+0.09 Ma, while for the J tuff, the recalculated “°Ar/*°Ar age of 34.59 + 0.11 Ma is slightly older than
t,: 34.40+0.05 Ma. Other interpretations of the Obradovich et al. (1995) data are discussed in the

Supplementary Information, Section S5.

An alternative interpretation of the data, in which post-crystallization open system behaviour would
result in anomalously young interpreted **Pb/**®U dates, is considered highly unlikely given the use
of chemical abrasion protocols and the reproducibility of the multiple analyses (n = 3—-8)
underpinning each weighted mean date. This, in combination with the high stratigraphic resolution
of our study and the fact that interpreted ages are consistent with the relative stratigraphic context
of the samples at both localities, implies that the ***Pb/***U dataset presented here provides a

robust calibration of the WRG and its record of environmental change across the EOT.

5.2 Timing of environmental change in the WRG

Environmental change in central North America across the EOT is recorded by paleontological,

paleobotanical, and lithostratigraphical evidence, as well as high resolution stable isotope proxy
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data. Late Eocene humid woodlands were replaced by more seasonal, semi-arid open habitats in the
early Oligocene (Retallack, 1992; Terry, 2001). At the same time, large-shelled land snails, indicative
of tropical environments, were replaced by small-shelled drought-tolerant taxa (Evanoff et al., 1992).
Aquatic reptiles and amphibians suffered rapid decline, while terrestrial forms remained relatively
unaffected (Hutchinson, 1992). The river systems controlling fluvial deposition within the WRG
during the Chadronian underwent a gradual transition from meandering and anastomosing
geometries to braided channels with high width/depth ratios (Emry, 1992; Evanoff et al., 1992),
reflecting an increase in sedimentary load. Subsequently, during the late Chadronian and Orellan,
fluvial sedimentation was gradually replaced by eolian deposition (Lukens, 2013; Lukens and Terry,

2014).

At Flagstaff Rim and TGP, the most significant sedimentological change during the Chadronianis a
shift from smectite-rich, greenish and bluish-grey, popcorn-textured, hummocky weathering
claystones and mudstones to siltier, more resistant, cliff-forming deposits. At Flagstaff Rim, this
change occurs as a transitional zone between the B and F-22 tuffs (between 18-56 m in our
measured section), placing its age at t,,: 35.8—35.5 Ma. At TGP the same transition corresponds to
the lithological boundary between the Peanut Peak and Big Cottonwood Creek Members of the
Chadron Formation (Terry and LaGarry, 1998), which is situated ca. 5 m below the TP-1 tuff and is
therefore older than t,: 35.24 Ma. Evanoff et al. (1992) reported that a shift from fluvial to eolian
deposition occurred at the level of the | tuff at Flagstaff Rim (t,,: ~ 34.6 Ma). A similar, gradual
transition took place during the deposition of the Orella Member at TGP, beginning at t,,;: 33.5 Ma, 1
Myr later than in the Flagstaff Rim record (Figure 4), with eolian sedimentation becoming dominant
after t,,: 32.8 Ma during the deposition of the Whitney Member of the Brule Formation (LaGarry,

1998).

Superimposed upon these gradual sedimentological changes, fossil bone and tooth enamel stable

isotope records from TGP show pronounced cooling and/or drying expressed as a ca. 1.5 %o increase
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in mean &0 values between the Chadronian and Orellan (zanazzi et al., 2007, 2009; Boardman and
Secord, 2013). The higher resolution dataset of the Zanazzi et al (2007, 2009) (ca. 6 kyr, compared to
ca. 30 kyr in Boardman and Secord, 2013) indicates that the late Chadronian and Orellan were
characterized by average 60 values of ca. 22.96 %o, and 24.12 %o respectively. When plotted
against our *®Pb/**U calibrated age-depth model (Figure 4) the data suggest that the shift from the
lower Chadronian to the higher Orellan §'%0 values occurred in the form of a transitional interval
with repeated oscillations of + 1 %o between t,,: 33.94—33.70 Ma, followed by an interval of elevated

580 values between t,,: 33.70-33.36 Ma (Figure 4).

5.3 Temporal integration of terrestrial and marine EOT successions

An assessment of the timing of environmental changes recorded in the WRG relative to the marine
record of the greenhouse—icehouse transition requires a direct comparison between our **°Pb/***U
calibrated age-depth models, and the astronomically tuned marine time scale (Pélike et al., 2006;
Westerhold et al., 2014). The accuracy of the timing of the 405 kyr eccentricity cycle which
underpins the astronomical tuning of marine EOT records is estimated at ca. 0.1 % during the
Eocene/Oligocene (Laskar et al., 2010). However, the accuracy of astronomically tuned time scales
further depends on the complete expression and accurate identification of Milankovich cycles in the
sedimentary record. Recalculated OAr/*Ar dates from the WRG, demonstrated to be inaccurate in
this study, and the astronomical tuning of a sediment core recovered from the vicinity of the
Rupelian GSSP at Massignano (van Mourik and Brinkhuis, 2005) have both been used to infer that
the ATPS06 may be in error by one 405 kyr eccentricity cycle (Hilgen and Kuiper, 2009). Integrating
our *®Pb/*2U calibrated age-depth models with the published magnetic polarity pattern of the TGP
and Flagstaff Rim sections (Prothero and Swisher, 1992; Prothero, 1996) results in an age of t,,: 33.84
+ 0.10 Ma for the Eocene—Oligocene boundary defined at C13r(.14). This age does not support a 405

kyr offset in the calibration of the ATPS06, as it overlaps with astronomically tuned estimates of the
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age of the Eocene-0Oligocene boundary, which range between 33.79-33.95 Ma (Brown et al., 2009;

Hyland et al., 2009; Jovane et al., 2006; Palike et al., 2006; Westerhold et al., 2014).

It is important to note that the durations of individual late Eocene magnetochrons within the
Flagstaff Rim and TGP records differ significantly from those reported in recent astronomically tuned
time scales (Figure 4). Notably chrons C13r (0.72 Myr), and C15r (1.15 Myr) appear to be much
shorter, and respectively longer than reported in the ATPS06 and the recently published Pacific
Equatorial Age Transect (PEAT) record (C13r = 1.4-1.3 Myr, C15r = 0.1-0.2 Myr, Palike et al., 2006;
Westerhold et al., 2014). The mutual consistency of the ATPS06 and PEAT records suggests that the
magnetostratigraphy established in the equatorial Pacific paints an accurate picture of the late
Eocene—early Oligocene, in terms of both the magnetic polarity pattern, and its numerical age
calibration. This in turn indicates that the published late Eocene magnetic polarity pattern of the
Flagstaff Rim and/or TGP sections, which deviates from the ATPS06 and PEAT records, may be
inaccurate. The implications are that (i) the tuning of the ATPS06 to the 405 kyr eccentricity signal is
correct at least as far back as the Eocene—Oligocene boundary, and (ii) a direct comparison between
26pp /238 calibrated age-depth models from this study and marine records calibrated relative to
ATPSO06 is an appropriate means to quantify the temporal relationship between marine and

terrestrial records of environmental change in the earliest Oligocene.

The magnitude of the MAT change associated with the Chadronian-Orellan (t,,: 33.94-33.70 Ma)
880 shift from the TGP record (Zanazzi et al., 2007; Zanazzi et al., 2009) remains controversial, as
part of the 6'%0 increase may be attributed to changes in the isotopic composition of precipitation
(Sheldon, 2009) and a decrease in the abundance of water-dependent mammals as a result of
aridification (Boardman and Secord, 2013). The latter may be related to ocean cooling and Antarctic
ice growth, or may represent a long-term aridification trend which progressed gradually from west
to east throughout the depositional area of the WRG (Figure 4), possibly as a result of southward

advancing uplift in the North American Cordillera (Chamberlain et al., 2012; Mix et al., 2011).
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Nonetheless, the pattern of the TGP 80 shift shows some similarities with the ODP Site 1218
record of Coxall et al. (2005, Figure 4). Although the pattern of the §'®0 increase at TGP appears
more complex than in marine records, with repeated oscillations of + 1 %0 between t,: 33.94-33.70
Ma, its duration coincides with the interval in which the EOT-1 and Oi-1 events took place at ODP
Site 1218 (ca. 33.9-33.6 Ma, Figure 4). Five distinct positive shifts can be identified in the TPG §'°0
record however a correlation between these and the EOT-1 and Oi-1 events would be tentative at
best, given that the total uncertainty of the TGP age-depth model for this interval is on the order of +
100-150 kyr. At TGP, the transitional interval of fluctuating 6'30 values is followed by a period of
elevated 60 values in the early Orellan (t,,: 33.60—-33.40 Ma), which appears to coincide with the
early Oligocene glacial maximum (EOGM) reported from ODP Site 1218 between 33.60-33-30 Ma.
Consequently, °°Pb/**®U dating of the TGP record suggests that cooling and/or aridification in
central North America across the Chadronian-Orellan boundary was synchronous with the latest
Eocene —earliest Oligocene marine §'20 shift , rather than predating it as previously indicated by
Ar/*Ar data. This brings the North American terrestrial archive of environmental change in line
with records from Northern Europe, where a 4—6 °C drop in MAT across the EOT was inferred from
clumped isotope analyses of freshwater gastropod shells from the Hampshire basin (Hren et al.,

2013).

5.4 The age of the Chadronian, Orellan, and Whitneyan NALMAs

The published biostratigraphy of the Flagstaff Rim and TGP records, combined with the **°Pb/**®U
calibrated age-depth models developed in this study allow for the assessment and comparison of
regional biochrons (Figure 5). Although the Chadronian NALMA is represented at both localities the
Flagstaff Rim sedimentary succession provides better stratigraphic resolution, owing to significantly
higher sediment accumulation rates (ca. 100 m/Myr, compared to 20-30 m/Myr at TGP). At Flagstaff
Rim, the top of the early Chadronian, also referred to as the Leptomeryx yoderi Interval Zone, is

situated ca. 15 m below the B tuff (Prothero and Emry, 1996), and is therefore older than t,: 35.81 +
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0.09 Ma. At TGP, the last occurrence (LO) of L. yoderi is situated 34 m below the UPW (Zanazzi et al.,
2009) and ca. 1 m below the TP-1 tuff (t,: 35.21 + 0.06 Ma). Assuming that there is no significant
hiatus within the 1 m interval below the TP-1 tuff at TGP, the implication is that the highest reported
occurrence of L. yoderi, and thus the top of the early Chadronian is at least 600 kyr younger in NW

Nebraska than in central Wyoming.

The type section of the middle Chadronian, or L. mammifer Interval Zone extends from ca. 15m
below the B tuff to 15 m above the G tuff in the Flagstaff Rim section (Prothero and Emry, 2004),
placing the middle/late Chadronian boundary at t,,: 35.12 + 0.07 Ma. At TGP, Zanazzi et al. (2009)
reported the highest occurrence of L. mammifer from 18 £ 2 m below the UPW, at t,,: 34.43 £ 0.07

Ma, 0.7 Myr younger than at the Flagstaff Rim type section.

Prothero and Whittlesey (1998) proposed the first occurrence (FO) of the artiodactyls L. evansi and
Hypertragulus calcaratus as a criterion for the identification of the Chadronian—Orellan boundary,
replacing the previous definition which relied on the LO of brontotheres (Wood et al., 1941). While
the Flagstaff Rim record does not extend beyond the top of the Chadronian (Emry, 1992), at TGP L.
evansi and H. calcaratus first appear near the level of the UPW (Zanazzi et al., 2009) placing the
Chadronian—0Orellan transition at t,,,: 34.00 £ 0.08 Ma. At Douglas, in eastern Wyoming the FO of L.
evansi and H. calcaratus has been reported from 5—7 m above the Persistent White Layer (Prothero
and Whittlesey, 1998), a potential equivalent of the UPW, implying a slightly younger age for the

base of the Orellan.

Other notable FOs reported by Zanazzi et al. (2009) from the early Orellan at TGP include the
oreodont Miniochoerus affinis (t,: 33.68 + 0.14 Ma) and the rodent Eumys elegans (t,,: 33.60 +0.14
Ma), while the FO of Miniochoerus gracilis (t,: 33.56 = 0.12 Ma) marks the base of the late Orellan.
The earliest Whitneyan fossil assemblages, characterized by the FO of the oreodont Leptauchenia
decora have been reported from 44 m above the UPW at TGP (Prothero, 1982), at t,,: 32.95 + 0.33
Ma.
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The results of our calibration of NALMA index taxa from the WRG suggest diachroneity on the order
of 0.7 Myr over a distance of 400 km in the Chadronian. A 0.7 Myr delay in the demise of index taxa
in NW Nebraska, compared to central Wyoming, seems unlikely given the lack of geographic barriers
between the two localities. However, apparent diachroneity of mammalian first and last occurrence
events, on the order of a few Myr across a single continent, has been demonstrated through
multivariate analysis of the North American mammal fossil record, and is thought to arise mainly

from under sampling and/or poor sample preservation (Alroy, 1998).

6 Conclusions

The application of high-accuracy *®Pb/**®*U (zircon) ID-TIMS geochronology to fifteen volcanic tuffs
from the WRG has permitted the construction of a robust age model for the terrestrial EOT (36—31
Ma) in North America. This age model provides quantitative information on the sediment
accumulation rates and numerical age of two key WRG successions, Flagstaff Rim in Wyoming, and
TGP in Nebraska. The U-Pb CA-ID-TIMS based constraints developed in this study are significantly
younger than previously published “°Ar/*Ar dating (Swisher and Prothero, 1990) which, given
consideration of the issues surrounding the different datasets, suggests significant inaccuracy in the
legacy “°Ar/*Ar data. We attribute this inaccuracy to the relatively low precision of published
Ar/*Ar data, which masks possible contamination with older material during transport, deposition,

and subsequent pedogenesis.

Based on our data, environmental change recorded by the WRG across the EOT is the combined
result of both global and regional processes acting on different time scales. A Chadronian—Orellan
shift from dominantly fluvial to mixed fluvial-eolian deposition progressed gradually from west to
east, and was diachronous by as much as 1.5 Myr between central Wyoming and NW Nebraska.

Abrupt cooling and/or aridification at the Chadronian—Orellan transition took place over ca. 300 kyr.
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Although the complexity of the TGP mammal §'20 signal precludes a direct correlation with either
the Oi-1 or EOT-1 events, our age models indicate that rapid environmental change in North America
coincided with the early Oligocene glaciation of Antarctica, rather than predating it as indicated by
published “°Ar/*’Ar data. Crucially, the numerical age calibration of the North American terrestrial
record is underpinned by closely spaced, high-precision *®Pb/***U zircon dates from the stratigraphic
interval surrounding the EOT. Thus, unlike other terrestrial records of the EOT primarily calibrated
through magnetostratigraphy, the chronology of the WRG is independent of the veracity of local

magnetic polarity patterns and their correlation to the geomagnetic polarity time scale.

Our study highlights the uncertainties inherent to the numerical age calibration of the stratigraphic
record. The first and last occurrence events of Chadronian mammal index taxa from the Flagstaff
Rim and TGP sections appear to be diachronous by as much of 0.7 Myr over a relatively short
distance of 400 km, probably as a result of undersampling and/or poor sample preservation. The
implication is that biostratigraphic events recorded at the Flagstaff Rim and TGP type sections may
not be an accurate representation of regional first and last occurrence datums, and therefore the
boundaries of the late Eocene—0Oligocene NALMAs and their subdivisions cannot, at present, be
constrained to better than a few hundred kyr. As a result, the temporal resolution afforded by North
American mammal biostratigraphy may be insufficient to accurately constrain the timing of

comparatively rapid environmental change, such as that associated with the EOT.
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Figure and table captions:

Table 1 Weighted mean ages of dated tuffs from the White River succession. IGSN — International
Geo Sample Number www.geosamples.org, MSWD — mean square of the weighted deviates, PoF —
probability of fit, n — number of grains included in the calculation of the weighted mean date out of
the total number of grains analysed (after rejection of analyses with Pb*/Pb.<1). Weighted mean
dates and uncertainties were calculated using U-Pb Redux (McLean et al., 2011), and statistical
parameters are outputs from Isoplot (Ludwig, 2003). Uncertainties are listed as + X/Y/Z, where X is
the analytical uncertainty, while Y and Z include propagated uncertainties for tracer calibration, and
respectively tracer calibration and the *®U decay constant.

Figure 1 Geological setting of sampled volcanic tuffs: A — distribution of the WRG sedimentary
succession in central North America and location of the Flagstaff Rim and TGP sections, B —
lithostratigraphy of the Flagstaff Rim section, showing the stratigraphic position of volcanic tuffs, and
the magnetostratigraphy of Prothero and Swisher (1992), C — lithostratigraphy of the TGP section,
showing the stratigraphic position of volcanic tuffs and the magnetostratigraphy of Prothero and
Swisher (1992). Note that the top of the Peanut Peak Member of the Chadron Formation at TGP is
below the stratigraphic column shown here. BCCM — Big Cottonwood Creek Member, UPW — Upper
Purplish White Layer, LWA — Lower Whitney Ash, UWA — Upper Whitney Ash. 1 —Age, 2 —NALMA, 3
— lithostratigraphy. Published biotite (Bi), and anorthoclase (An) “°Ar/*Ar data of Swisher and
Prothero (1990) and sanidine (S) data of Obradovich et al. (1995), recalculated using FCs=28.201 Ma
(Kuiper et al., 2008) and the “°K decay constant of Min et al. (2000) are listed in italics.

Figure 2 Summary plot of ranked ***Pb/**®U dates from volcanic tuff samples collected at Toadstool
Geologic Park (A) and Flagstaff Rim (B), based on data from Supplementary Table S2. Data with
Pb*/Pb, ratios below 1 were not plotted. The weighted mean **Pb/**®U age of each tuff is listed
along with its analytical uncertainty.

Figure 3 Plot of U-Pb zircon calibrated time against stratigraphic position/thickness showing the
dated tuffs and the age-depth model developed from these data. Uncertainty envelope represents
95% confidence interval. The input parameters of the model included the positions of lithological
boundaries, which are expected to correspond to changes in sedimentation rate, and are
represented here as changes in the colour of the uncertainty envelope. These correspond to the
boundaries between the Chadron and Brule Formations, and the Orella and Whitney Members of
the Brule Formation respectively at TGP, and a fluvial-eolian transition occurring around the level of
the | tuff at Flagstaff Rim. Published “OAr/*°Ar dates (Swisher and Prothero, 1990; Obradovich et al.,
1995) calibrated relative to FCs=28.201 Ma are plotted for comparison. Note that the scales of the
two stratigraphic sections are different.

Figure 4 Temporal integration of the marine 620 record of the EOT (Coxall et al., 2005), calibrated
relative to ATPS06, and environmental change recorded within the WRG in Wyoming and Nebraska
(Zanazzi et al., 2007,2009), calibrated relative to published OAr/*°Ar volcanic tuff dates, and

2%%pp /238y data from this study. Open (closed) diamonds represent U-Pb dated tuffs from Toadstool
Geologic Park (Flagstaff Rim). All §'®0 data plotted as 5-point moving averages. Composite magnetic
polarity pattern of the Flagstaff Rim and TGP records is based on Prothero and Swisher (1992), and
Prothero (1996). EOT-1 and Oi-1 correspond to the first and second step of the positive §'°0 shift
that characterizes the marine record of the EOT. EOGM - Eocene—Oligocene glacial maximum, 16.1 -
magnetochron C16n.1n. Note that the plot of the TGP record only extends back to ca. 35.5 Ma, or
just below the base of the Big Cottonwood Creek Member of the Chadron Formation, as no
magnetostratigraphic or radio-isotopic data is available from the underlying Peanut Peak Member.
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Figure 5 Temporal range of key NALMA index taxa from Flagstaff Rim and TGP. A - Dated tuffs
plotted against time; B - distribution of index taxa based on published biostratigraphy (Prothero and
Emry, 1996, 2004; Prothero and Whittlesey, 1998; Zanazzi et al., 2009) and the stratigraphic age
model based on 2°°Pb/?*®U dates tuffs; C- NALMA

Sample IGSN Weighted mean Uncertainty (20) MSWD PoF n
2%pp/>8Y date

B IEDS10001 35.805 +0.076 /0.080/ 0.089 0.93 0.39 30f11
B+15 IEDS10002 35.750 +0.016/0.023 / 0.044 0.49 0.74 50f11
B+18 IEDS10003 35.678 +0.019 /0.025 / 0.046 0.63 0.64 50f9
F-7.5 IEDS10004 35.416 +0.019/0.025/0.045 0.60 0.66 5o0f 7
F IEDS10005 35.334 +0.021/0.026 / 0.046 0.19 0.94 50f13
G IEDS10006 35.250 +0.020/0.026 / 0.046 0.83 0.55 7 of 14
H IEDS10008 34.742 +0.019/0.025/0.045 1.51 0.17 7 of 13
J-1 IEDS10009 34.394 +0.018 /0.024 / 0.044 1.80 0.08 80f9
J IEDS1000A 34.398 +0.022/0.027 / 0.046 1.40 0.23 50f 19
TP-1 IEDS1000B 35.224 +0.038/0.043 /0.057 1.39 0.23 50f11
TP-2 IEDS1000C 34.478 +0.021/0.026 / 0.045 1.38 0.23 6 0of 9
upPw IEDS1000D 33.939 +0.033/0.039/0.053 0.90 0.51 80f9
SDP IEDS1000F 33.414 +0.035/0.038/0.052 1.50 - 20f 16
LWA IEDS1000G 31.777 +0.012/0.018/0.039 1.71 0.16 10 of 13
UWA IEDS1000H 30.908 +0.021/0.025/0.041 1.50 0.20 50f 12
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A: Map of sampled localities
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