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Thesis Abstract

Litho- and chronostratigraphic context is critical for investigation of richly fossiliferous Campanian
strata in western North America. These strata preserve perhaps the most diverse Cretaceous terrestrial
ecosystems known from anywhere in the world and host numerous representatives of classic dinosaur
clades such as Tyrannosaurs, Hadrosaurs, Ankylosaurs, and Ceratopsians. Reconstructions of these
ecosystems rely on the spatio-temporal framework within which fossil localities are placed; however,
the scope of recent palaeoecological studies has surpassed the resolution of supporting age and
stratigraphic constraints. As such, this project was designed to refine the litho- and chronostratigraphic
understanding of fossiliferous Campanian rocks, particularly those from southern Utah, to support
continental-scale palaeoecological studies including hypothesized latitudinal endemism, tempos of

biotic turnover, and pre-extinction diversity decline of dinosaurs and other faunal and floral groups.

Investigation of interbedded, devitrified volcanic ash beds (bentonites) constituted the core of
this project. A high precision temporal framework was constructed using U-Pb geochronology of
bentonite zircons via the chemical abrasion isotope dilution thermal ionization mass spectrometry (CA-
ID-TIMS) approach. This thesis focused on the Campanian strata of southern Utah, namely the
Wahweap and Kaiparowits formations, and this work fits within a broader project including temporal
refinement of strata from Alberta to New Mexico. These data were used to construct Bayesian age-
stratigraphic models for formation stratotype sections, which provides robust ages with appropriately
propagated uncertainties for any stratigraphic level at one-meter increments throughout the modelled

units.

Lithostratigraphic refinement included formal recognition and naming of seven previously
described informal subdivisions of the Wahweap and Kaiparowits formations, and discovery and
description of an entirely new member from the top of the Kaiparowits Formation. The new member
names are, in ascending order, the Last Chance Creek, Reynolds Point, Coyote Point, and Pardner
Canyon members of the Wahweap Formation, and the Tommy Canyon, The Blues, Powell Point, and
Upper Valley members of the Kaiparowits Formation. Stratigraphic correlations of measured sections
within the Kaiparowits Formation were refined by comparing high-precision type section bentonite ages
with those from isolated sections, also using Bayesian age-stratigraphic models. This process included
correlation of bentonite marker horizons and the formal recognition of six definable beds; the Star Seep,
Horse Mountain, Death Ridge, Paria Hollow, Deadmans Corner, and Overlook bentonite beds. Finally,
bentonite characterization and correlation (tephrostratigraphy) using zircon phenocrysts was
demonstrated to be a viable tool for intra-formational and basin scale correlation. This technique can be
applied to propagate high precision ages from dated type section bentonites with isolated outcrops to

enhance the value of high-precision geochronology.
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Chapter One Project Overview

Preface

This introductory chapter contextualizes the work included in this publication-based thesis by providing
a broad overview of the geological setting and overarching research questions. This brief, unpublished
chapter includes background information not described elsewhere that is helpful for situating each
chapter within the known literature. This chapter also outlines the thesis structure and how each chapter
relates to the broader research topic; a short summary of which is also included in the preface of each

chapter.
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1.1 Project overview

Upper Cretaceous strata from western North America host some of the richest and most diverse fossil
records in the world (Russell, 1967; Sloan, 1969; Sahni, 1972; Horner, 1989; Sankey, 2001; Mallon et
al., 2012; Titus and Loewen, 2013). These rocks are exposed in a belt that covers a broad latitudinal
range from Alaska to Mexico, which facilitates spatially detailed comparison of palaeo-ecosystems
across a north to south transect of the continent. Paleontological research within these strata began over
130 years ago in northern regions and included the identification of iconic dinosaur fauna, while
southern areas have generally been the subject of more recent detailed investigation. Over the decades,
growing fossil collections illustrate an increasingly comprehensive portrayal of Late Cretaceous
ecosystems represented within a suite of key, richly fossiliferous units. Increasingly, the focus of many
investigations has shifted to understanding continental scale floral and faunal patterns such as latitudinal
endemism vs cosmopolitanism, rates of biotic turnover, and diversity decline preceding the Cretaceous-
Palaeogene extinction event (e.g., Lehman, 1997, 2001; Gates et al., 2010; Sampson et al., 2010; Lucas
et al., 2016; Chiarenza et al., 2019; Dean et al., 2020; Condamine et al., 2021; Maidment et al., 2021).
These concepts are founded on large compilations of spatially and temporally resolved fossil locality

data, and the resolution of this data is reflected in the confidence of the broader concepts they support.

Chronostratigraphic resolution and correlation have been identified as one of several major
limitations in testing continental-scale palaeoecological hypotheses (Sullivan and Lucas, 2006; Lucas et
al., 2016; Dean et al., 2020). Existing temporal constraints comprise an ad hoc assortment of
geochronology derived from various methods across decades of work including frequent recalibration
of natural standards (e.g., Deino and Potts, 1990; Renne et al., 1998; Kuiper et al., 2008; Phillips et al.,
2022). These data constitute the primary tool for basin scale correlation of strata and interbedded fossil
material; however, continental palaeoecological investigations require correlation with better resolution
than the existing chronostratigraphy can support (e.g., Gates et al., 2010 vs Lucas et al., 2016). Biotic
processes such as rates of evolution and extinction occur at timescales in the order of tens of thousands
of years (e.g., Mallon et al., 2012), which is finer than the precision of existing radioisotopic constraints
on Late Cretaceous strata in western North America. Investigation of evolutionary and palaeoecological
processes requires a continental-scale high resolution temporal framework to precisely constrain rates
of biotic turnover within a single field area and convincingly demonstrate synchronicity or diachroneity

across distant regions (Ramezani et al., in review).

The purpose of work compiled in this thesis and as part of a larger collaborative project (US
NSF grant EAR1424892; Ramezani et al., in review) was to refine the chronostratigraphic framework
of Campanian fossil-bearing strata across western North America. The primary tool for this refinement
was high precision U-Pb zircon geochronology using chemical abrasion isotope dilution thermal

ionization mass spectrometry (CA-ID-TIMS; see Ch. 2). As in previous work, datable mineral
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phenocrysts from weathered volcanogenic horizons (mostly bentonite) were used to obtain true
depositional ages for Campanian strata from key fossil localities (see Ch. 3 and 4). Advantages of the
geochronologic approach used in this project include; 1) greater precision and accuracy due to the
application of an anthropogenic tracer solution rather than natural standards, and chemical pre-treatment
that mitigates open system behavior (both only possible using zircon); 2) a unified approach to
chronostratigraphic correlation across the basin whereby bentonite ages with internal uncertainties can
be used to precisely correlate outcrops separated by tens to hundreds of kilometers; and 3) the application
of a Bayesian algorithm (i.e., Haslett and Parnell, 2008; Parnell et al., 2008, 2011) to model the
propagated uncertainty throughout a formation and more appropriately describe the precision with

which any given horizon is constrained.

The construction of a new temporal framework also required detailed lithostratigraphy for the units
under investigation. Work presented in this thesis focused on Campanian strata of the Kaiparowits
Plateau and constitutes the southern Utah portion of the larger collaborative project. A comprehensive
review of the Wahweap and Kaiparowits formations was corroborated by detailed fieldwork (see Ch. 3
and 4), which also led to the identification and formal description of an unrecognized 145 m of unique
strata capping the Kaiparowits Formation (Upper Valley Member; see Ch. 5). A geochronology-based
approach was employed to refine correlation of multiple measured sections throughout the Kaiparowits
Formation using dated bentonite horizons (see Ch. 4), which was followed by a novel investigation of
bentonite characterization methods for refined correlation (bentonite tephrostratigraphy [Ch.6]). These
combined approaches were successfully applied to correlating bentonite horizons within the Kaiparowits
Formation, as well as with bentonites from contemporaneous units to the north. The procedures are
shown herein as viable new tools for correlation in any situation involving zircon-bearing interstratified
volcanic products and may be used to propagate high-precision ages from dated outcrops to isolated

areas.

Outcomes presented in this thesis have implications for continental scale models of late
Cretaceous ecosystem dynamics. The detailed studies presented in each chapter lay the foundations for
future palaeoecological studies by refining the context of fossil material from the study areas and by
demonstrating a refined procedure for the development of temporal frameworks for fossil-bearing strata.
To help contextualize the significance of these advancements, a summary of the broader context of the
work is included in this chapter, particularly for topics relevant to but not explicitly discussed in the
publication-form chapters. These include continental-scale basin dynamics, stratigraphy of coeval units,

and continental-scale palaeoecological hypotheses.
1.2 The Western Interior Basin

During the Cretaceous period, landform evolution in western North America was defined by a strongly

convergent retro-arc foreland basin system featuring cordilleran thrusting and associated basin
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Basin System / Western Interior Basin modified after
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subsidence (Fig. 1.1) (Cross, 1986; DeCelles,
2004; DeCelles et al., 2009). Subduction of the
Farallon plate beneath the North America Plate
resulted in an extensive continental arc system
and the accretion of exotic terrains at the western
margin (Fig. 1.2) (Dumitru, 1990; DeCelles,
2004). A compressional regime led to the
development of a long-lived thrust belt behind the
volcanic arc that was active from roughly the Late
Jurassic  (Kimmeridgian) to the Eocene
(Ypresian) and crustal loading associated with
this  tectonic thickening resulted in a
predominantly terrestrial foreland basin system
referred to as the Cordilleran Foreland Basin or
Western Interior Basin (Cross, 1986; DeCelles,
2004). A thick clastic sedimentary succession
the

interspersed with hiatuses associated with periods

accumulated  within basin  foredeep,
of tectonic quiescence or foreland uplift. Between
ca 110 to 70 Ma, the basin was flooded by the
epeiric Western Interior Seaway, temporarily
separating North America into two subcontinents:
Appalachia in the east and Laramidia in the west
(cf. Sampson et al., 2010). These subdivisions are

generally used in both a spatial and vague

temporal sense due to the restricted but palaesoecologically important window they represent.

A ribbon of alluvial and coastal plain environments spanned the eastern margin of Laramidia

extending from Alaska to Mexico along the western flank of the retro-arc basin (e.g., Eberth and
Hamblin, 1993; Rogers, 1998; Eberth et al., 2004; Lucas et al., 2006; Roberts, 2007; Fanti and
Catuneanu, 2010; Fiorillo et al., 2010; Seymour and Fielding, 2013; Rogers et al., 2016; Adams et al.,

2017; Lehman et al., 2019). These restricted terrestrial environments, which abutted the thrust belt to

the west and the seaway to the east, are now well-exposed and present a rare and important opportunity

for the reconstruction of Cretaceous non-marine ecosystems across a semi-continuous range of latitudes

(Fig. 1.3). These strata also present an unmatched opportunity for the development and application of

alluvial sequence stratigraphic models (e.g., Kauffman and Caldwell, 1993; Shanley and McCabe, 1995;
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Fig. 1.2 General tectonic cross-section (not to scale) of western North America during the late Mesozoic
illustrating dynamic processes at the western plate boundary at the approximate latitude of Utah. Adapted from
DeCelles and Giles (1996), DeCelles (2004), and DeCelles et al. (2009).

Rogers, 1998; Corbett et al., 2011; Jinnah and Roberts, 2011; Seymour and Fielding, 2013; Rogers et
al., 2016). The strata appear as stacked and interfingering cycles of sea level transgressions and
regressions reflected by marine deposits in the east, broadly transitioning through near-shore and coastal
settings to alluvial plain environments in the west. Basin sediments were derived from the shedding
highlands of the thrust belt and arc to the west and, in southern regions, from arc and uplifted terrains in
the south (Eberth and Hamblin, 1993; Lawton et al., 2003; Dickinson and Gehrels, 2008; Pecha et al.,

2018). Heterogeneous rates of subsidence across the basin reflect localized subsidence patterns as
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reconstruction adapted from ©2013 Colorado Plateau Geosystems Inc.

evidenced by the significant discrepancy in thicknesses of contemporaneous packages in different parts
of the basin (cf. Kaiparowits Formation vs Dinosaur Park Formation). Variations in the timing and
magnitude of flexural loading across the basin is suspected based on patterns of spatio-temporal

progression of the Bearpaw Seaway (the final transgression for the Western Interior Seaway) where

7
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maximum flooding surfaces occur earlier in southern parts of Laramidia than in northern areas (see
Roberts, 2007).

A transition from Sevier- to Laramide-style tectonics occurred in the latest Cretaceous during
the final stages of the retro-arc foreland system, particularly in southern regions. At the western plate
margin, the angle of the descending slab began to flatten, thought to be due to subduction of a
comparably buoyant oceanic plateau (Cross and Pilger, 1979; Liu et al., 2010). The impinging slab
disrupted the arc regime causing volcanism at the arc (e.g., Sierra Nevada and Idaho batholiths) to cease
by or shortly after 80 Ma and migrate hundreds of kilometers inboard of the plate boundary (Coney and
Reynolds, 1977; Dumitru, 1990). Around this time, the transition from Sevier to Laramide tectonics,
equivalent to a shift from upper crustal thrusting to basement involved uplifts, resulted in partitioning
of the foreland into isolated depositional centers punctuated by uplifted terrains (Fig. 1.2) (Coney and
Reynolds, 1977; Bird, 1998; DeCelles, 2004). Foreland intermontane basins persisted within these

uplifts into the Cenozoic.
1.3 Key Campanian strata

The collection of studies presented in this thesis pertain to richly fossiliferous Campanian strata from
across western North America (Fig. 1.3). Rocks from southern Utah constitute the core of the work
herein and several contemporaneous areas across Laramidia are directly relevant for correlation and

comparison of strata their and interbedded biota (e.g., Gates et al., 2010; Ramezani et al., in review).
1.3.1 Belly River Group

The Belly River Group outcrops primarily in central and southern Alberta and comprises, in ascending
stratigraphic order, the Foremost, Oldman, and Dinosaur Park formations (Eberth and Hamblin, 1993;
Eberth, 2005, 2015; Mallon et al., 2012). These units represent a range of fluvial to estuarine
environments that are capped by a transitional phase reflected by coastal swaps of the Lethbridge Coal
Zone of the uppermost Dinosaur Park Formation, and conformably overlain by marine shales of the
Bearpaw Formation. The group is underlain by the marine Pakowki Formation, and the Foremost
Formation also contains two defined coal zones: the McKay and Taber at the base and top of the unit,
respectively. Strata are exposed within coulees and palaeo-glacial valleys that incise the flat, prairie
landscape, such as within Dinosaur Provincial Park where the Red Deer River valley creates broad
exposures of late Campanian-aged rocks (Fig. 1.4). In this area, the Foremost (subsurface), Oldman, and
Dinosaur Park formations are approximately 143, 53, and 80 m thick, respectively (Eberth and Hamblin,
1993). Further south, the Dinosaur Park Formation thins roughly proportional to thickening of the
Oldman Formation, whereby Eberth and Hamblin (1993) suggest the two units represent interaction of
separately sourced clastic wedges/lobes. The very fine to fine grained, lithic poor sandstones of the
Oldman Formation are separated from the overlying fine to medium grained sandstones with relatively

more abundant lithic fragments that characterize the Dinosaur Park Formation by a regionally extensive,

8



Chapter One Project Overview

time-transgressive discontinuity, which becomes younger southward. The age of the Belly River Group
is broadly constrained by marine and mammaliaform biostratigraphy as Campanian (Eberth, 1990, 2005;
Eberth and Hamblin, 1993). Radiometric ages support a Campanian age and include (prior to this study)
K-Ar and “°Ar/*Ar bentonite ages reported by Thomas et al. (1990), Eberth and Deino (1992), Eberth
et al. (1992), and Eberth (2005). These strata have been prospected for fossil material for over one
hundred years and represent one of the best sampled and most diverse terrestrial biotas in the world with
hundreds of articulated and associated dinosaur specimens and countless isolated elements and materials
(Russell, 1969; Dodson, 1971; Farlow, 1976; Beland and Russell, 1978; Eberth, 1990; Eberth and
Hamblin, 1993; Currie and Russell, 2005; MacDonald et al., 2005; Mallon et al., 2012; Brown et al.,
2013; van der Reest and Currie, 2017; Lowi-Merri and Evans, 2020).

1.3.2 Judith River Formation

The type area of the Judith River Formation is in north-central Montana mainly within the Upper
Missouri River Breaks National Monument (Rogers, 1998; Rogers et al., 2016). Exposures occur as
sparsely vegetated badland-style slopes within coulees and larger river valleys. The unit is 177 m thick
at the only complete measured section (91-JRT-8 of Rogers et al., 2016) and is thickest in the western
part of the type area where strata are predominantly non-marine. Detailed lithostratigraphic work by
Rogers et al. (2016) included three key reference sections across the type area that captured the east-
west and stacked lithological diversity represented by the formation and described four member
subdivisions. The basal Parkman Sandstone Member disconformably overlies the Claggett Shale with
an erosional boundary reflected by up to two meters of relief over short lateral distances. The member,
which is ca 16 m thick at its type section in the west, composes tan and light gray, fine- to medium-
grained shallow marine sandstones with varied cross-bedding. It is conformably overlain by the
sandstone dominated terrestrial strata of the McClelland Ferry Member, which is ca 70 m thick at its
type section and includes basal beds of lignite and abundant fluvial sandstones. The top of the
McClelland Ferry Member is marked by a surface referred to as the mid-Judith discontinuity that reflects
an abrupt shift in depositional character correlated to the transition from sea level regression to
transgression. “°Ar/**Ar ages constrain this surface to ca 76.2 Ma (Rogers et al., 2016). Above the
discontinuity, ~90 m of mud-rich alluvial and paralic strata including coals, organic-rich horizons and
carbon drapes are referred to the Coal Ridge Member, which reflects a significant increase in sediment
accumulation rates compared to members below the discontinuity. Towards the eastern edge of the type
area, distinctive marine-shoreface sandstones that interfinger with the mud dominated facies of the Coal
Ridge Member are delineated as the Woodhawk Member. This unit composes a series of three fourth-
order sequences that backstep towards the west, marking the progression of the rising Bearpaw Seaway
until eventually both the Coal Ridge and Woodhawk members are overlain by the fully marine Bearpaw

Shale, marked by a laterally extensive bed of disarticulated marine invertebrate shells (Rogers et al.,
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Fig. 1.4 Exposures of late Campanian strata from northern and southern field areas. A) Belly River Group

(Dinosaur Park Formation) within Dinosaur Provincial Park near the Red Deer River, southern Alberta. Strata
are exposed in coulees and palaeo-glacial valleys that incise the flat, prairie landscape. B) Kaiparowits Formation
within Grand Staircase — Escalante National Monument at The Blues area, southern Utah. Strata are exposed as

steep, poorly consolidated slopes across rugged terrain.

2016). The Judith River Formation is closely associated with the middle and upper portions of the Two
Medicine Formation that outcrops to the west but is separated by the Sweetgrass arch. Towards the
north, strata equivalent to the Judith River Formation includes those of what is now the Belly River
Group and although earlier studies tried to amalgamate the nomenclature of these closely comparable
units (e.g., Stanton and Hatcher, 1905; McLean, 1977), complications across the international boarder
convoluted the process and nomenclatural parity was abandoned (see Eberth and Hamblin, 1993;
Hamblin and Abrahamson, 1996). Despite a long history of research within the Judith River Formation,
relatively few radiometric ages have been acquired. The most recent ages (prior to the present study)
were reported by Rogers et al. (2016) based on “°Ar/*Ar geochronology, which solidified previous
interpretations of a middle to late Campanian age for the unit. The Judith River Formation is most

10
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famous for its paleontologic pedigree whereby some of the first skeletal dinosaur material formally
described from North America were recovered from its strata. The upper portion of the unit (namely the
Coal Ridge Member) has high vertebrate fossil richness (Sahni, 1972; Rogers et al., 2016) and the
mammaliaform assemblage from these strata constitute the type-fauna of the Judithian North American
Land Mammal ‘Age’ (see Lillegraven and McKenna, 1986; Cifelli et al., 2004). Furthermore, the Judith
River Formation and correlative Two Medicine Formation constitute excellent examples for the
development and application of Campanian sequence stratigraphic models (see Rogers, 1998; Rogers et
al., 2016).

1.3.3 Two Medicine Formation

The Two Medicine Formation is exposed across a ~225 km north-south belt in northwestern Montana
(Rogers et al., 1993; Rogers, 1998; Foreman et al., 2008). The middle and upper portions of the unit
represent western correlatives of the Judith River Formation, separated by the Sweetgrass arch, while
the lower Two Medicine Formation is of early Campanian age (see Rogers et al., 1993; Ramezani et al.,
in review). The unit is closely associated with the Elkhorn Mountain Volcanics (Roberts and Hendrix,
2000; Foreman et al., 2008) and comprises volcaniclastic sandstones and variegated mudstones and
siltstones that interfinger with the volcanic facies. Formal subdivisions have not been designated,
although three lithofacies were described by Lorenz (1981) including a lower association composed of
sandstone sheets that reflect distributary channels in a distal deltaic plain, a middle association
represented by discontinuous, lenticular sandstone deposits, and an upper association that reflects
shallow braided streams within an upper alluvial plain setting. The ca 600-meter-thick Two Medicine
succession thins towards the east, with diachronous upper and basal boundaries (Rogers, 1990; Rogers
et al., 1993). It is underlain by nearshore sandstones of the Virgelle Formation and overlain by the
Bearpaw Formation in the type area and by the Saint Mary River Formation further west (Rogers, 1990;
Rogers et al., 1993). Due to its proximity to the thrust belt, parts of the formation in the west are dissected
by inboard thrust sheet migration resulting in isolated exposures that can be difficult to correlate to one
another (Rogers, 1990). Abundant volcanogenic horizons throughout the Two Medicine Formation
(over 19 unigue bentonite beds; Foreman et al., 2008) have facilitated radioisotopic dating that indicate
a broad Campanian age for the formation with deposition lasting for over 6 Myrs (Rogers et al., 1993;
Foreman et al., 2008). An abundant vertebrate assemblage collected over the last century is reported
from the Two Medicine Formation, particularly from the upper portion, and the unit is most famous for
excellently preserved dinosaur nests and hatchlings (e.g., Horner and Makela, 1979; Horner, 1989;
Horner et al., 1992).

1.3.4 Wahweap and Kaiparowits formations

The Wahweap and Kaiparowits formations from southern Utah are extensively exposed across the

Kaiparowits and Table CIiff plateaus (Fig. 1.4) and less prominently across the Markagunt and
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Paunsaugunt plateaus (Eaton, 1991; Roberts, 2007; Jinnah and Roberts, 2011; Biek et al., 2015). These
rocks are most intensely studied within and around the Grand Staircase — Escalante National Monument,
a remote wilderness area that was officially protected in 1996 due to its wealth of natural resources
including exquisite preservation of Cretaceous ecosystems (Titus et al., 2005, 2016; Titus and Loewen,
2013). Together, the Wahweap and Kaiparowits formations include up to ca 1270 m of strata (prior to
work included in this thesis) preserving terrestrial ecosystems that span much of the Campanian stage
(Eaton, 1991; Roberts et al., 2005; Roberts, 2007; Jinnah et al., 2009; Jinnah and Roberts, 2011). These
units are the subject of detailed investigation in this thesis; the Wahweap Formation is described in

Chapter 3 and the Kaiparowits Formation is described in Chapters 4 and 5.
1.3.5 Fruitland and Kirtland formations

Cretaceous strata of the San Juan Basin in northwest New Mexico include strongly time-transgressive
stacked and interfingering marine, marginal marine, and terrestrial successions. Campanian rocks from
this region include the terrestrial Fruitland and Kirtland formations, which are commonly studied in the
western and central outcrop areas of the basin (Lucas et al., 2006; Sullivan and Lucas, 2006). In these
areas, the Fruitland Formation averages a thickness of approximately 90 m and is conformably underlain
by the Pictured Cliffs Sandstone. It includes the Ne-nah-ne-zad Member, which comprises thick coals,
carbonaceous shales, and interbedded channel sandstones, and the overlying sandstone dominated Fossil
Forrest Member that contains thinner coals and less mudstone (Hunt and Lucas, 1992; Lucas et al.,
2006; Sullivan and Lucas, 2006). The Fruitland Formation is conformably overlain by the Kirtland
Formation, whereby the boundary is marked by the first occurrence of ferruginous sandstones that
characterize the Bisti Bed. The Kirtland Formation comprises up to ca 600 m of interbedded sandstone,
siltstone, mudstone, coal, and shale, and includes three formal members: the Hunter Wash, Farmington,
and De-na-zin members (Hunt and Lucas, 2003; Sullivan and Lucas, 2006). Although previously
described at the member level, the Bisti Bed was defined as a subdivision of the Hunter Wash Member
by Sullivan and Lucas (2003). The Kirtland Formation is unconformably overlain by the Ojo Alamo
Formation. Previous radiometric ages for these units composed “Ar/*Ar sanidine dates reported by
Fassett and Steiner (1997) and Fassett and Heizler (2017) in the context of constraining the
magnetochron C33n-C32r reversal that was identified in these strata 328 m above the Huerfanito
Bentonite Bed, which was used as a reference datum in those studies due to stratal diachroneity. These
ages demonstrate a late Campanian age for the Fruitland and Kirtland formations including the
fossiliferous intervals within the Fossil Forest / Hunter Wash and De-na-zin members (the Hunter Wash
and Willow Wash local faunas, respectively; Sullivan and Lucas, 2003, 2006). Due to the unique fossil
assemblage represented by these local faunas and their relative stratigraphic position above other North
American vertebrate assemblage ‘ages’, Sullivan and Lucas (2003) proposed the ‘Kirtlandian’ land

vertebrate “age’ (see also Sullivan and Lucas, 2006). This biochronologic unit differed from previously
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proposed land mammal ‘ages’ by incorporating large vertebrates (i.e., dinosaurs) that were said to better

define faunal assemblages that could be correlated across the continent.
1.4 Late Campanian biogeography

The geographic distribution of dinosaurs across Laramidia during the late Campanian is inferred by
some to reflect isolated speciation centers whereby large terrestrial fauna appear to have occupied
limited geographic ranges (Russell, 1967; Sloan, 1969; Lehman, 1997, 2001; Sankey, 2001; Gates et
al., 2010, 2012; Sampson et al., 2010, 2013a; Longrich, 2014; Williamson and Brusatte, 2014; Rivera-
Sylva et al., 2016; Dalman et al., 2022). These isolated centers are interpreted from records of classic
dinosaur clades whereby unique contemporaneous taxa at the species and genus level appear to show
northern and southern endemicity. Late Campanian ceratopsids have been studied in detail within this
context and findings consistently support contemporaneous endemic centers across Laramidia with a
potential boundary or transition in northern Utah/Colorado (Sampson et al., 2010, 2013a; Longrich,
2014; Rivera-Sylva et al., 2016; Dalman et al., 2022). Detailed biogeographic analysis was conducted
by Gates et al. (2010), which included a comprehensive review of material from six key localities across
western North America. This statistical study identified highly divergent faunas for northern and
southern zones separated by a transitional zone or a continuous latitudinal gradient. Given the absence
of a physiographic barrier, many studies implicated a climatic gradient over the latitudinal range to

explain the divergent faunas (Gates et al., 2010; Sampson et al., 2010; Burgener et al., 2019, 2021).

The dinosaur endemism hypothesis is considered contentious by some based on several key
concerns including, most relevant to this thesis, the resolution and accuracy of stratigraphic correlations.
Several studies argue that the apparent endemicity is an artefact derived from the comparison of time-
transgressive strata across the Western Interior (e.g., Sullivan and Lucas, 2006; Lucas et al., 2016; Dean
et al., 2020). These authors suggest that uniformitarian rates of speciation explain the apparent diversity
when distal faunas are considered diachronous. Available radiometric constrains used to support
arguments for diachronous rather than endemic faunas were limited by the precision of these data, which
is proportionally low compared to rates of biotic processes. The way in which age data were used in
previous endemism investigations has also been questioned (e.g., Lucas et al., 2016; Dean et al., 2020).
The practice of time binning, whereby taxa are grouped into broad temporal brackets, has been proposed
as oversimplistic for the investigation of fine scale processes such as rates of biotic turnover given also
the complexities of taphonomic biases (Lucas et al., 2016; Dean et al., 2020). Temporally binning taxa
using the age of their host stratigraphic units (i.e., formation binning; Dean et al., 2020) expands upon
equal-interval time binning to recognize taphonomic influences; however, this approach still faces

challenges regarding over-representation of temporal precision.

Overall, temporal clarity is a common theme in many continental scale, high-profile Late Cretaceous

palaeoecological studies covering diverse perspectives (Gates et al., 2010; Lucas et al., 2016; Chiarenza
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Fig. 1.5 Summary of work presented in this thesis with abbreviated chapter titles. Chapters One and Seven provide
brief context for the thesis objectives and outcomes, Chapter Two composes a detailed methodology of the key
approach, and Chapters Three through Six are presented as adapted research papers. References are compiled at

the end of the main body of work, followed by appendices for collaborative work, extended methods, and raw data.

et al., 2019; Dean et al., 2020; Condamine et al., 2021). Many of these tend to overlook or down-play
the significance of temporal precision reflected within the large compilations of fossil locality data upon
which the broader studies are founded. Continental scale studies are predisposed to employ coarse data
groupings; however, these are undermined by the inherent juxtaposition between the rate of biotic
processes under investigation and the resolution of ad-hoc, low precision temporal constraints presently
available. The longevity of intervals of proposed endemism is also a vaguely or variously defined aspect

of the ongoing discussion. Some authors appear to consider the period to cover the entire late Campanian
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or even the entire Campanian, while others propose a short interval or short pulses of restricted dispersal
(e.g., Longrich, 2014; Lucas et al., 2016; Burgener et al., 2021). A second phase of endemism in North
America has also been proposed during the Maastrichtian (see Lehman, 1997, 2001; Sampson et al.,
2010; Vavrek and Larsson, 2010; Williamson and Brusatte, 2014), although this younger interval is not
covered by work included in this thesis. The dinosaur endemism hypothesis is also plagued by other
issues beyond the scope of this thesis such as biases pertaining to uneven collecting efforts, prevalence
of exposures of particular intervals, excessive taxonomic delineation, and variable taphonomic factors
(see Lucas et al., 2016; Chiarenza et al., 2019; Dean et al., 2020; Maidment et al., 2021; Ramezani et
al., in review); however, the focus of work presented herein is on refinement of stratigraphic correlations

and the construction of a new temporal framework for Campanian strata from western North America.
1.5 Research focus and thesis structure

The focus of work presented herein is on closing this gap in the litho- and chronostratigraphic
understanding of Campanian strata from western North America to facilitate future investigation of
continental-scale palaeoecological hypotheses at a greater resolution than was previously possible. The
work emphases temporal refinement and composes part of a larger project involving recalibration of
strata from the Belly River Group in Alberta, the Two Medicine and Judith River formations in Montana,
the Fruitland and Kirtland formations in New Mexico and, the focus of this thesis, the Wahweap and

Kaiparowits formations in southern Utah. Objectives include:

e Compilation and re-examination of the lithostratigraphic understanding of the Wahweap and
Kaiparowits formations

o Identification and collection of bentonite outcrops and samples

e High precision geochronology and characterization of bentonite samples

e Application of new age data for refined stratigraphic correlation and temporal constraint

o Investigation of bentonite characteristics to determine methods for correlation without reliance

on high-precision ages

These objectives guided outcomes of the research and led to an improved understanding of the
specific units examined herein, and to procedural refinements for stratigraphic correlation that can be
implemented in similar instances anywhere. Work in this thesis is presented as a series of related
publications with additional contextualizing works (see Fig. 1.5). The dominant theme through is the
acquisition and presentation of new high-precision CA-ID-TIMS bentonite ages. This temporal
refinement constitutes a significant improvement on previous age constraints that had become
antiquated due to 1) technological advancements since their acquisition, 2) the ad-hoc patchwork of ages
generated at different times using different approaches and recalibrations, and 3) comparably low spatial
and temporal data density. New age data presented here constitute a significant improvement in

precision and coverage, and internal consistency facilitated construction of high-resolution age-
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stratigraphic models. The Wahweap and Kaiparowits formations provided an excellent opportunity for
stratigraphic refinement due to a fortunate combination of rapid sedimentation rate, sustained basin
subsidence, biotic richness, and distribution of datable bentonite horizons that reflect an ideal scenario

for the construction of meaningful high-resolution litho- and chronostratigraphic frameworks.
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Preface

This chapter documents the detailed methodology employed for U-Pb zircon geochronology using CA-
ID-TIMS at the Massachusetts Institute of Technology during 2017/2018. The purpose of including a
detailed methodology is that the CA-ID-TIMS approach involves an elaborate laboratory component
and, due to the exceptionally high precision of isotopic measurements, minor procedural variations can
have statistically significant impacts on reported ages. The procedure was performed personally during
a four-month research exchange to MIT in 2017 and an additional three-week visit in 2018. This chapter
constitutes detailed approach notes on the methodology | employed and can be used for future
replication by myself or others. | was trained in the procedure via one-on-one tutelage by Dr Jahandar
Ramezani, coordinator for the isotope laboratory at MIT. This component of my project, including
laboratory and travel expenses, was largely funded by a U.S. National Science Foundation grant
[EAR1424892] awarded to J. Ramezani (on behalf of S. Bowring), and a scholarship [W.C. Lacy
Scholarship] from James Cook University (see Statement of Contribution of Others, p. v). The text was

edited for language and clarity by E. Roberts.
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2.1 Introduction

Uranium-lead zircon geochronology using chemical abrasion isotope dilution thermal ionization mass
spectrometry (CA-ID-TIMS) is currently the most precise radiometric dating approach available in
geoscience. Analytical precision of this technique approaches 99.98% for Late Cretaceous volcanic
zircon from bentonite in this study, which equates to an uncertainty of ca 20,000 years or better. This
new caliber of high-precision geochronology approaches timescales comparable to palaeobiotic
processes, such as rates of evolution and extinction, and thus facilitates the investigation of complex

palaeoecological hypotheses (Bowring et al., 2006; Chapter One).

High-precision geochronology reported in this thesis comprised part of a larger collaborative
project that supported this PhD project to refine the temporal context of Campanian terrestrial
ecosystems in western North America [NSF grant: EAR1424892]. This refinement was done by
producing a stratigraphically arrayed framework of high-precision CA-ID-TIMS ages from several
richly fossiliferous localities across the Western Interior spanning from Canada to New Mexico
(presented in Ramezani et al., in review, and in Chapters 3 and 4). As such, the framework facilitates
direct comparison of coeval fossil-bearing strata from localities separated by up to 1500 km. Although
a patchwork of less precise techniques has previously been employed to date and compare these strata,
the novelty and advantage of the new approach herein was to generate data that was exactly comparable
by executing the same procedure for the same isotopic system in the same laboratory. This deliberate
and focused attention to replication reduced or eliminated biases that have previously hindered reliable
basin-scale correlations. Due to substantial implications for experimental replicability, this chapter
documents the detailed methodological approach to CA-ID-TIMS geochronology employed herein and
for all samples investigated as part of this project.

2.2 Approach context

Before delving into the methods, it is important to consider why this approach was selected over
other comparable geochronologic techniques. The first factor to consider is selection of the most
appropriate radioisotopic system for the desired time interval (here, the Late Cretaceous). Ruling out
radioisotopes with comparatively short (e.g., **C) or long (e.g., ®’Rb, **'Sm) half-lives, the U-Th-Pb and
K-Ar systems are most appropriate for these rocks. The U-Th-Pb system has triple merits over the K-Ar
system; 1) U series decay constants are more precisely constrained (i.e., Jaffey et al., 1971); 2) co-
occurring 28U-2Ph and *°U-?"Pb decay chains facilitate an internal check for closed system behavior
(concordance); and 3) U series geochronology most frequently uses zircon, which is a common
accessory mineral in many rocks, is physically and chemically robust, has a high closure temperature,
and naturally excludes Pb from its crystal lattice (Larson et al., 1952; Davis et al., 2003; Parrish and
Noble, 2003; Bowring et al., 2006). Analysis of the U-Th-Pb system in zircon can be conducted using
a host of techniques, broadly separated into conventional (ID-TIMS) and microbeam (LA-ICP-MS,
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SIMS, SHRIMP) (Bowring et al., 2006). The
advantage of microbeam techniques is that they
are designed for the rapid analysis of small
volumes of many individual grains. These
functions mean that microbeam ages are relatively
inexpensive to obtain; however, the analytical
precision is generally limited to the realm of 0.1 -
1% uncertainty. The conventional ID-TIMS
approach is nearly the opposite in these regards;
the procedure is complex, time-consuming, and
more destructive (uses the entire grain) meaning
it is also comparatively expensive (~US$500 per
zircon). These restrictions are balanced by
exceptional analytical precision, which is
currently around an order of magnitude finer than
ion microprobe techniques and nearly two orders
of magnitude finer than laser ablation ICP-MS.
The choice between conventional (ID-TIMS) and
microbeam techniques is therefore synonymous

with that for high or low precision.

Different geological scenarios necessitate
varying levels of precision and thus, as discussed
above, different geochronologic techniques.
Richly fossiliferous Campanian-aged strata in
western North America provide an excellent
opportunity (perhaps the best in the world) for the
application of high-precision geochronology due
to the well-established geological and
paleontological context, and an atypical
abundance of interstratified primary volcanic
material in the form of bentonite horizons

(devitrified volcanic ash). The need for high-

Fig. 2.1 Summary of the laboratory procedure for CA-
ID-TIMS. Boxes are color-coded to sections where:
Section 3 = yellow, Section 4 = Blue, Section 5 =

Green, Section 6 = Red.
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resolution constraint is tied to the scale of processes under investigation at these localities (e.g.,
palaeobiotic distribution patterns and turnover). To address these concepts, uncertainty associated with
the age of the strata should ideally be comparable to rates of the palaeoecological processes; therefore,
high-precision CA-ID-TIMS is critically important in this scenario. Furthermore, the use of bentonite
beds is key because these represent the true depositional age of strata given that volcanic ash is deposited
in geologically insignificant timespans (Bowring et al., 2006; Lowe, 2011). Conversely, lower precision
microbeam techniques could be considered more appropriate by default in a situation with poor pre-
existing temporal constraint, poor or absent primary volcanic material, and underdeveloped
palaeoecological context. Indeed, in-situ approaches can be used to pre-screen grains for further high-

precision geochronology via CA-ID-TIMS.

The use of high-precision CA-ID-TIMS geochronology is thus particularly well justified for this
project and inclusion of a detailed procedural transcript is essential. At the level of precision achieved
in this study, even minor procedural variation can result in a statistically significant divergence of results
for the same bentonite horizons (J. Ramezani, per. com.). This exact scenario was encountered over the
duration of the project where high-precision CA-ID-TIMS dates for a different but parallel project were
generated for samples from Alberta using a comparable method in a different laboratory (see Eberth and
Kanno, 2020). To ensure the geochronologic data from the two projects were compatible, one bentonite
horizon (Bearpaw) was analysed in both laboratories using two portions of the exact same sample;
however, the ages generated in each lab did not overlap in the first instance (J. Ramezani, per. com.).
The discrepancy was rectified following minor procedural adjustments and this instance stands as an
example of the complexity of comparing geochronological data including data generated using the same
technique but with very slight procedural variation. As such a complete methodology is described here
beginning with bentonite collection techniques through to data reduction (Fig. 2.1). A glossary is

provided at the end of the chapter for clarity on abbreviations, acronyms and laboratory terminology.
2.3 Bentonite sampling and preparation
2.3.1 Sample collection

Bentonite collection methods are difficult to standardize due to variable preservation and differences in
depositional styles. Some studies include outcrop descriptions and notes on lateral continuity, and some
mention trenching outcrops to obtain fresh exposures (e.g., Thomas et al., 1990; Roberts et al., 2005;
Foreman et al., 2008; Fanti, 2009; Jinnah et al., 2009). Detailed collection methods are rarely described,
but anecdotal experience shows that zircon populations and yield can be greatly affected by sampling
techniques (Bowring et al. 2006; Chapter Six; E. Roberts, per.com.). The following five-step procedure
is a generalization of the approach used in this study for the collection of Campanian bentonites from

across western North America (Fig. 2.2).
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Fig. 2.2 Examples of bentonite outcrops and more. A) Bentonite collection site illustrating the trench and bench
approach. B) Bentonite outcrop showing the classic popcorn weathering texture. C) Outcrop in panel B from a
distance showing the texture/color change from mudstone to bentonite and the bench-forming nature of bentonite
horizons (photograph looks down onto the bench that sits atop a ~20 m cliff). D) Accumulation of phenocrysts at
the base of a bentonite horizon deposited in a shallow pond (pencil for scale). E) Bentonite hand sample (smectite
chips) illustrating the common pistachio green color and waxy texture. F) Gypsum crystals collected from a

bentonite outcrop (slightly rounded during post-collection transport).
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1. Identify bentonite horizons

In badland-style outcrops, bentonite horizons are commonly identifiable on the landscape
as weather-resistant benches with characteristic popcorn swelling textures. The color of
bentonite exposures may vary depending on a host of factors including recent wetting but
are generally gray to greenish-gray and exceptionally slick when wet. Beneath this friable,
eroding surface material, ‘fresh’ in-situ bentonite may be present. Fresh bentonite is
commonly rich pistachio green with a waxy luster, which signifies high purity smectite clay.
Visible black flecks interpreted as fresh biotite mica are a good indicator of primary airfall
bentonites (i.e., minimal reworking). Check for gray/translucent grains of quartz, which
may indicate reworking/incorporated detrital material. Diagenetic gypsum is also often
associated with bentonite beds due to hydraulic impedance caused by the swelling clays,
which typically leads to secondary precipitation of gypsum crystals (selenite) within cracks

in the weathered portion of the bentonite.

2. Excavate a trench through the bentonite horizon to locate the best level from which to collect

material

In many instances, the most reliable level is close to the base of the bentonite unit due to an
upwards increasing likelihood of fluvial reworking. This is a guideline, and the unique
characteristics of each outcrop should be observed in detail. Conversely, the basal few
centimeters also have an increased likelihood of contamination, in this instance from
comparatively larger volcanic detritus entrained during eruption. This material may not
represent the true depositional age of the bentonite (i.e., age of eruption); therefore, the
absolute base of a bentonite horizon should also be avoided. Given sufficient thickness,
avoid the first ~centimeter of the bentonite and sample from the next 20% of its total

thickness. Note that this approach is not applicable in all situations.

3. Uncover a bench at the top of the desired interval

Once the optimal interval of the bentonite horizon from which to collect material has been
identified, remove overburden to make a bench. Benching is not always possible depending
on local terrain (e.g., steep hills, cliffs). In these instances, clear the area of loose sediments
and collect the targeted material by digging into the cut-face making sure not to dislodge

undesired material that may contaminate the sample with younger or detrital material.

4. Collect bentonite material

Roughly 4 kgs of bentonite is typically sufficient; however, the required amount will vary
depending on the size and abundance of zircon within the bentonite. Ensure the sample is

clearly labelled and protected from contamination during transport and storage.

5. Record location and relevant details

Include GPS co-ordinates, photographs, rock description / depositional environment

interpretation, stratigraphic height, bounding lithofacies and lateral extent.
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2.3.2 Mineral separation

Mineral separation for the isolation of zircon from bentonite is similar to standard procedures for other
rock types (thus, is not described in great detail here); however, because bentonite is typically >90%

clay, specific additional steps are also applied.

1. Soak the bentonite sample overnight

- Place approximately one kilogram of bentonite in a large beaker / jug, add water so that all
material is covered, and leave it to soak overnight. Swelling clays in the sample will absorb
the water and form a thick paste.

2. Blend the bentonite paste into a slurry

- Homogenize the hydrated bentonite clay using a sediment blender. Add water until the
resulting slurry is of similar viscosity to cream or less.

3. Gradually feed the bentonite slurry into an Ultrasonic Clay Separator (UCS)

- The UCS apparatus designed by Hoke et al. (2014) disaggregates and decants the clay
component of bentonite so that only clean phenocrysts remain. The process may take a day
or two to complete and typically reduces the sample volume by >90%. See Hoke et al.
(2014) for specific details.

4. Magnetic separation (if required)

- Depending on the abundance of mica and other magnetically susceptible minerals in the
crystalline separates from the previous step, conduct magnetic separation using a Frantz
Isodynamic magnetic separator. Use two stages of separation both at 15° tilt or similar; first
at 0.5 A to remove highly susceptible materials (e.g., magnetite and magnetite-bearing
micas), then at a higher field strength, usually 1.15 A, to remove biotite micas and similar.

5. High density liquid separation using methylene iodide (MEI)

- Use high density liquid such as MEI (density = 3.32 g-mL™) to separate zircon from the
non-magnetic fraction. MEI is preferred over LST Heavy Liquid (water soluble lithium
heteropolytungstates; density of 2.85 g-mL™) because, although the former requires stricter
safety procedures, its higher density more effectively discriminates between zircon (~4.7

g-cm’®) and the common accessory mineral apatite (~3.2 g-cm™) (see also Appendix B.1).
2.3.3 Zircon selection

Due to the small number of analyses per sample used in the CA-ID-TIMS procedure (i.e., typically less
than a dozen), selection of zircon from the heavy mineral separates of bentonite samples is of particular
importance. Several key morphological criteria are used to select a population of zircon that represents

the true depositional age of the bentonite (Fig. 2.3):

e Well-developed habit (i.e., clean crystal faces)
e High aspect ratio (5:1)
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. inclusions

Elongated glass (melt)
orientated parallel to the crystallographic

HC” aXiS

These characteristics have proven to be an
effective metric for identification of the youngest
zircon population (J. Ramezani, per. com.). These
criteria are applied as follows and, due to the
small sample size and high cost of analyses,
particular care is taken to reduce the likelihood of

zircon cross-contamination.

1. Clean the petri dish

To reduce the likelihood of sample

cross-contamination, use a

disposable 4 cm plastic petri dish.

Flush the dish using compressed air
and visually inspect it using a

Fig. 2.3 Zircon morphological characteristics. A)

binocular microscope to check for Example of desirable characteristics including high
aspect ratio, good habit, and elongated glass (melt)
inclusions. These grains consistently yielded precise
and accurate dates. B) Example of sub-optimal
morphologies (small, rounded, few inclusions) from

grains that did not yield practically useful data.

loose grains.
2. Spread the heavy mineral separates in the
dish
- Fill the separates tube to the brim
with ethanol and place the petri dish
over the top then invert and remove tube. Add further ethanol to the petri dish (to ~2 mm
depth) then swirl the dish gently to spread the material. This process results in subtle
distributional patterns of zircon morphotypes. Add more ethanol as required.
3. Pick a target zircon population
- Use purpose-made fine laboratory tweezers (sharpened further for precision picking) to
gather the target population (n ~ 20) in a clear area of the dish based on the above
morphological criteria.
4. Photograph the zircons
- Use a fine tipped disposable pipette (washed with ethanol, inside and out) to transfer the
selected population to a fresh dish (prepared as above). Position the crystals neatly using
the tweezers and image the zircon population using a high-powered photomicroscope (e.g.,
Fig. 2.3). Rotate the stage and take photos at several lighting angles to better illustrate the
crystal surfaces.
5. Prepare for thermal annealing
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- After the photographs have been taken, use the same disposable pipette to transfer the
zircons to a clean quartz crucible (cleaned upside-down in a sonic bath and visually

inspected using the microscope to check for zircon cross-contamination).
2.4 Equipment preparation

Contemporary high precision uranium-lead geochronology is reliant on the ability to measure isotopes,
particularly those of lead, accurately at the picogram scale (1 picogram = 0.000000000001 grams),
which requires reduction or elimination of lead contamination in the laboratory setting (Parrish and
Noble, 2003; Bowring et al., 2006; McLean et al., 2011). As such, high-precision uranium-lead analyses
using the CA-ID-TIMS approach can only be conducted in laboratories outfitted with high grade Pb
clean rooms and associated procedures. All equipment used in the CA-ID-TIMS process must be
thoroughly cleaned before each use. Most materials used in the clean laboratories are metal-free because:
1) most metal products contain some amount of lead that may contribute to contamination; and 2) the
highly corrosive nature of the acids used in the process rapidly deteriorate metal equipment. Figure 2.4
shows the variety of polytetrafluoroethylene (Teflon) containers used in different steps in the process.

Each are thoroughly cleaned before use.
2.4.1 Dissolution vessels and nano-capsules

The nano-capsules and dissolution vessel (Fig. 2.5) are used for zircon digestion and require a four-day

pre-clean before use.

1. HCI Pre-clean One

- Disassemble the vessel components on a laminar flow workbench in a fume hood within
the Pb clean room

- Dispose of remaining acid (from previous cycle) and rinse components with MQ water to
remove excess acid before placing them on durex squares

- Remove the caps of each nano-capsule using plastic forceps and place caps on parafilm

- Dispose of remaining acid from nano-capsules

- Add three drops of 6.2 M hydrochloric acid (HCI) to each nano-capsule and replace the caps

- Add ~7 mL of 6 M HCI (£ 5 drops of 14 M nitric acid [HNOs]) to the dissolution vessel

- Assemble the vessel components and transfer the sealed vessel to the oven room

- Inthe oven room fume hood, secure the vessel in its metal jacket

- Place the jacketed vessel in a 180°C oven overnight (minimum 8 hrs)

- Remove the metal jacket from the oven and let it cool for at least one hour

- Disassemble the metal jacket, wipe down the vessel with damp paper towel to remove metal
contaminants, seal lid with parafilm and transfer to the clean lab atrium

- Remove the parafilm and clean the vessel again with MQ water and durex squares
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Fig. 2.4 Various Teflon containers used in the Pb clean laboratory including nano-capsules and dissolution

vessels, sample beakers and hex beakers, and plastic wash tubes. All require pre-cleaning as per Section 2.4.

2. HF Pre-clean One
- Repeat step 1 one using 29 M hydrofluoric acid (HF) in place of HCI and an oven
temperature of 210°C instead of 180°C
3. HCI Pre-clean Two
- Repeat stage one exactly (without HNO3)
4. HF Pre-clean Two
- Repeat stage two exactly

2.4.2 Hex beakers

These Teflon beakers (termed “hex” due to the hexagonal shaped lid) are used during the rinse stage
where impurities leached from the zircon during partial dissolution are washed out. Since they will be

exposed to minor contaminants during this process, the pre-clean is relatively minimal.

1. Fill the beakers and caps to the brim with MQ water

2. Dispose of the water and add ~1 mL of beaker cleaning 6 M HCI

3. Replace caps and flux overnight on a 50°C hotplate (minimum 3 hrs)
4

Dispose of acid appropriately before use
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2.4.3 Sample beakers

These containers, also made of Teflon but
approximately twice the size of the hex beakers,
are used to collect the final uranium and lead
components following chemical purification (i.e.,
the final step before measurement). It is therefore
important that these beakers are exceptionally
clean. The cleaning process is similar to that for

nano-capsules and includes three stages.

1. HCI Beaker Pre-clean One

- Rinse the beakers and their caps with
MQ water and clean inside each one
with a wet durex square (pay
particular attention to the cap screw)

- Rinse again with MQ water then fill
beakers and caps to the brim with MQ
water

- Dispose of water and immediately
transfer the items to a laminar flow
work bench in a fume hood holding
the openings to the beakers and caps
downward
NB: Make sure beaker and cap pairs
match, and place the items on a large
durex with

square (helps

maneuverability)

-
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Fig. 2.5 Photographs and schematic diagram of
dissolution vessel components including metal jacket
and nano-capsule stand used to digest zircon at high
temperature/pressure conditions in high-strength HF

acid.

- Add ~1 mL of beaker cleaning 6 M HCI to each beaker and replace caps

- Flux overnight on a 50°C hotplate inside the fume hood (minimum 6 hrs)

- Remove the beakers from the hotplate and rotate them to amass the acid condensate

- Dispose of the acid and place the items on a large durex square

2. HF Beaker Pre-clean

- Add ~1 mL of beaker cleaning HF to each beaker and replace caps

- Flux overnight on a 50°C hotplate inside the fume hood (minimum 6 hrs)

- Remove the beakers from the hotplate and rotate them to amass the acid condensate

- Dispose of the acid and place the items on a large durex square

3. HCI Beaker Pre-clean Two
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- Fill the beakers and caps to the brim with MQ water then discard the water (this ensures no
plastic filings from the cap screws remain in the beakers)

- Add ~1 mL of beaker cleaning 6 M HCI to each beaker and replace caps

- Flux overnight on a 50°C hotplate inside the fume hood (minimum 6 hrs)

- Remove the beakers from the hotplate and rotate them to amass the acid condensate then

dispose of the acid
2.4.4 Wash tubes

These containers are small plastic sample vials that are used to collect additional chemical separates
(washes) containing rare earth elements (REEs) and other dissolved components during chemical
purification. Since these elements are less common in the environment than lead and will not be
measured using the high precision thermal ionization mass spectrometer (TIMS), very little cleaning is

necessary. Simply fill each tube with MQ water to rinse, then dispose of water.
2.5 Laboratory procedures

The intricate ID-TIMS laboratory procedure has evolved over seven decades of incremental
advancements since its first iteration presented by Tilton et al. (1955). One of the most significant,
relatively recent of which was development and refinement of the chemical abrasion zircon pre-
treatment presented by Mattinson (2005). Even without pre-treatment, zircon is an exceptionally useful
mineral for U-Pb geochronology because of its physical and chemical robustness; however, all
radioisotope-bearing minerals are subject to radiation damage over geological timespans and this
process affects the integrity of the crystalline lattice. In the case of zircon, the decay of uranium and
thorium isotopes and their daughter products cause a-particle damage (fission tracks, 10 to 20 um, ~100
atomic displacements) and alpha-recoil damage (30 to 40 nm, ~1000 atomic displacements; Ewing et
al., 2003). Compared to alpha decay, the effects of beta decay on the zircon crystal are negligible.
Repeated alpha decay, such as the eight instances in the *®U chain, results in accumulated damage,
particularly recoil damage at the site of the daughter nuclide (which constituted a particular challenge
in the development of chemical abrasion techniques; see Mattinson, 2005). At a larger scale,
interconnectivity of damage results in amorphous zones that facilitate migration and loss of radiogenic
nuclides (i.e., open system behavior / lead loss). More intense damage occurs in zones with comparably

higher uranium and thorium concentrations (bright CL zones; Fig. 2.6).

Several pre-treatment techniques have been developed to mitigate the effects of lead loss in
these radiation damaged zones. Prior to refinement of the chemical abrasion approach, mechanical
abrasion was used to remove outer zones of damaged crystal (see Krogh, 1982). Although this method
is suitably effective for zircons that crystalized with progressive enrichment of U, Th and REEs, it is not
effective for internally damaged zones that result from comparatively complex crystallization histories

(Fig. 2.6). With the revolution of chemical abrasion pre-treatment, open system behavior is virtually

29



Chapter Two

CA-ID-TIMS Methodology

resolved in all zircon including those with internal
heterogeneity and the method is currently
accepted as standard procedure for the effective
preparation of zircons for high precision
geochronology (Mattinson, 2005; Bowring et al.,
2006). As well as effectively mitigating lead loss
in radiation damaged zones, chemical abrasion
also removes other impurities that may contribute
common lead such as glass (melt) and mineral

inclusions (J. Ramezani, per. com.).
2.5.1 Thermal annealing

The first component of the two-part chemical
abrasion procedure is to anneal zircons in
preparation for partial dissolution. Thermal
annealing protects isolated alpha-recoil-damaged
radiogenic nuclide sites that otherwise have
to acid

increased  susceptibility

(Mattison, 2005). This protects the concordant

leaching

radiogenic products and facilitates later removal

of lead-loss affected amorphous zones.

1. Place quartz crucibles containing selected
zircon from Section 2.3.3 in a furnace at
900°C for 60 hours (£2 hr)

2. After cooling, cover the crucibles with

parafilm, place in a clean plastic

container and transport to Pb clean room
2.5.2 Partial dissolution

Once the zircon grains have been prepared by

thermal annealing, the radiation damaged zones

Al _
Increasing

B Variegated
Enrichment "\
y \

Enrichment

apatite

inclusion
melt

inclusion

\ >
\V/’

Mechanical abrasion suitable Requires chemical abrasion

Fig. 2.6 Examples of zircon internal textures and how

they relate to ID-TIMS pre-treatment. A) Schematic of
zircons zones showing increasing and variegated
enrichment represent by light and dark zones to reflect
cathodoluminescent (CL) response. B) CL images of
zircons from this study showing examples of internal
heterogeneity such as glass (melt) inclusions and
apatite mineral inclusions, as well as non-uniform

oscillatory zoning, sector zoning and combinations.

(now microcrystalline zircon) are removed using high-strength acid at high temperature and pressure

conditions within a dissolution vessel.

1.

In the Pb clean room on the laminar flow workbench, prepare a mechanical pipette (set to 150

ML) by rinsing the disposable plastic tip with MQ water and 6 M HCI
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2.

Use the mechanical pipette to transfer zircons from the quartz crucible to a nano-capsule (all
zircon from one sample can be placed in the same nano-capsule at this stage)
Note: Nano-capsules and the dissolution vessel must be pre-cleaned according to Section 2.4.1.
Add 2 drops of 29 M HF to each nano-capsule (including those without zircon)
Add ~7 mL of moat HF to the dissolution vessel, assemble vessel components and transfer the
sealed vessel to the oven room
In the oven room fume hood, secure the vessel in its metal jacket
Place the jacketed vessel in a 210°C oven for exactly 12 hours in which time the zircons will be
partially dissolved
Note: Consistent abrasion time is of upmost importance. Deliberate variation (x 30 minutes)
can be applied if needed for specific geological situations.
After 12 hours, remove the metal jacket from the oven and let it cool for at least one hour
Disassemble the metal jacket, wipe down the vessel with damp paper towel to remove metal
contaminants, seal lid with parafilm and transfer to the clean lab atrium

Remove the parafilm and clean the vessel again with MQ water and durex squares

2.5.3 Zircon rinse

This phase involves cleaning zircons of their leachates, which include the dissolved components of

radiation-damaged zones (areas of potential lead loss) and also dissolved melt and mineral inclusions

(sources of common lead).

1.

Preheat a hotplate to 42°C in a laminar flow workbench and prepare a transmitted light binocular
microscope and sonic bath, all within the Pb clean room

Disassemble the dissolution vessel on the laminar flow workbench and dispose of the moat acid
Using plastic forceps, remove the cap of the zircon-bearing nano-capsules and empty the
contents (zircon + leachates + HF acid) into a clean, labelled hex beaker (pre-cleaned following
Section 2.4.2)

Add ~5 drops of concentrated HNOs to the hex beakers then use a transmitted light microscope
to check that all zircons are present

Replace the hex beaker caps and flux on the hotplate at 42°C for one hour

At this time, also place a shallow dish of MQ water (=5 mm depth) on the hotplate

While the hex beakers are fluxing, add 1 drop of concentrated HNO3 and 3 drops of HCI to the
nano-capsules that contained zircon during partial dissolution then replace the caps and leave
the nano-capsule pucks aside within the workbench area until later

Note: this ratio of acids creates aqua regia solution, which thoroughly cleans the leachates from

the nano-capsules.
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8. After one hour on the hotplate, transfer hex beakers to the shallow dish of warm water and place
the dish within a sonic bath for one hour

9. Prepare a mechanical pipette by rinsing the disposable plastic tip with MQ water and 6 M HCI

10. After one hour in the sonic bath, remove the hex beakers and gently dry them

11. Using a transmitted light microscope and the mechanical pipette, wash the zircons by moving
them around using gentle jets from the pipette and ensure no droplets remain on the sides of the
hex beaker

12. Remove as much fluid as possible from the hex beakers and dispose of acid

13. Placing the cap gently over the opening to reduce the likelihood of contamination, transfer hex
beakers to the laminar flow workbench

14. Add 10 drops of MQ water (blank checked) to each hex beaker and repeat the rinsing and fluid
extraction process (steps 11-12)

15. Return again to the workbench and add 10 drops of 6.2 M HCI to each hex beaker

16. Repeat the hotplate and sonic bath steps (5-6, 8-13)

17. Dispose of aqua regia solution from nano-capsules from step 7

18. Add 10 drops of MQ water (blank checked) but this time, do not rinse and extract these fluids

19. Using the microscope, carefully isolate single zircon crystals, extract them with as little fluid as
possible and deposit them in individual nano-capsules, replacing nano-capsule caps as you
progress

Note: set the mechanical pipette to 20 pL for this step.

There should now be one clean zircon (with very little water and no acid) in each nano-capsule except

one or two that are measured as a total procedural blank.
2.5.4 Tracer spike and total dissolution

Spiking the nano-capsules with a calibrated uranium-lead tracer solution facilitates quantification of
isotope ratios measured during analysis (Section 2.6.3). Unlike that of natural mineral standards, tracer
solution isotopic composition can be defined by Sl units, which facilitates robust uncertainty
calculations (see Condon et al., 2015; McLean et al., 2015). EARTHTIME solutions used in the
procedure described here contain a precisely calibrated mix of anthropogenic U, 2*3U, and *®Pb
(ET535), and these plus 2°?Pb (ET2535). Accurate spike weights are fundamental to the CA-ID-TIMS
procedure, thus not a single drop of spike solution can be spilled, and exceptional care must be taken to
avoid contamination of the spike solution (i.e., do not touch the bottle tip to anything, do not reach over
the exposed bottle tip etc.). Note also that due to the high sensitivity of the electronic balance, once the
spiking process begins, the laboratory door must remain closed until completion. To allow time for the

balance to equilibrate, turn it on several hours prior to spiking (e.g., during step 8 of Section 2.5.3).
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10.

11.

12.

13.

14.

15.

Prepare the laminar flow workbench by laying out durex cleaning pads and dampen them with
MQ water to reduce any ambient static charge (droplets of tracer solution are so small that they
can be easily deflected due to electrostatic interference)

Note: Ensure all solutions required are full and ready to use (HF in particular).

Place two squares of parafilm adjacent to the workspace; one for the caps of the nano-capsules
and another for the protective lid of the spike bottle

Retrieve the tracer solution (spike) bottle from the storage space at the back of the bench,
carefully remove the parafilm from around the neck of the bottle and gently roll the bottle on
the damp durex to remove any ambient static charge

With the protective lid in place, transfer the spike bottle to the electronic scales and gently close
the Perspex door

While the balance is stabilizing, remove the cap from the first nano-capsule

Record the initial weight of the spike bottle on the laboratory records sheet as well as a specific
dissolution sheet for the current zircon batch

Return the spike bottle to the workspace then set the bottle down and remove hands completely
(this is to prevent the development of habitual short cuts that could result in contamination of
the tracer solution spike bottle)

Remove the spike bottle cap and place it on parafilm, then add exactly two drops of the tracer
solution to the nanocap

Note: Be careful not to touch the tip of the dropper bottle on anything, including the rim of the
nanocap.

Replace the protective lid on the spike bottle then set it down on the bench again (hands
completely off) before transferring it to the electronic balance

While the balance is stabilizing, add 3 drops of 29 M HF to the nano-capsule and replace the
cap, then rotate the nano-capsule puck and remove the cap of the next nano-capsule

Record the new spike bottle weight on the dissolution sheet then repeat steps 7-10 for each nano-
capsule

Once all nano-capsules have been spiked, record the final weight of the spike bottle on the
laboratory records sheet

Replace parafilm around the neck of the spike bottle and reassemble the dissolution vessel using
~7mL of moat HF

Transfer the sealed dissolution vessel to the oven room fume hood and secure the vessel in its
metal jacket

Place the jacketed vessel in a 210°C oven for 48 hours in which time the zircons will be

completely dissolved (the duration of this time is less strict than for partial dissolution)
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2.5.5 Chemical conversion

After the zircon crystals have been completely digested by the hydrofluoric acid, the chemical
components are in a hydrofluoric state. The resin used in Section 2.5.6 to isolate lead and uranium from
other dissolved components is designed to react specifically with different strength hydrochloric acid
conditions. It is therefore important to convert the chemical state of the dissolved zircon components

from hydrofluoric to hydrochloric.

1. Remove the metal jacket from the oven and let it cool for at least one hour and preheat a hotplate
in a laminar flow fume hood (in the Pb lab) to 50°C

2. Disassemble the metal jacket, wipe down the vessel with damp paper towel to remove metal
contaminants, seal lid with parafilm and transfer to the clean lab atrium

3. Remove the parafilm and clean the vessel again with MQ water and durex squares

4. Disassemble the vessel components on a laminar flow workbench in a fume hood within the Pb
clean room and dispose of moat HF acid

5. Transfer the nano-capsule pucks to the hotplate then remove the caps using plastic forceps and
place these to the side on clean parafilm

6. Carefully cover the nano-capsule pucks with a plastic cover to reduce the likelihood of
contamination
Note: be mindful of hand positioning; do not reach over open containers.

7. Leave the nano-capsule pucks on the 50°C hotplate for approximately one hour to evaporate HF
from the nano-capsules (check for condensation droplets to ensure the sample is completely dry)

8. Once dry, add 3 drops of 6.2 M HCI to each nano-capsules, replacing the caps as you go, and
remove the nano-capsule pucks from the hotplate

9. Reassemble the dissolution vessel using ~7mL of 6 M moat HCI and transfer the sealed vessel
to the oven room

10. In the oven room fume hood, secure the vessel in its metal jacket and place the jacketed vessel
in a 180°C oven overnight (minimum 8 hrs)

11. The next day (or 8 hrs later), repeat steps 1-7 to evaporate the HCI

12. Once dry, replace caps and remove from the hotplate and let cool for around 10 minutes

13. Add 2 drops of 3 M HCI to each nano-capsule and leave the nano-capsule pucks at the back of

the laminar flow workbench ready for step 4 in Section 2.5.7.
2.5.6 Anion exchange column chemistry — preparation

Purification of the dissolved chemical components of zircon samples is conducted in small (<1mL)
plastic polymer funnels referred to as columns (Figs. 2.7 and 2.8). Like all other containers that come
into contact with the samples, these columns and the resin that fills their tips must be thoroughly cleaned

to reduce common lead contamination.

34



Chapter Two CA-ID-TIMS Methodology

10.

11.

In the Pb clean lab, use plastic forceps to retrieve a column from the HNO; storage baths,
handling it using the column board on which it is fitted

Rinse the column and board with MQ water twice, tapping gently between each wash

Transfer the rinsed column to the laminar flow workbench with the mouth of the column facing
down

Over a collection dish, use a specific column cleaning MQ water bottle and touch the tip of the
squirt bottle to the tip of the column and flush water back through the column neck to remove
any contaminants (count five drops then repeat) and leave a small amount of water in the column
to ensure no air bubbles remain in the neck

Add 3 to 5 drops of homogenized resin solution so that the neck of the column is completely
filled but the reservoir has no more than 1mm depth of resin (Fig. 2.8)

Note: If too much resin is added, use a clean mechanical pipette (prepared as previously) to
remobilize the resin and remove the excess.

Hang the column by the board on the purpose-made column stand ensuring the tip does not
interact with anything (be careful not to reach over the columns)

Repeat steps 1-6 for at least 15 columns (preparing extra columns is recommended)

Once the resin has settled and all water has drained through the columns, fill each column with
beaker cleaning 6 M HCI, then cover the column stand and let the acid drain through entirely
(=1 hr)

Fill each column with MQ water (blank checked), cover the column stand, and let the water
drain through entirely (~1 hr) to reset the chemical state of the resin to neutral

Add 15 drops of 6.2 M HCI to each column, cover the column stand, and let the acid drain
through entirely (~45 min) to remove any Pb contamination

Finally, add 15 drops of 0.1 M HCI to each column, cover the column stand, and let the acid

drain through entirely (~45 min) to remove any U contamination

2.5.7 Anion exchange column chemistry — procedure

This full day laboratory procedure involves several rounds of acid washes of varying molarity that

changes the state of the resin mesh (AG1-X8 Anion Resin, Cl-form, 200-400 mesh) to selectively allow

particular elements to pass through and be collected in batches (Fig. 2.8).

1.

After column preparation (Section 2.5.6), add 8 drops of 3 M HCI to each column, cover the
column stand, and let the acid drain through entirely (~30 min)

While the acid is draining through the column, prepare the wash tubes (Section 2.4.4) and the
column carousel (Fig. 2.7) by wiping down all surfaces of the carousel with a damp durex
cleaning pad and placing parafilm patches on the collection platform to reduce the likelihood of

the wash tubes moving during rotation
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Fig. 2.7 Anion exchange column chemistry carousel set up including schematic diagram. Represents transition
from the wash elute to Pb elute (steps 16-17, Section 2.5.7).

Note: If the REE washes are not to be collected, use durex squares in place of the parafilm.

3. Once the pre-conditioning solution has completely drained from the columns, carefully transfer
the columns to the carousel with the circle end of the column board facing out (ensure the tip of
the column does not come into contact with anything and be careful not to reach over open
containers)

Note: The boards should be loosely inserted into the carousel such that they can be easily

removed with one hand.

At this point, take a moment to prepare the workspace and remove any unused equipment (including the
now empty column stand). Place the pre-cleaned sample beakers (Section 2.4.3) nearby and retrieve the
previously prepared nanocap pucks from the back of the workbench. Transfer of the dissolved zircon

solutions from the nanocaps to the columns is a delicate process that requires maximum attention.

4. Remove the cap of the first nano-capsule using plastic forceps and place it on clean parafilm
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Fig. 2.8 Schematic summary of chemical purification of uranium and lead using anion exchange column chemistry.

5.

10.

11.

12.

13.

14.

Hold the nano-capsule in your right hand using the plastic forceps then gently grip the circle
end of the first column board using your left hand and remove it from the carousel (ensure the
tip of the column does not come into contact with anything)

Without passing either hand over either open container, carefully cross hands and gently fit the
nanocap into the mouth of the column by tilting both containers towards each other

When the two containers are fitted together, upturn the nanocap to transfer the contents into the
column (be careful to move both hands in unison to ensure the containers remain together)
Gently tap the left-hand knuckle on the workbench to liberate the last of the liquid from the
nano-capsule (again, ensure the tip of the column does not come into contact with anything)
Remove the nanocap and check that all of the liquid has been transferred to the column before
returning it to the puck

Gently insert the column board circle-end-inward to the carousel and immediately place the
labelled wash tube directly below the column neck (without touching the tip) and press the tube
firmly down onto the parafilm for stability

Prepare the now empty nano-capsule for the next round of pre-cleaning by adding 3 drops of
6.2 M HCI and replacing the cap

Repeat steps 4-11 for each nano-capsule / column pair

Once all samples have been transferred, add 2 drops of 3 M HCI to each column and let the acid
drain through entirely (~10 min) to elute the REEs, hafnium and other dissolved components
(which are collected in the wash tubes)

Repeat step 13 twice more (total of 6 drops per column)
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15.

16.

17.

18.

19.

20.

21.

22,

14.

23.

24,

25.

26.

27.

While the acid is draining, transfer prepared sample beakers (Section 2.4.3) to the workspace
and assemble the dissolution vessel as part of the first pre-cleaning step for a future batch of
zircons

Once the 3 M HCI has completely drained, gently tap the column boards to liberate the last drop
of the wash component then remove and seal the wash tubes

Carefully position the labelled sample beakers below their corresponding columns (without
touching the tip) and place the beaker caps open-side down on clean parafilm to the side of the
workbench

Add 8 drops of 6.2 M HCI to each column and let the acid drain through entirely (~1 hr) to elute
the Pb component

After this acid has completely drained, add 10 drops of 0.1 M HCI to each column and let the
acid drain through entirely (~1 hr) to elute the U component

Note: Both Pb and U components for each zircon are collected in the same sample beaker.
While the 0.1 M HCI is draining, preheat a hotplate in the laminar flow fume hood to 50°C
Once the solutions have completely drained from the columns, gently tap the column board to
libertate the last drop

Carefully remove the sample beakers from the carousel (without touching the column tips) and
add 1 drop of 0.05 M phosphoric acid (H3PO,) to each sample beaker (five beakers at a time is
recommended)

Carefully transfer the sample beakers to the 50°C hotplate without reaching over the open
containers and cover the beakers with a plastic cover to reduce the likelihood of contamination
Dry down the samples for approximately one hour, checking for condensation on the beaker
sides

Note: When the sample is completely dry, it should appear as a tiny black-brown dot at the
bottom of the beaker.

While the samples are drying down, rinse the now empty columns in the same manner as for set
up (Section 2.5.6, steps 2-4) and return the clean columns to their nitric acid storage bath

After the sample dry-down is completed, remove the sample beakers from the hotplate (without
reaching over the open containers) and transfer them to the laminar flow workbench to cool for
roughly 10 minutes

As soon as the beakers are cool enough to handle, replace the beaker caps and check that
identification numbers on each beaker and cap match

Place the prepared sample beakers in a holder tray and within a thick plastic sample bag for
transport
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2.6 Machine operation

2.6.1 Load filaments

The isolated uranium and lead from dissolved zircon samples is transferred onto rhenium filament then

immediately loaded into the thermal ionization mass spectrometer. The process of transferring the

sample to the filament is conducted in a clean room laminar flow workbench in the same space that

houses the TIMS machine.

10.
11.

12.

Select previously prepared filaments (preparation method not described herein), avoiding those
with warped or damaged prongs, and stand them in the purpose-made holding block (do not
reach over the exposed filaments)

Prepare a micropipette by retrieving a pre-treated transfer tube from the storage bottle using
clean forceps and fit it into a finger pipette bulb

Remove the cap of the sample beaker and (without reaching over the open container) place two
separate droplets of silica gel solution into the cap

Draw up one of the droplets completely in the micropipette to rinse the inside of the tube then
dispose of the silica solution drop on a durex cleaning pad

From the second droplet, draw up ~1cm of the solution in the tube and deposit it onto the sample
within the beaker (look for the tiny black-brown dot)

Note: It is sometimes best not to release the whole droplet so as to facilitate extra manipulation
using surface tension.

Massage the sample for ~30 seconds by drawing up and releasing the silica solution repeatedly
to encourage dissolution

Draw up the sample completely then dispense the droplet so that it hangs on the end of the
pipette

Using this droplet, wipe down the walls of the beaker to ensure all of the sample is collected (be
mindful to not reach over the open beaker)

Finally, draw up the droplet again and, without reaching over the filaments, dispense the droplet
so that it hangs from the pipette and gently touch the droplet (but not the pipette) to the
appropriate filament then dispose of the transfer tube

Record relevant details on a sample loading sheet and repeat steps 2-9 for each sample

Once all samples are loaded onto filaments, allow approximately 30 minutes for the silica
solution to air dry

After air drying, use forceps to transfer filaments one at a time to a purpose made electrical box

and fit the prongs gently into the receptacles
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13.

14.

2.6.2 Loading mass spectrometer

After the samples have been loaded onto the
rhenium filaments and dried down, the filaments

are loaded into the turret of the thermal ionization

Steadily increase the amperage up to
2.7A OR until the sample glows red then
immediately reduce again (after this

process, the sample should appear as a Turret
Wreneh

smoked black spot on the filament)

Repeat steps 12 and 13 for each sample
then carefully transfer the holding block
into a clean sealed Perspex box for

transport

Fig. 2.9 Thermal ionisation mass spectrometer turret

mass spectrometer (Fig. 2.9). The turret holds 20 (mechanism that holds filaments with dried sample
samples at a time and samples are typically material on them) during a filament change. Process is

swapped out at least once a week (as needed). completed in a laminar flow work bench within the

1.

. - . . machine lab.
Begin by equilibrating the vacuum in the

source chamber of the TIMS machine to atmospheric pressure

Break the chamber seal and swap the cold trap ensuring not to bump the cold finger as the heavy
trap is removed

Remove the turret using the specialized turret wrench and transfer to the adjacent clean room
laminar flow workbench (Fig. 2.9)

Remove used filaments in numerical order (note that adjacent filaments are not arranged
numerically, i.e., 1, 4, 7, 10, 13, 16, 19, 2, 5, 8 etc.)

Note: Do not remove the lab blank standard filament (position 20).

Load the new samples into the filament boxes in the correct numerical order

Once all filaments are in place, hold the turret by the wrench handle and examine the underside
to ensure all filaments are aligned with the slits in the metal boxes

Load the turret back into the source chamber of the machine in reverse order (rotate the turret
360° while examining the filament connection point to check for misalignment)

Before sealing the machine, ensure no dust has fallen into the source chamber or on the gasket
and that no fingerprints are present anywhere inside the machine to ensure a high-quality
vacuum can be achieved

Note: To further improve the seal, trace the gasket with a clean un-gloved finger to add natural
oils but do not touch the metal of the chamber interior.
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9. Restore the vacuum settings for the source chamber and allow the machine to pump down
overnight (minimum 5 hours)
10. While machine is pumping down, input the sample metadata into the lonVantage software in

preparation for analysis
2.6.3 Operating the mass spectrometer

The IsotopX X-62 thermal ionization mass spectrometer in the isotope laboratory at MIT is operated
using lonVantage on a network connected desktop computer located within the clean room. The desktop
computer can also be remotely accessed using third party software such as TeamViewer. To begin

analysis of a new batch of samples, the machine must first be prepared and operated as follows.

1. Once the vacuum integrity in the source chamber of the machine has reached an acceptable level
(overnight or ~5 hrs), fill the cold trap with ~4 L of liquid nitrogen, which (after 30 minutes)
will improve the vacuum quality further by freezing any remaining particles in the source
chamber onto the finger of the cold trap
Note: The cold trap must be continuously maintained by adding liquid nitrogen once or twice
per day for the entire operational period to ensure the entrapped particles are not released.

2. Using the IsoProbe window of lonVantage (Fig. 2.10) on the network linked desktop computer,
check the source vacuum integrity and position the turret

3. Begin heating the first sample by increasing the current (Start Ramp button) until the
temperature read-back reaches 1100°C

4. Check the source vacuum integrity again, then open the isolation valve that separates the source
and analysis chambers

5. After entering operational parameters, run a peak center check to optimize the magnetic mass
settings then complete an auto focus to set the ideal beam conditions

6. Repeat the peak center and adjust the high voltage setting if necessary

7. Check the counts per second (CPS) of the tracer Pb component (*®*Pb) and increase the current
to achieve a stable ion beam if necessary

8. Return to the home window of lonVantage, select the appropriate sample and element (Pb) the

press ‘run’ to begin analysis

Over the course of the lead isotope analysis, the ion counter will measure each selected isotope for a set
period (~5-10 sec). The time taken to complete all selected isotopes is called a cycle. Depending on the
methods set up, there are typically 14 to 16 cycles per block. If the ion beam decreases or becomes
unstable, the current (and equivocally, the temperature) can be increased during inter-block calibrations.
Depending on the sample size, tracer composition and ionization rate (beam intensity), among other

factors, 10 to 12 blocks of lead measurements are typical, which takes approximately 3-4
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Fig. 2.10 IsoProbe displays during the analysis of lead (top) and uranium (bottom). The measured isotopic masses

are annotated in red where Pb isotopes are measured sequentially (separate peaks) with 14-16 cycles per block,

and U isotopes are measured simultaneously (as oxides).
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Fig. 2.11 Tripoli displays during the analysis of lead (top) and uranium (bottom). Trends and degree of scatter

are used to advise operational conditions in real-time. For example, the first four blocks of the Pb analysis (top)

show a strong fractionation trend and these data will not be used in calculating the sample date.
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Fig. 2.12 ET_Redux during the final stages of analysis or after completion. The bar graph (highlighted within the
red box) illustrates sources of uncertainty in the calculated 2°6Pb/2%8U date and their proportional contribution to
the overall uncertainty. In this example, the 5*®0 calculation uncertainty, which is often a negligible component,
is the largest contributing factor (35.4%) due to the exceptionally high level of precision of this analysis.

hours. Over this time, the temperature of the filament may be increase up to ~1130°C, after which point
effectively all lead is ionized.

After the lead measurements have been completed, prepare the sample for uranium ionization.

9. Inthe lonVantange window, ‘stop’ the Pb measurement and record relevant notes

10. Proceed to change the operational parameters for the analysis of U isotopes (change CPS to
volts, select appropriate display channels and adjust the magnetic mass)

11. Increase the current until the temperature read-back reaches 1370°C

12. Conduct a peak center and adjust magnetic mass accordingly (auto focus is not required as the
beam was focused for the same sample during measurement of Pb)

13. Check the beam intensity is appropriate and increase the current (hence temperature) if
necessary

14. Return to the lonVantage home screen and select the appropriate sample and element (U) and

press ‘run’ to begin analysis
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Uranium has a high ionization potential within this temperature window; thus, all selected isotopes
of uranium (as oxides) are measured simultaneously using faraday collectors. This means the beam
intensity will falter much quicker compared to the lead analysis but can be adjusted at any time. The
measurement of uranium isotopes typically takes less than 20 minutes and can contain 8 to 16

blocks. The maximum temperature for uranium ionization is ~1400°C.

Once all measurements are complete, immediately close the isolation valve, reduce the filament
current to zero and restore the operational parameters to those of the lead measurements. Record
relevant notes in lonVantage. Adjust the turret location using the digital control to position the next

sample in place and repeat the measurement process for the next sample.
2.7 Data reduction and uncertainties

Data collected from the thermal ionization mass spectrometer is reduced and analysed in real-time while
data collection is ongoing; an approach which is designed to facilitate dynamic analysis conditions
(adjusting settings according to the observed ionization trends). Tripoli software is used to reduce the
data by manually identifying fractionation trends and instability in the ion beam in real time (Fig. 2.11)
(Bowring et al., 2011). This data is then imported in a live workflow to ET_Redux, which applies
various mathematical corrections and calculates uncertainty (Fig. 2.12) (Bowring et al., 2011).
Procedures for data reduction and uncertainty calculation are also described by McLean et al. (2011,
2015).

Calculated uncertainties compiled in ET_Redux are broken down into categories by percentage
contribution to the overall uncertainty (Fig. 2.12). These values are used in the live workflow to establish
the number analytical blocks required to optimize measurement precision. Uncertainty relating to the
lead and uranium measurement can be reduced by stabilizing the ion beam and collecting further data.
On the other hand, further measurements may not improve analytical precision if the largest source of
uncertainty becomes the aPb, Pb blank, §®0 or Th; calculation uncertainties, among others. The

following are some of the most relevant uncertainties to monitor.
2.7.1 Fractionation correction uncertainty (aPb)

Fractionation of lead isotopes during ionization is mathematically corrected in ET_Redux and the
associated uncertainty of the calculation is called aPb. It is not uncommon that the aPb component of
the overall uncertainty can constitute the largest factor when using the ET535 tracer solution because of
the limited mass range covered by these isotopes. Where all other sources of uncertainty are anticipated
to be comparatively small, the double spike ET2535 tracer solution can be used instead (Section 2.5.4)
to reduce the impact of the oPb correction uncertainty. This double spike tracer solution includes 2*?Pb,
which increases the isotopic range over which the correction factor is calculated, thus reducing

uncertainty relating to the fractionation correction calculation.
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2.7.2 Common lead uncertainty (Pbc)

Given the present analytical capabilities of CA-ID-TIMS (including double spike tracer solutions), the
primary restricting uncertainty is typically the laboratory lead blank, which is uncertainty relating to
contamination of common lead (Pbc) during the laboratory procedure. The physical amount of Pbc in
any given measurement is usually in the range of 0.20 — 0.50 picograms. The impact of picogram scale
increases in Pb. depends on the size of the zircon crystal (estimated using Pb*/Pbc; the radiogenic to
common lead ratio). If the zircon is relatively large, marginally higher Pb. is negligible; however, small
samples (low Pb*/Pb:) are more substantially impacted by Pb. contamination. Caution during the
laboratory procedure must be exercised to limit the introduction of contaminants (i.e., high standard

cleaning procedures, do not reach over open containers, etc.).
2.7.3 Oxygen isotope uncertainty (5'°0)

When the highest possible precision is neared, given current laboratory and analytical procedure, smaller
sources of uncertainty begin to become proportionally significant. One such uncertainty is the 5'%0
correction uncertainty that arises from the measurement of uranium isotopes as oxides. Uranium
isotopes measured during the TIMS procedure typically include 23U (anthropogenic spike isotope), **U
(mixed anthropogenic and natural) and #°U (natural); however, because the uranium is measured as
oxides (two oxygens each), the actual isotopic weights measured are 265, 268 and 270 atomic mass units
respectively, which assumes an oxygen isotopic composition of 100% *°0. Recalculating the ratio of
uranium isotopes not measured or measured as the wrong isotope (e.g., 22U + *O + 80 measured as
2% + 2 x 1°0) is complex and relies on a regularly recalculated laboratory parameter of the 5'%0. The
80/1°0 ratio that was used during the period of this study is 0.00205 +0.00002 (J. Ramezani, per.
comm.). This miniscule uncertainty propagates in the recalculation of uranium oxide isotopic masses

causing typically negligible uncertainty unless all other sources of uncertainty are highly optimized.
2.7.4 Initial thorium uncertainty (Th;)

Similar to §'%0, the initial Thorium (Th;) correction calculation is another source of uncertainty that is
typically miniscule unless the highest precision currently possible is neared with the added rarity of
unusually high thorium concentration in the zircon crystal. Correcting for initial thorium is a standard
procedure in uranium-lead geochronology due to the intermediate daughter product 2°Th present in the
238 - 2%pp decay chain; however, uncertainty relating to this correction is only significant where other
sources of uncertainty have been optimized (Schmitz and Bowring, 2001; Bowring et al., 2006).
Calculating the amount of Th initially present in zircon depends on the partitioning ratio between zircon
and magma at the time of crystallization (Schérer, 1984). To accurately estimate the amount of non-
radiogenic thorium present in the zircon at crystallization, the current 2°Th composition of the sample
is measured and the initial Th composition of the magma is estimated, then the two are correlated with

a calculated coefficient. Two individual sources of uncertainty exist in this calculation: 1) the precision
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of the coefficient and 2) uncertainty related to estimation of the initial magmatic Th composition.
Uncertainty due to Th; in TIMS data is commonly related to the latter of these two sources when the
Th/U ratio measured during analysis is >1, which indicates an atypical magma composition that are not

accounted for in the standard initial magmatic Th estimation.
2.8 Summary of outcomes

One hundred and thirty-one zircons from 20 different Campanian bentonites of the Western Interior
were analysed with this method during my 2017 and 2018 visits. Eight entirely new ages were generated,
two ages were generated for new samples of previously TIMS dated bentonite outcrops, and 21 zircon
analyses supplemented five existing bentonite ages. Twenty-five zircon analyses from five further
bentonite samples either didn’t produce coherent ages or are yet to be finalized. Bentonite ages to which
dates collected here contribute are listed in Table 2.1 and discussed in Chapters Three, Four and Six and

in co-authored work (e.g., Ramezani et al., in review).

Precision of bentonite ages calculated here are on par with the forefront of current
geochronologic techniques and were considerably improved from previous ages of the same units.
Uncertainty was reported in the format of £X/Y/Z following Schoene et al. (2006), where X is the
internal (analytical) uncertainty, Y incorporates tracer calibration uncertainty, and Z also includes the U
series decay constants of Jaffey et al. (1971). Analytical uncertainty ranged from 0.02 to 0.05 % for
bentonite ages reported here. Comparison of this new CA-ID-TIMS data for the Kaiparowits Formation
in southern Utah with the previous “°Ar/*Ar ages of Roberts et al. (2005; recalculated by Roberts, 2013)

shows a considerable improvement in precision and accuracy (Fig. 2.13).

Significant refinements are made to the age and correlation of strata in the study areas based on data that
are part of my contribution and other new ages generated from the project (i.e., those of J. Ramezani;
see co-authored works). These findings can be grouped into four general themes from broadest to most
specific and summarized as follows. Firstly, new data demonstrate that richly fossiliferous Campanian
strata separated by up to 1500 km were deposited contemporaneously (see Ramezani et al., in review).
This finding contributes to discussion around dinosaur latitudinal endemism across the Western Interior
during this time. The second finding was the discovery of bentonites from this study that are separated
by up to 1500 km with statistically indistinguishable ages based on the internal (analytical) uncertainty
(~0.02%). This finding raises questions about bentonite correlation and synchronous, large-scale
volcanism during the Campanian (see Chapter Six). The third theme regards stratigraphic refinement of
the Kaiparowits Formation in particular. This unit is now one of the most tightly constrained successions
in the world owing to nine new high-precision CA-ID-TIMS bentonite ages (Chapter Four and Ramezani
et al., in review) and a novel, numerical approach to intraformational correlation presented in Chapter

Four. Finally, age refinement of Campanian strata facilitates temporal calibration of fossil localities
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Table 2.1 Summary of bentonite ages from the candidate’ s 2017 and 2018 work at the Massachusetts Institute of Technology.

Sample Name Abbrev. Stratigraphic Unit Location b /P Uncertainty (M) MSWD " Publication /
Name Age (Ma)* X Y 7 MmN Ne Chapter
1L082717-1 IL Dinosaur Park Fm Alberta 74.27 0.017 0.026 0.084 0.47 7 >10 10 Ramezani et al.
KBO-37/KBO05056-1 KBO-37 Kaiparowits Fm Utah 74.968 0.038 0.056 0.098 1.1 7 13 4 Chapter 4
KBC-195 KBC-195 Kaiparowits Fm Utah 75.231 0.021 0.038 0.089 0.73 6 11 3 Ramezani et al.
KBC-144 KBC-144 Kaiparowits Fm Utah 75.427 0.012 0.023 0.084 1.8 7 12 3 Ramezani et al.
KWC050316-3 KWC-3 Kaiparowits Fm Utah 75.569 0.04 0.056 0.098 1.2 8 12 12 Chapter 4
KBC-109 KBC-109 Kaiparowits Fm Utah 75.609 0.015 0.025 0.085 0.62 5 9 3 Ramezani et al.
KWC050316-1 KWC-1 Kaiparowits Fm Utah 75.903 0.031 0.048 0.094 1.8 5 7 7 Chapter 4
KDR-5B/KDR050416-1 KDR-5B Kaiparowits Fm Utah 76.259 0.019 0.028 0.066 0.98 4 14 8 Chapter 4
PR082917-1 PR Oldman Fm Alberta ca76.3 (0.03%)" - - - 3 11 11 N/A
NF082917-1 NF Oldman Fm Alberta 76.3ish - - - - - 6 6 N/A
KWC050316-2 KWC-2 Kaiparowits Fm Utah 76.336 0.025 0.044  0.093 0.92 9 10 10 Chapter 4
KP-07A KP-07A Kaiparowits Fm Utah 76.394 0.04 0.045 0.093 0.6 5 5 5 Ramezani et al.
KC061517-1 KC Judith River Fm Montana 78.594 0.024 0.032  0.09 14 6 7 7 Ramezani et al.
B2-07B B2-07B Wahweap Fm Utah 81.476 0.022 0.031 0.092 2.2 4 >10 10 Chapter 3
WLS-R-070818 WLS-R Wahweap Fm Utah 81.465 0.036 0.042 0.097 0.47 7 7 7 Chapter 3

n# = number of grains/analyses; n, = number of grains/analyses in weighted mean age; n: = total number of grains/analyses; n. = number of grains/ analyses in my
contribution. * weighted mean age. MSWD = mean square of the weighted deviates. * Details omitted pending future publication.
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Fig. 2.13 Comparison of new high-precision CA-ID-TIMS ages (ved, all 26) generated during the 2017/2018
research visits with previous “°Ar/*°Ar ages (blue) for the Kaiparowits Formation, southern Utah. Ages are plotted
against the approximate stratigraphic level of the sampled bentonite outcrops (see Chapter Four). The new ages
show considerably improved precision such that previously indistinguishable ages are easily separated using the
analytical uncertainty of the CA-ID-TIMS ages. Note that direct comparison of these two datasets is tentative due
to systematic difference in the analysis of each radioisotopic system. See Chapters 3 and 4 (and Ramezani et al.,

in review) for discussion.
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including adjustments of up to (and exceeding) a million years, and robust, quantitative uncertainty for
the first time (see Chapters Three and Four). This refinement has implication for direct comparison of
fossil biota and investigations of diversification mechanisms (see Chapter Three). Together, these
contributions answer the growing need for temporal refinement of Campanian strata in Western North

America and the significance of these findings is explored throughout this thesis.
2.9 Glossary
Blank checked: solutions that are regularly analysed in isolation for U and Pb contamination

Beaker cleaning solutions: not blank checked for contamination; typically involved in cleaning and do

not come into direct contact with sample material

Moat solutions: Similar to beaker cleaning; used in dissolution vessel to maintain an equilibrium inside

and outside the nano-capsules

Tracer solution: Anthropogenic U and Pb isotopes in a precisely calibrated solution; added to samples

in carefully measured amounts, which facilitates the calibration of isotopic ratios during analysis

Total procedural blank: Empty sample cell treated exactly as those containing samples throughout the
entire laboratory process. Measured to check levels of procedural contamination.

MQ (Milli-Q) water: ultrapure (Type 1) water with virtually no dissolved or suspended contaminants.

Refers to bulk MQ water unless otherwise stated as blank checked.
Resin: AG1-X8 Anion Resin, Cl-form, 200-400 mesh

HCI: Hydrochloric acid

HF: Hydrofluoric acid

HNOs: Nitric acid

H3PQO4: Phosphoric acid
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Chapter Three Refinement of the Wahweap Formation

Preface

This is the first of three stratigraphy-focused chapters, which are presented in increasing stratigraphic
order of Campanian units from southern Utah. As such, this work investigates the Wahweap Formation
and includes two of the high-precision U-Pb ages reported in Chapter Two. The equivalent manuscript
of this chapter was published in Palaeogeography, Palaeoclimatology, Palaeoecology in 2022
(doi.org/10.1016/j.palae0.2022.110876). The co-authored manuscript was adapted for inclusion in this
thesis with only minor modifications. The Statement of Contribution of Others (p. v) outlines co-author
contributions. | conducted and compiled all chrono- and lithostratigraphic work in the manuscript, which
was edited for accuracy and language primarily by E. Roberts. Fossil locality details were provided by
collaborating institutions including the Utah Museum of Natural History and Denver Museum of Nature
and Science, and | conducted spatial and stratigraphic investigations and interpretations of this data. The
only work that is not specifically my own is Section 3.7.1, which features notable contributions by J.

Sertich that | summarize in the first and last paragraph of that section.
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Abstract

The Western Interior of North America preserves one of the most complete successions of Upper
Cretaceous marine and non-marine strata in the world; among these, the Cenomanian-Campanian units
of the Kaiparowits Plateau in southern Utah are a critical archive of terrestrial environments and biotas.
This chapter presents new radioisotopic ages for the Campanian Wahweap Formation, along with
lithostratigraphic revision, to improve the geological context of its fossil biota. The widely accepted
informal stratigraphic subdivisions of the Wahweap Formation on the Kaiparowits Plateau are herein
formalized and named the Last Chance Creek Member, Reynolds Point Member, Coyote Point Member,
and Pardner Canyon Member (formerly the lower, middle, upper, and capping sandstone members
respectively). Two high-precision U-Pb zircon ages were obtained from bentonites using CA-ID-TIMS,
supported by five additional bentonite and detrital zircon LA-ICP-MS ages. Improved geochronology
of the Star Seep bentonite from the base of the Reynolds Point Member via CA-ID-TIMS demonstrates
that this important marker horizon is over a million years older than previously thought. A Bayesian
age-stratigraphic model was constructed for the Wahweap Formation using the new geochronologic
data, yielding statistically robust ages and associated uncertainties that quantifiably account for potential
variations in sediment accumulation rate. The new chronostratigraphic framework places the lower and
upper formation boundaries at 82.17 +1.47/-0.63 Ma and 77.29 +0.72/-0.62 Ma, respectively, thus
constraining its age to the first half of the Campanian. Additionally, a holistic review of known
vertebrate fossil localities from the Wahweap Formation was conducted to better understand their spatio-
temporal distribution including revised ages for early members of iconic dinosaur lineages such as
Tyrannosauridae, Hadrosauridae, and Centrosaurinae. Chrono- and lithostratigraphic refinement of the
Wahweap Formation and its constituent biotic assemblages establishes an important reference for
addressing questions of Campanian terrestrial palaeoecology and macroevolution, including dinosaur

endemism and diversification throughout western North America.
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3.1 Introduction

The Western Interior of North America preserves near-continuous successions of Upper Cretaceous
strata deposited in a variety of settings ranging from alluvial and lacustrine to epicontinental marine
(e.g., Molenaar and Rice, 1988; Kauffman, 1985; Roberts and Kirschbaum, 1995; Miall et al., 2008).
These world-famous strata have been instrumental in developing global concepts of Cretaceous
geochronology, biochronology, sequence stratigraphy, palaeoclimatology, and paleontology (e.g., van
Wagoner and Bertram, 1995; Lehman, 1997; Cifelli et al., 2004; Cobban et al., 2006; Fricke et al., 2010;
Sampson et al., 2010; Loewen et al., 2013a; Sewall and Fricke, 2013; Titus and Loewen, 2013; Voris
et al., 2020; Wilson et al., 2020). Among these strata, the Upper Cretaceous succession of the
Kaiparowits Plateau in southern Utah, U.S.A., preserves one of the most complete non-marine records
in the Western Interior, and is remarkable for its abundant and diverse floral, invertebrate, and vertebrate
fossil contents (e.g., Titus and Loewen, 2013, and papers therein). These strata include the coastal to
fluvial upper Turonian to Santonian Straight Cliffs Formation, fluvial lower to middle Campanian
Wahweap Formation, and fluvial middle to upper Campanian Kaiparowits Formation. Fossils from these
formations have been particularly important for developing recent hypotheses on the biogeographic
distribution and macroevolution of Late Cretaceous dinosaurs and other non-marine tetrapods in western
North America (e.g., Sankey, 2001; Gates et al., 2010; Sampson et al., 2010; Loewen et al., 2013a;
Voris et al., 2020). Rigorous investigation of these hypotheses of latitudinal endemism across
Laramidia, the western of the two North American landmasses separated by the Western Interior Seaway
during the Cretaceous (Fig. 3.2), requires temporally calibrated contemporaneous biota from both

northern and southern localities (Sampson et al., 2010).

Paleontological research in the Wahweap Formation in southern Utah over the last 30 years has
documented a wealth of fossil taxa comprising significant Campanian non-marine assemblages from
southern Laramidia (e.g., Cifelli, 1990b, 1990c, 1990d; Eaton, 1991, 2002; Eaton et al., 1999a, 1999b;
Kirkland and DeBlieux, 2010; Gates et al., 2011, 2014; Loewen et al., 2013a; Titus and Loewen, 2013,
and papers therein; Holroyd and Hutchison, 2016; Lund et al., 2016a; Titus et al., 2016). Indeed, because
fossil exploration in the formation began relatively recently, compared to historic work from northern
Laramidia, the paleontological significance of the Wahweap Formation is only now becoming more
widely recognized. An exceptionally diverse micro-faunal assemblage and an ever-increasing collection
of larger taxa from the formation, including some of the earliest known members of dominant Late
Cretaceous dinosaur lineages such as Tyrannosauridae, Hadrosauridae, and Centrosaurinae (e.g.,
Kirkland and DeBlieux, 2010; Loewen et al., 2013a; Gates et al., 2014; Lund et al., 2016a), highlight

the need to place these important fossils in a more refined temporal context.

The lithostratigraphic framework for the Wahweap Formation proposed by Eaton (1991),

including informal member subdivisions on the Kaiparowits Plateau, has proven to be widely accepted
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Fig. 3.1 Simplified geological map of the Kaiparowits Plateau, including field area names, compiled from various
USGS 1:24,000 and the USGS 1:100,000 geological maps of the Escalante and Smoky Mountain 30’ x 60’
quadrangles by Doelling and Willis (2006, 2018). Numbers refer to measured stratigraphic sections in Figure 3.4.
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and practical through repeated use in all subsequent sedimentological and paleontological studies. The
age of the Wahweap Formation, indicated by Eaton (1991) as early Campanian based on mammal
biostratigraphy, was later investigated by
Jinnah et al. (2009) and Jinnah (2013) using
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The purpose of this study is to 1) formalize lithostratigraphic nomenclature for the Wahweap
Formation; 2) provide new U-Pb zircon ages underpinned by high-precision chemical abrasion isotope
dilution thermal ionization mass spectrometry (CA-ID-TIMS) for the Star Seep bentonite and supported
by additional laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) bentonite
zircon and detrital zircon ages; 3) establish a well-resolved chronostratigraphic framework in the form
of a Bayesian age-stratigraphic model for the formation; and 4) integrate the new temporal framework

for the Wahweap Formation with its vertebrate fossil content.

Resolving the temporal framework of the Wahweap Formation and refining lithostratigraphic
subdivisions within which paleontological specimens are placed provides much needed
chronostratigraphic clarity. This can be used for subsequent palaeoecological and evolutionary studies
and elucidates the age of key vertebrate taxa for understanding classic Campanian-Maastrichtian non-
marine ecosystems from western North America. Furthermore, the present study advocates for best
practice age reporting, specifically regarding the inclusion of uncertainty, which is often unreported and
becomes statistically significant in studies that investigate geologically rapid evolutionary processes
such as taxal turn-overs and diversification. Outcomes from this chapter support ongoing investigations
of hypothesized Late Cretaceous latitudinal biotic distributions in North America and the driving
mechanisms behind species diversification intervals leading to the ‘zenith of the dinosaurs’ (Sloan,
1976; Dodson, 1983; Clemens, 1986; Dodson and Tatarinov, 1990) in the Campanian and Maastrichtian.

3.2 Previous work
3.2.1 Lithostratigraphy

The Wahweap Formation, first described by Gregory and Moore (1931) as the Wahweap Sandstone, is
a 360 to 460-meter-thick fluvial succession comprising interbedded floodplain mudstones and channel
sandstones. Peterson and Waldrop (1965) formally defined the unit as the Wahweap Formation, which
was followed by more detailed sedimentological investigation by Peterson (1969), Eaton (1991), Little
(1995), Pollock (1999), Simpson et al. (2008, 2014) and Jinnah and Roberts (2011). The Wahweap
Formation is exposed in southern Utah, U.S.A., along the margins of the Markagunt and Paunsaugunt
plateaus (Biek et al., 2015) and extensively throughout the Kaiparowits Plateau (Fig. 3.1) and is also
correlated to the Masuk and Tarantula Mesa Sandstone formations to the northeast in the nearby Henry
Basin (Eaton, 1990; Corbett et al., 2011; Jinnah, 2013; Lawton et al., 2014a). These four physiographic
regions were partitioned by the (west to east) Hurricane, Sevier, and Paunsaugunt faults, and the East
Kaibab and Waterpocket monoclines (Fig. 3.2) (Titus et al., 2013). Although all contain exposures of
Upper Cretaceous strata, the Kaiparowits Plateau preserves the most numerous Wahweap Formation
fossil localities of the four areas. This observed distribution potentially represents discovery bias due to
the nature of exposures on the Kaiparowits Plateau as opposed to the heavily forested and inaccessible

Markagunt and Paunsaugunt plateaus (the latter hosts rich microvertebrate localities, e.g., Eaton, 1999;
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Eaton and Cifelli, 2013; Titus et al., 2016); however, it nevertheless highlights the need for targeted
chronostratigraphic work on the heavily studied, fossiliferous Kaiparowits Plateau exposures east of the

East Kaibab Monocline.

Two models for lithostratigraphic subdivision of the Wahweap Formation have previously been
proposed. Eaton (1991) proposed the subdivisions of lower, middle, upper and capping members
(informal) based largely on sand:mud ratios and changes in alluvial architecture observed on the
Kaiparowits Plateau. Doelling (1997), on the other hand, described outcrops from the Markagunt and
Paunsaugunt plateaus and did not delineate the lower three units of Eaton (1991); recommending instead
only a lower and upper unit where Doelling’s upper unit correlated to Eaton’s capping sandstone.
Discrepancies in sedimentary architecture of the lower portion of the formation across the three southern
Utah plateaus and the Henry Basin succession are attributed to lateral facies change from proximal to
distal floodplain environments (Corbett et al., 2011; Jinnah and Roberts, 2011). Due to this lateral
variation in sedimentological character, lithostratigraphic and geochronologic work in this chapter is

generally restricted to strata across the Kaiparowits Plateau region.
3.2.2 Chronostratigraphy

The Wahweap Formation has previously been constrained as early to middle Campanian in age based
on biostratigraphic and radioisotopic dating methods, additionally supported by magnetostratigraphic
and sequence stratigraphic inferences (Eaton, 1991; Jinnah et al., 2009; Jinnah and Roberts, 2011; Eaton
and Cifelli, 2013; Albright and Titus, 2016). Detailed biostratigraphic efforts over the years include
meticulous vertebrate microfossil work, particularly on mammaliaform assemblages, which suggested
an early to middle Campanian age for the Wahweap Formation (Eaton, 1991, 1999, 2002; Eaton et al.,
1999a, 1999b; Eaton and Cifelli, 2013). Alluvial sequence stratigraphic studies of the Wahweap
Formation have identified a sequence boundary at the top of the Coyote Point Member (formerly the
upper member), inferred to reflect the globally recognized ~80 Ma sequence boundary (Lawton et al.,
2003; Jinnah and Roberts, 2011; Hag, 2014). Although these studies provided useful age control,
independent radioisotopic geochronology is required to construct a robust chronostratigraphic
framework for the Wahweap Formation at the resolution necessary for more detailed palaeoecological
work. Despite their inherent intricacies (see Bowring et al., 2006), radioisotopic chronometers provide
the only means of arriving at a numerical age that can be globally correlated. Additionally, a
biostratigraphically-independent geochronologic framework avoids circular interpretations when trying
to simultaneously indicate age and infer biogeographic and macroevolutionary patterns from the same

fossil assemblage (e.g., Irmis et al., 2010).

Jinnah et al. (2009) published the first radioisotopic age data for the Wahweap Formation,
including an “°Ar/**Ar bentonite age from ~40 m above the base of the formation in the Camp Flat area

(Fig. 3.1), as well as two U-Pb detrital zircon maximum depositional ages generated using the sensitive
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high resolution ion microprobe (SHRIMP) technique (Jinnah et al., 2009). Using these data and other
“OAr/3Ar ages from the overlying Kaiparowits Formation that provide minimum age constraint (Roberts
et al., 2005), Jinnah et al., (2009) extrapolated a linear average sediment accumulation rate of between
8.4 and 13.1 cm/kyr for the Wahweap Formation. The initial bentonite age was later recalculated
(Jinnah, 2013) using the revised age of the Fish Canyon Tuff sanidine standard of 28.2 Ma (Kuiper et
al., 2008). The recalculated bentonite age of 80.6 + 0.6 Ma (26 internal error) was also accompanied by
a second radioisotopically dated bentonite reportedly ten meters higher in section from the adjacent Star
Seep area. The latter sample yielded an “°Ar/*Ar age of 79.9 + 0.6 Ma. From this work, the Wahweap
Formation was estimated to have been deposited between 81 and 77 Ma (Jinnah and Roberts, 2009;
Jinnah, 2013).

The above two “Ar/*Ar bentonite ages remained for nearly a decade the only absolute
constraints on the Wahweap Formation, whose abundance of well-preserved bentonites is significantly
lower than that of the overlying Kaiparowits Formation. More recent magnetostratigraphic work by
Albright and Titus (2016) identified a polarity reversal attributed to the C33r-C33n chron boundary 200
m stratigraphically higher than the upper bentonite of Jinnah (2013); however, both the reversal and the
bentonite were thought to be ~79 Ma given the then-current calibrations (GTS2012 — Ogg, 2012; Jinnah,
2013). To rectify this discrepancy, Albright and Titus (2016) revisited the calibration of the C33r-C33n
reversal based on “°Ar/**Ar geochronology of its reference section in the Elk Basin, Wyoming, and
suggested a new age for this magnetochron boundary of 78.91 Ma, although this change was not adopted
in GTS2020 (Gradstein et al., 2020). Findings from Albright and Titus (2016) thus also highlighted the
need for more robust of radioisotopic ages from the Wahweap Formation and across the Western

Interior.

Chronostratigraphic divisions and nomenclature used in this study reflect globally recognized
definitions described in GTS2020 (Gradstein et al., 2020). Thus, the Campanian stage is constrained to
between 83.6 (£0.2) Ma and 72.1 (20.2) Ma, and further chronostratigraphic subdivision is not formally
recognized (see Gale et al., 2020). In North America, informal early, middle, and late Campanian
subdivisions are common and although these constitute useful signposts, strict adherence to humerical
boundary ages for these subdivisions represents a greater degree of confidence in these definitions than
is currently appropriate. As such, the terms early and middle Campanian are used in this study to
generally match a transition at ca 80.6 Ma indicated by the global first occurrence of Baculites obtusus
in the marine realm (Cobban et al., 2006; Gale et al., 2020), although numerical ages are considered

more relevant than the relative early and middle Campanian assignments.
3.2.3 Paleontology

Nearly one hundred aquatic and terrestrial vertebrate taxa have been recovered from the Wahweap

Formation, making it one of the most diverse early to middle Campanian assemblages in North America
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(Eaton, 1999; Eaton et al., 1999a, 1999b; DeBlieux et al., 2013; Titus and Loewen, 2013, and papers
within; Titus et al., 2016). These assemblages includes hadrosaurid, ceratopsid, and rare
pachycephalosaurid and ankylosaurian ornithischian dinosaurs; tyrannosaurid and maniraptoran
theropod dinosaurs; as well as numerous taxa of freshwater sharks and rays (chondrichthyans), bony
fish (actinopterygians), lissamphibians (frogs, salamanders, and albanerpetontids), turtles,
crocodyliforms, squamates (lizards), and many mammaliaforms (Cifelli, 1990b, 1990c, 1990d; Eaton,
1991, 2002; Eaton et al., 1999a, 1999b; Kirkland and DeBlieux, 2010; Gates et al., 2011, 2014;
Brinkman et al., 2013; DeBlieux et al., 2013; Gardner et al., 2013; Eaton and Cifelli, 2013; Irmis et al.,
2013; Kirkland et al., 2013; Loewen et al., 2013a, 2013b, 2013c; Rocek et al., 2013; Holroyd and
Hutchison, 2016; Lund et al., 2016a; Titus et al., 2016) (see Appendix C.3.1). Fossil material ranges
from associated skeletons to isolated skeletal elements, teeth, osteoderms, fish scales, decapod
crustacean claws, mollusk shells, petrified wood, leaves, and rare coprolites. Many of these smaller
fossils occur commonly in micro- and mesovertebrate channel lag deposits in the lower three units of
the formation (Jinnah and Roberts, 2011; DeBlieux et al., 2013; Appendix C.3.1). Although relatively
common in the overlying Kaiparowits Formation, articulated and associated remains in overbank
mudstone deposits are less common in the Wahweap Formation (DeBlieux et al., 2013), though this
may be a stochastic sampling effect of fewer recorded vertebrate sites overall and increased
reconnaissance efforts have begun to reveal more localities. A number of tetrapod trackways have been
identified in the Wahweap Formation, particularly within strata at the boundary between the Last Chance
Creek and Reynolds Point members (formerly lower and middle members), which predominantly
preserve tridactyl impressions from hadrosaurs but also contain quadrupedal and smaller bipedal tracks
possibly left by ceratopsians and theropods respectively (Hamblin and Foster, 2000; DeBlieux et al.,
2013).

Though the diverse faunal assemblage of the Wahweap Formation is known mostly from
microsites (fragments <10 cm), and many taxa require more complete skeletal material for detailed
identification and phylogenetic placement, notable macrofossils include early representatives of iconic
latest Cretaceous dinosaur lineages such as the tyrannosaurid Lythronax argestes (Loewen et al., 2013a),
the centrosaurine ceratopsids Diabloceratops eatoni (Kirkland and DeBlieux, 2010) and
Machairoceratops cronusi (Lund et al., 2016a), and the hadrosaurids Adelolophus hutchisoni (Gates et
al., 2014), Acristavus gagslarsoni (Gates et al., 2011) and two additional unnamed taxa (Gates et al.,
2014). These terrestrial large-bodied taxa, all described within the last decade, are part of critical early
to middle Campanian assemblages from southern Laramidia including the potentially oldest known
members of Tyrannosauridae, Hadrosauridae, and Ceratopsidae (Kirkland and DeBlieux, 2010; Loewen
et al., 2013a; Gates et al., 2014; Holroyd and Hutchison, 2016; Voris et al., 2020; Wilson et al., 2020).
As such, precise chronostratigraphic context of these biotic assemblages is a crucial component for

continental-scale palaeoecological hypotheses around dinosaur diversification and endemism during the
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Late Cretaceous (e.g., Sankey, 2001; Gates et al., 2010; Sampson et al., 2010; Loewen et al., 20133;
Voris et al., 2020).

3.3 Lithostratigraphic nomenclature of the Wahweap Formation

Given the high degree of acceptance of the informal lithostratigraphic subdivisions specified for the
Wahweap Formation by Eaton (1991), formal recognition is proposed for these members on the
Kaiparowits Plateau following the guidelines of the International Commission on Stratigraphy and the
North American Stratigraphic Code (see Oriel et al., 2005). Formalization will significantly aid in clear
and consistent reporting of fossil resources from the formation and simplify future stratigraphic studies.
In place of the informal lower, middle, upper, and capping sandstone members of the Wahweap
Formation on the Kaiparowits Plateau proposed by Eaton (1991), the present study suggests the names
Last Chance Creek Member, Reynolds Point Member, Coyote Point Member, and Pardner Canyon
Member, respectively. Examples of these formal subdivisions are annotated on field photographs from
exposures on the southern Kaiparowits Plateau in Figure 3.3 and boundary ages are listed in Table 3.2.
The application of the lower three formal members is seen as generally restricted to the Kaiparowits
Plateau, whereas exposures on the Markagunt and Paunsaugunt plateaus should continue to be referred
to as undifferentiated Wahweap Formation. The Pardner Canyon Member (previously capping
sandstone member) is found extensively across all three plateaus (Biek et al., 2015) and is confidently
correlated with the Tarantula Mesa Sandstone in the Henry Basin (Eaton, 1990; Jinnah et al., 2009;
Corbett et al., 2011). All four members of the Wahweap Formation have been described in detail by
Eaton (1991), Jinnah and Roberts (2011) and many others; thus, the following descriptions are a

synthesis of previous work paired with observations from the present study.
3.3.1 Last Chance Creek Member

The Last Chance Creek Member (formerly the lower member) begins at the first major mudstone
horizon above the Drip Tank Member of the Straight Cliffs Formation and is 65 m thick at the Reynolds
Point lectostratotype section (Eaton, 1991; Jinnah and Roberts, 2011). The lower contact represents a
notable depositional hiatus, identified by the coincidence of the C34n-C33r palacomagnetic reversal
boundary (Albright and Titus, 2016), and a sharp paraconformity across much of the Kaiparowits
Plateau. The northward thinning Last Chance Creek Member ranges in thickness from 20 to 65 m and
is mudstone dominated, although sandier in the north, and contains several laterally continuous single-
story cross-bedded sandstone channel deposits including a distinctive bench-forming sandstone that caps
the unit (Eaton, 1991; this study). The name Last Chance Creek is derived from the so-named
watercourse adjacent to the Reynolds Point lectostratotype section measured by Eaton (1991) and
proximal to the holotype locality of the ceratopsid dinosaur Diabloceratops eatoni (Kirkland and
DeBlieux, 2010).
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Fig. 3.3 Exposures of the Wahweap Formation on the southern flank of the Kaiparowits Plateau where partial

stratigraphic sections were measured at A) Brigham Plains, and B) Nipple Butte, illustrating the new member

nomenclature.
3.3.2 Reynolds Point Member

The Reynolds Point Member (formerly the middle member) is 112 m thick at Reynolds Point and
is commonly recessive above the Last Chance Creek Member, containing a higher proportion of
floodplain deposits than the underlying member, and friable fine-grained sandstones occurring as
isolated single-story channels (Eaton, 1991; Jinnah and Roberts, 2011). The boundary between the
Reynolds Point Member and overlying Coyote Point Member is defined by Eaton (1991) as the base of
a 20 m thick multi-story sandstone body, which Jinnah and Roberts (2011) describe as a gradational
transition from the underlying mudstone dominated floodplain deposits of the Reynolds Point Member.
The member name is derived from the Wahweap Formation lectostratotype section measured by Eaton
(1991) at Reynolds Paint in the Ship Mountain Point Quadrangle.

3.3.3 Coyote Point Member

The Coyote Point Member (formerly the upper member) comprises predominantly amalgamated
tabular and lenticular sandstone deposits with a lesser proportion of fine-grained floodplain lithofacies
across its 138 m thickness at Reynolds Point (Eaton, 1991; Jinnah and Roberts, 2011). Its fluvial
floodplain depositional setting is inferred to have experienced some degree of marine influence near the
base of the unit, possibly to the extent of estuarine development, as indicated by the presence of inclined
heterolithic stratification, flaser bedding and possible brackish water invertebrate trace fossils (Jinnah
and Roberts, 2011). The boundary between the Coyote Point Member and the overlying Pardner Canyon
Member is marked by an undulatory erosional boundary incising into the Coyote Point Member by as
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much as two meters of vertical relief, and the introduction of coarser, highly amalgamated sandstone
and conglomerate facies (Eaton, 1991; Jinnah and Roberts, 2011). This member is named for Coyote
Point, which is located in the Lower Coyote Spring quadrangle and contains excellent exposures of this

stratigraphic interval.
3.3.4 Pardner Canyon Member

The Pardner Canyon Member is a regionally extensive, lithologically distinctive unit that reflects
an abrupt change in sedimentological character (Pollock, 1999; Lawton et al., 2003; Jinnah and Roberts,
2011). Varying in thickness across the Kaiparowits, Markagunt and Paunsaugunt plateaus to a maximum
of ~140 m in the north, the Pardner Canyon Member is characterized by poorly sorted, cliff forming
sandstones and conglomerates with thin, isolated mudstone lenses (Eaton, 1991; Pollock, 1999; Lawton
et al., 2003; Titus et al., 2005; Jinnah and Roberts, 2011; Jinnah, 2013). As well as thickening towards
the north, the Pardner Canyon Member also reportedly becomes coarser, where gravel conglomerates
with clasts of chert and limestone occur more commonly in northern exposures on the Kaiparowits
Plateau (Eaton, 1991; Lawton et al., 2003; Jinnah and Roberts, 2011; Lawton et al., 2014a). A
dominance of planar-tabular bedforms at the base of the Pardner Canyon Member are indicative of a
braided river depositional system, which grades to meander-style cross-bedded sandstones higher in the
member (Eaton, 1991; Pollock, 1999; Jinnah and Roberts, 2011; Lawton et al., 2014a). Changes in
sedimentological character at the base of the member, along with other evidence, such as seismites and
syn-sedimentary faulting, reflect renewed tectonic activity in the adjacent thrust belt and potential onset
of intra-basin Laramide movement during the deposition of the Pardner Canyon Member (Little, 1995;
Pollock, 1999; Lawton et al., 2003; Hilbert-Wolf et al., 2009; Tindall et al., 2010; Lawton et al., 2014a).
The member name originates from Pardner Canyon in the Pine Lake and Henrieville quadrangles where
this portion of the Wahweap Formation was measured by Eaton (1991).

3.4 Materials and methods
3.4.1 Stratigraphy and field sampling

Previously studied exposures of the Wahweap Formation from across the Kaiparowits Plateau were
revisited (e.g., Eaton, 1991; Jinnah and Roberts, 2011), and two new localities were studied in detail.
These two localities, Nipple Butte and Brigham Plains, are located on the southern flank of the
Kaiparowits Plateau (Fig. 3.1, 3.3). These sites were selected for further investigation due to excellent
exposures of the Wahweap Formation, proximity to important new vertebrate fossil sites, and the
presence of bentonite horizons suitable for U-Pb dating and correlation. Investigation of these sites
included decimeter-scale stratigraphic sections of the most fossiliferous intervals (Fig. 3.4) measured
using a Jacob staff and clinometer, and collection of bentonite and sandstone samples. Sandstone

samples for detrital zircon analysis were also collected from the cliffs adjacent to Highway 12 at
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Fig. 3.4 Correlated stratigraphic sections of the Wahweap Formation on the Kaiparowits Plateau including
sections from Eaton (1991) and Jinnah and Roberts (2011), and the most fossiliferous interval of two new localities
from the southern flank of the plateau measured herein. Locality ID abbreviations: D = DMNH Loc., U = UMNH

VP Loc.; see Table 3.3 for details about fossil localities.

Henrieville Canyon and along Wahweap Creek at Horse Flats. An additional bentonite sample was

collected from near the base of the Reynolds Point Member at Star Seep.

In situ vertebrate fossil sites cataloged by the Bureau of Land Management, Denver Museum
of Nature and Science (DMNH), and Natural History Museum of Utah (UMNH) were documented using
precise GPS coordinates (on file at their respective institution) and, where possible, correlated in the
field to the nearest measured stratigraphic section. Other sites were plotted in Google Earth and
attributed to either the lower, middle or upper portion of the lithostratigraphic members based on marker
horizons (e.g., bentonites, member boundaries) visible in Google Earth satellite imagery. Localities were
also categorized based on their spatial distribution across the Kaiparowits Plateau and distance from the
nearest vehicle access. Field areas across the Kaiparowits Plateau were grouped as follows: South-west

= Brigham Plains, Coyote Canyon, Coyote Point; South-central = Nipple Butte, Tibbet Springs, Clints
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Cove; South-east = Clinton Canyon, Wesses Canyon, Wesses Cove, Ship Mountain Point, Pilots Knoll;
Central = The Gut; North = Right Hand Collet Canyon, Star Seep, Camp Flat, Death Ridge (see Fig.
3.1). Distance from the nearest vehicle access was measured in Google Earth as direct map distance and
results were characterized as: close = 0 - 249 m; moderately close = 250 - 499 m; moderately far = 500
- 749 m; far = 750 - 999 m; distal > 1000 m.

3.4.2 U-Pb LA-ICP-MS geochronology of sandstones

Detrital zircons were separated from five sandstone samples by standard mineral separation methods,
including random-grain representative selection of all morphologies, and analyzed for U and Pb isotopes
by LA-ICP-MS at the Advanced Analytical Centre at James Cook University as outlined in Beveridge
et al. (2020). A Teledyne Analyte G2193 nm Excimer Laser with HeLex Il Sample Cell was used to
ablate 25um pits in the zircons and liberated material was analyzed in a Thermo iCAP-RQ ICP-MS (see
Todd et al., 2019 and Huang et al., 2021 for further details on laboratory procedures). Zircon mineral
standards used included GJ1 (primary), and Plesovice and 91500 (secondary). All uranium-lead LA-
ICP-MS data were reduced in the lolite software package (iolite-software.com) and weighted mean ages
were calculated using Isoplot (Ludwig, 2012). Complete data are given in Appendix C.3 (see also
Beveridge et al., 2022). Individual zircon grain ages with >5% discordance or >5% 2c propagated
uncertainty (Y) were discarded. Maximum estimates of depositional ages were calculated, where
appropriate, based on weighted mean *®Pb/?8U dates of the youngest population of overlapping
analyses, and reported at a 95% confidence interval in the format £ X/Y Ma, where X includes the
internal uncertainty only and Y incorporates a calculated estimate of external reproducibility. Results

are summarized in Table 3.1 and Figures 3.5 and 3.6.
3.4.3 U-Pb CA-ID-TIMS geochronology of ash fall bentonites

High-precision U-Pb zircon analyses by the CA-ID-TIMS technique were conducted at the
Massachusetts Institute of Technology Isotope Laboratory using procedures described in Ramezani et
al. (2011). Bulk bentonite samples were processed in a sonic dismembrator device (Hoke et al., 2014)
designed to break apart and remove the clay component before heavy mineral separation by standard
magnetic and high-density liquid separation techniques. The target zircon population of the two ash fall
bentonites was selected under a binocular microscope according to a set of morphological criteria
including faceted prismatic habit, high aspect ratio (1:5) and presence of elongated glass (melt)
inclusions parallel to the crystallographic “C” axis. This selection approach has proven effective in
screening reworked zircons (Ramezani et al., 2011). Selected grains were pretreated by a chemical
abrasion technique modified after Mattinson (2005), which involved thermal annealing at 900°C for 60
hours before partial dissolution in 28 M hydrofluoric acid at 210°C in a high-pressure digestion vessel
for 12 hours. After thorough fluxing and rinsing to remove the leachates, the zircons were spiked with
the EARTHTIME ET2535 mixed U-Pb tracer solution (Condon et al., 2015; McLean et al., 2015) and
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completely dissolved in 28 M HF at 210°C for 48 hours. Chemically purified Pb and U via anion-
exchange column chemistry were subsequently analyzed on an Isotopx X62 thermal ionization mass
spectrometer with nine Faraday detectors and a Daly ion counting system. Data reduction and error
propagation were conducted using Tripoli and ET_Redux software (Bowring et al., 2011; McLean et
al., 2011). Complete data are given in Appendix C.3.2 (see also Beveridge et al., 2022). Bentonite ages
are derived from the weighted mean °Pb/>®U dates of the analyzed zircons after excluding visibly
older analyses interpreted as xenocrystic or detrital; no zircon analyses from the young end of the age
spectra were excluded from the weighted mean. Calculated age uncertainties are reported in the + X/Y/Z
format, where X is the internal 95% confidence interval uncertainty in the absence of all external errors,
Y incorporates X and the tracer calibration errors, and Z includes Y as well as the U decay constant

uncertainties of Jaffey et al. (1971). Results are summarized in Table 3.1 and Figure 3.5.
3.4.4 U-Pb LA-ICP-MS geochronology of reworked bentonites

Three additional bentonite samples from the Reynolds Point Member of the Wahweap Formation at
Nipple Butte were also examined; however, each sample appeared to contain varying degrees of visibly
detrital material, which suggested the horizons may have been partly reworked. Due to the increased
likelihood of detrital incorporation, a mixed approach to dating these bentonites was employed. Zircon
grains from these samples were selected using the same morphological criteria as for ash fall bentonites;
however, the resulting grains were analyzed using the LA-ICP-MS approach and treated as maximum
depositional ages. Complete data are given in Appendix C.3 (see also Beveridge et al., 2022) and

summarized in Table 3.1 and Figure 3.5.
3.4.5 Comparison of U-Pb data

Within this study, and when comparing data from this study with others, consideration must be made
with respect to the choice of uncertainties if meaningful comparisons are to be made between
radioisotopic dates that resulted from different chronometers or produced by different techniques. In
comparing U-Pb dates from different techniques (i.e., LA-ICP-MS versus CA-ID-TIMS), the Y
uncertainty should be used, whereas for comparing U-Pb and “°Ar/**Ar dates, it is necessary to include
decay constant uncertainties (Z). Previous investigations have also shown that mean ages from the same
zircon crystals generated using CA-ID-TIMS and microbeam techniques (i.e., LA-ICP-MS, and
secondary ion mass spectrometry [SIMS]) may not always overlap within stated uncertainties (von
Quadt et al., 2014; Ickert et al., 2015; Herriott et al., 2019; Rasmussen et al., 2021). Various factors are
implicated in this possible bias (e.g., untreated Pb loss, difficulty defining youngest population
thresholds, use of mineral standards) and discrepancies in mean ages are not exclusively younger or
older (e.g., Herriott et al., 2019; Rasmussen et al., 2021); thus, it is possible that the LA-ICP-MS ages
reported in the present study have additional geologic uncertainty not encapsulated by the reported

internal (X) or propagated () uncertainties. As well as being treated as MDAs due to the potential
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incorporation of detrital material in samples chosen for LA-ICP-MS analysis in this study, it is
recommended that these ages are used mindfully when comparing with ages generated using different
techniques and/or chronometers.

4.6 Bayesian age model

A guantitative chronostratigraphic model was constructed for the Wahweap Formation based on dated
horizons from this study and their stratigraphic positions to calculate robust ages and uncertainty for any
stratigraphic horizon of interest (e.g., fossil localities, member boundaries). This was accomplished
using the Compound Poisson-Gamma Bayesian statistical approach of Haslett and Parnell (2008) with
amodified Markov chain Monte Carlo fitting algorithm included in the Bchronology R software package
(Parnell et al., 2008, 2011). By considering variable sediment accumulation rates using Poisson random
variability, the Bchron statistical approach more appropriately propagates stratigraphic uncertainty
(Haslett and Parnell, 2008; Parnell et al., 2008, 2011; De Vleeschouwer and Parnell, 2014; Trayler et
al., 2020) compared to simple linear extrapolation, which assumes a constant sedimentation rate and
thus falls short of realistic error propagation leading to overoptimistic uncertainty (De Vleeschouwer
and Parnell, 2014). The Bayesian age-stratigraphic model is illustrated with a median (black line, Fig.
3.7), somewhat comparable to a linear model, and a 95% uncertainty envelope (blue shaded area, Fig.
3.7), which tends to balloon (i.e., elevated stratigraphic age uncertainty) with distance from dated

horizons.

The chronostratigraphic data produced in this study were modeled alongside the Reynolds Point
lectostratotype section of Eaton (1991) and the Y uncertainties for both CA-ID-TIMS and LA-ICP-MS
dates were used in the model construction. The graphical output of the model, shown in Figure 3.7,
provides a useful tool for visualizing age-stratigraphic uncertainty, while the numerical output
(Appendix C.3.5) lists a series of model ages represented by the median of predicted values and their
95% confidence level asymmetric uncertainties. All calculations were conducted in R Studio and

relevant information including scripts can be found in Appendix C.3.3 and C.3.4.
3.5 Geochronological results
3.5.1 Results: High-precision CA-ID-TIMS bentonite ages

Two high-precision U-Pb ages are reported for the Wahweap Formation (Table 3.1, Fig. 3.5). The first
sample (B2-07B) was collected from the same horizon as the previously dated “Ar/*Ar sample SS07-
B (Jinnah, 2013) at Star Seep, 54 m above the base of the formation (Fig. 3.4). This bentonite, which is
also presumably correlative with (or within £5 m of) bentonite CF05-B from Jinnah et al. (2009), is
located near the base of the Reynolds Point Member ~10 m above a distinctive, laterally continuous
sandstone that marks the top of the Last Chance Creek Member. The bentonite horizon is ca 20 cm
thick, and the weathered outcrop shows characteristic popcorn swelling textures. Unweathered rock is

yellowish-green in color with visible black flecks (biotite phenocrysts) and minimal translucent grains
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Table 3.1 Weighted mean U-Pb zircon ages for all samples analysed in this study (in stratigraphic order) including bentonite true ages and detrital zircon and
bentonite maximum depositional ages. Additional data are not included here due to limited equivalency between CA-ID-TIMS and LA-ICP-MS datasets.

Complete data are included in Appendix C.3.2.

Weighted Mean Age

Strat.
Outcrop Lithostratigraphic .
Method / Age Type Sample Name A Mermb Height 206pp/ Error (20)"
rea ember
(m) 238 Age MSWD  n*
(Ma) X Y Z
WKC-3 Horse Flat lower Kaiparowits Fm 415 76.54 0.87 0.95 - 0.23 5
Detrital Zircon
LA-ICP-MS / Maximum WKC-1 & 2 Horse Flat Pardner Canyon Member 405 77.8 0.93 1 - 0.25 6
Depositional Age
WHC Hw12 Coyote Point Member 245 80.61 0.69 0.7 - 1.02 8
LYASH-19.2 Nipple Butte  Reynolds Point Member 148 81.33 0.72 0.81 - 0.097 8
Bentonite LA-ICP-MS /
Maximum Depositional Age
LYASH-19.1 Nipple Butte  Reynolds Point Member 117 81.21 0.53 0.58 - 0.014 16
Bentonite WLS-R Nipple Butte  Reynolds Point Member 72 81.465 0.036 0.042 0.097 0.47 7
CA-ID-TIMS / True
Depositional Age B2-078B StarSeep  Reynolds Point Member 72 81476  0.022 0031 0092 2.2 4

* Meters above the base of the Wahweap Formation relative to Reynolds Point lectostratotype section of Eaton (1991)
" Error for CA-ID-TIMS (X = analytical uncertainty in the absence of all external or systematic errors, Y = X plus U-Pb tracer calibration error, Z =Y plus U decay

constant uncertainties) and LA-ICP-MS (X = internal uncertainty, Y = propagated uncertainty)

MSWD = mean square of weighted deviates

n# = number of analyses included in the calculated weighted mean age
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Chapter Three Refinement of the Wahweap Formation

widespread bentonite marker horizon is referred to as the Star Seep bentonite after the locality from
which it was initially studied (Jinnah et al., 2009; Jinnah, 2013) and it serves as a reliable tie point for

correlating the Wahweap Formation across the Kaiparowits Plateau (e.g., Fig. 3.4).
3.5.2 Results: Reworked bentonite LA-ICP-MS ages

Alongside high-precision CA-ID-TIMS geochronology for ash fall bentonites from the Wahweap
Formation, this study also reports supporting ®Pb/?®*U LA-ICP-MS ages for suspected reworked
bentonite horizons that are interpreted as maximum depositional ages. Three such bentonite horizons
were identified in the Reynolds Point Member of the Wahweap Formation at Nipple Butte and can also
be observed in other stratigraphic sections (e.g., Brigham Plains, Fig. 3.4). Samples were collected from
117 m (LYASH-19.1), 148 m (LYASH-19.2) and 163 m (LY ASH-19.3) above the base of the formation
at 