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Abstract: Improvements in analytical procedures in parallel with intercalibration of 40Ar/ *Ar and U-Pb
methods and laboratories, spurred since 2003 by the EarthTime geochronology community initiative, have
led to 420 uncertainties of the order of 50-100 ka, or better, for Cretaceous ash beds. Assembled here are
57 40Ar/ P Ar ages and 17 238_2%pyp, ages of volcanic ash beds in strata of the Western Interior Basin of
North America determined during the last 15 years since these improvements have been made. These age deter-
minations span from 108 Ma in the middle Albian to 66 Ma in the latest Maastrichtian. Five of the *°Ar/**Ar
ages from Campanian and Maastrichtian strata are newly reported here, whereas the remainder are from the
literature. Building on the pioneering work of John Obradovich and Bill Cobban, where possible these
age determinations are tied to ammonite and inoceramid biostratigraphy. For most ash beds, the temporal
uncertainties, unlike earlier timescales for the Western Interior Basin, are much shorter than the duration of
fossil biozones. Proposed ages for stage boundaries based on this review of the radioisotopic ages include:
Maastrichtian—Danian, 66.02 + 0.08 Ma; Campanian—Maastrichtian, 72.20 + 0.20 Ma; Santonian—Campa-
nian, 84.19 4+ 0.38 Ma; Coniacian—Santonian, 86.49 + 0.44 Ma; Turonian—Coniacian, 89.75 + 0.38 Ma;
Cenomanian-Turonian, 93.95 + 0.05 Ma; Albian—Cenomanian, 100.00 + 0.40 Ma.

Six bentonites that occur within the Vascoceras diartianum, Neocardiocerus juddi, Prionocylus macombi,
Scaphites preventricosus, Scaphites depressus and Desmoscaphites bassleri ammonite zones, dated using
both 4OAr/ *Ar and U-Pb methods, yield ages in agreement to within 150 ka and form the backbone of the
Western Interior Basin timescale. In parallel, improvements in the taxonomy of ammonites, inoceramids and
foraminifera, and recent field work, are better establishing the biostratigraphic framework for these age deter-
minations. Each of these efforts contributes to the progressive refinement of the chronostratigraphic framework
of the Western Interior Basin, and enhances its utility for global correlation.

Supplementary material: An updated zonal chart, summary of age determinations, complete argon isotope
data from seven samples and a KMZ file for import into Google Earth are available at https://doi.org/10.
6084 /m9.figshare.c.6895395

Geochronological background

The Western Interior Basin of North America (Fig. 1;
for overview, see Miall er al. 2008) has played a crit-
ical role in establishing a timescale for the Creta-
ceous period owing to the pioneering work of

Obradovich and Cobban (1975), Obradovich
(1993), Hicks et al. (1999, 2002) and Cobban et al.
(2006), who integrated the provincial and global bio-
stratigraphy of molluscan fauna with generations of
ever-improving radioisotopic age determinations.
An initial timescale capitalized on conventional

From: Hart, M. B., Batenburg, S. J., Huber, B. T., Price, G. D., Thibault, N., Wagreich, M. and Walaszczyk, 1. (eds) 2025.
Cretaceous Project 200 Volume 1: the Cretaceous World. Geological Society, London, Special Publications, 544, 367-391.
First published online December 5, 2023, https://doi.org/10.1144 /SP544-2023-76

© 2023 The Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/4.0/). Published by The Geological Society of London.

Publishing disclaimer: https: //www.lyellcollection.org/publishing-hub /publishing-ethics

Downloaded from http://pubs.geoscienceworld.org/books/edited-volume/chapter-pdf/7312415/08_gslspecpub2023-76.pdf by guest on 27 November 2025


http://crossmark.crossref.org/dialog/?doi=10.1144/SP544-2023-76&domain=pdf
http://orcid.org/0000-0003-3595-5168
http://orcid.org/0000-0002-1228-515X
http://orcid.org/0000-0003-0038-8079
http://orcid.org/0000-0001-5397-6654
mailto:bsinger@wisc.edu
https://doi.org/10.6084/m9.figshare.c.6895395
https://doi.org/10.6084/m9.figshare.c.6895395
https://doi.org/10.6084/m9.figshare.c.6895395
https://doi.org/10.1144/SP544-2023-76?ref=pdf&rel=cite-as&jav=VoR
https://doi.org/10.1144/SP544-2023-76?ref=pdf&rel=cite-as&jav=VoR
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.lyellcollection.org/publishing-hub/publishing-ethics
https://www.lyellcollection.org/publishing-hub/publishing-ethics

368 B. S. Singer et al.

Fig. 1. Locations of dated bentonite samples (red triangles) with ages in Ma (yellow) from within the Western
Interior Basin (Table 1). Green lines approximate the western and eastern boundaries of the Western Interior Basin
during its greatest (Early Turonian) extent (from Miall et al. 2008). White dashed lines approximate limits of
Maastrichtian—Eocene basins including Williston (W), P (Powder River), B (Bighorn), D (Denver), R (Raton), S (San
Juan) and BM (Black Mesa). Table S4_Age ID_KMZ.csv in the Supplementary Material contains these locations,
ages and uncertainties, and can be imported into Google Earth. Source: base map from Google Earth.

K-Ar age determinations from biotite and sanidine
crystals separated from 17 bentonitic ash beds asso-
ciated with 15 faunal zones from the Albian Neogas-
troplites cornutus Zone at c. 95 Ma to Triceratops at
64—-66 Ma (Obradovich and Cobban 1975). Nearly
two decades later, Obradovich (1993) utilized hand-
picked separates of sanidine feldspar from 32

bentonitic ash beds to greatly expand this timescale
and improved its accuracy and precision by taking
advantage of the 40Ar/ 3 Ar variant of K—Ar dating.
The ages determined by Obradovich (1993) span
from the lowermost Albian in Germany at 114.0 +
1.30 Ma (+ 20 analytical uncertainty) to the lower
Z coal in the basal Paleogene Fort Union Formation
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near Hell Creek, Montana at 65.35 + 0.31 Ma.
These *°Ar/*°Ar ages are associated with 29 faunal
zones of mainly ammonites and are calibrated rela-
tive to sanidine from the Taylor Creek rhyolite
with an age of 28.32 Ma, similar to an age of
28.02 Ma for the widely used Fish Canyon sanidine
standard. Focusing on the Campanian and Maas-
trichtian succession at Red Bird, Wyoming, in
which a detailed ammonite biostratigraphy is estab-
lished (Gill and Cobban 1966), Hicks et al. (1999) —
using methods of Obradovich (1993) — determined
the *°Ar/?°Ar ages of seven Western Interior Basin
bentonitic ash beds between 81 and 69 Ma that
also constrain the timing of geomagnetic polarity
chron boundaries including the C32n/C31r at
7044 + 0.7Ma and C31r/C31n at 69.01 +
0.5 Ma. The development of an Upper Cretaceous
Western Interior Basin timescale propelled by the
“OAr/**Ar ages determined by John Obradovich at
laboratories of the US Geological Survey culminated
with the publication in 2006 of a zonal table of
Cenomanian—Maastrichtian ammonites and inocera-
mids with corresponding 49Ar/ 3 Ar ages (Cobban
et al. 2006).

0

Advances in radioisotopic dating

Since the publication of the Cobban er al. (2006)
zonal table, geochronology community efforts, pro-
pelled by the EarthTime initiative (Condon et al.
2016) that aimed towards calibrating the Phanero-
zoic history of life on Earth at permil levels of
temporal resolution, have greatly reduced inter-
laboratory biases, improved the accuracy of the
“OAr/*Ar and U-Pb chronometers, and brought
these two radioisotopic systems into close agreement
(e.g. Kuiper ez al. 2008; Schmitz and Kuiper 2013).
A key advance is the astronomical calibration of the
“0Ar/*® Ar method, which resolved debate about the
age of the widely used Fish Canyon sanidine stan-
dard mineral. The preferred age of 28.201 +
0.046 Ma, an increase of 0.65% over earlier values,
reduces systematic uncertainties of the method by
an order of magnitude (Kuiper et al. 2008). The latter
standard age has been adopted by Gradstein et al.
(2012, 2020) in the Geologic Time Scale volumes
for reasons explained in Schmitz (2012) and Schmitz
et al. (2020). Further advances in standardization,
determination of decay constants and multi-collector
mass spectrometry, which have improved the preci-
sion and accuracy of both the *°Ar/**Ar and U-Pb
methods, are reviewed in Schmitz et al. (2020),
Schaltegger et al. (2021) and Schaen et al. (2021).
In 2008, John Obradovich and Bill Cobban pro-
vided access to their archives of field notes, strati-
graphic information, purified sanidine samples and
OAr/39Ar isotopic data in paper form, much of
which had not been published. In the WiscAr lab at

the University of Wisconsin-Madison, a new set of
4OAr/ 3 Ar sanidine ages was determined for many
of the key bentonites, but these relied on a type of
single-collector mass spectrometer similar to the
one used by Obradovich at the USGS Menlo Park
lab (Singer er al. 2021). A larger number of dates
per sample were generated (typically n = 6-7 for
Obradovich, v. n =30-40 at WiscAr lab). The
“OAr / 3 Ar ages were cross-calibrated against single-
zircon U-Pb ages determined by chemical abrasion
isotope-dilution thermal ionization mass spectrome-
try (CA-IDTIMS) at the British Geological Survey in
Keyworth, UK from bentonites at the same localities
collected by Cobban and analysed by Obradovich
(1993). The results were used to integrate for the
first time “’Ar/*°Ar, U-Pb and astronomical clocks,
and thus establish age models that span 12 Myr from
the Cenomanian through the Lower Campanian
(Meyers et al. 2012; Sageman et al. 2014). This
effort reveals that the U-Pb zircon and “°Ar/*’Ar
sanidine dates are brought into close agreement by
using the Kuiper er al. (2008) age of 28.201 +
0.046 Ma for the Fish Canyon sanidine standard,
thereby strongly supporting the astronomical calibra-
tion of the method. Using a carbon and oxygen-
isotope chemostratigraphy (Joo and Sageman
2014), together with these 40Ar/SQAr and U-Pb
ages and independent astrochronological age mod-
els, Sageman er al. (2014) proposed new ages for
the Turonian—Coniacian, Coniacian—Santonian and
Santonian—Campanian stage boundaries (Fig. 2).
Multi-collector mass spectrometers have more
stable electronics (e.g. Schaen et al. 2021), which
result in “°Ar/*°Ar dates for single Cretaceous sani-
dine crystals with analytical uncertainties of less than
+ 100 ka. In the WiscAr lab, a Noblesse multi-
collector mass spectrometer is fitted with four ion
counting electron multipliers that can produce
40Ar/ 3 Ar dates with a significant improvement in
precision compared with those obtained using a
single-collector mass spectrometer (Jicha et al.
2016). Thus, a small population of dates can have
resulting weighted mean depositional ages with ana-
lytical uncertainties of 4 30 to 50 kyr, i.e. better than
0.5 permil. Thus, the multi-collector mass spectrom-
eter is poised to improve the precision and accuracy
of the legacy data in Obradovich (1993) and Hicks
et al. (1999, 2002) by nearly an order of magnitude.
As an example that highlights both the advan-
tages and challenges of improved precision, Jones
et al. (2021) determined ages from three bentonites
at Nipple Creek, Utah, which are thought to be
equivalent to widespread marker bentonites B, C
and D of Elder (1988) that bracket the Cenoma-
nian-Turonian boundary and help to define the dura-
tion of ocean anoxic event 2 (Fig. 3). Incremental
heating of individual sanidine crystals from the
three Nipple Creek bentonites B, C and D yield
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Fig. 2. Evolution of stage boundary ages in successive timescales derived mainly from dating bentonites in the
Western Interior Basin. Geological Time Scale 2020 is from Gradstein ef al. (2020). Stage durations in Myr are
estimates based on this review. The inferred age of the Barremian—Aptian stage boundary of 120.29 + 0.09 Ma is

from Li ef al. (2023).

ages of 94.082 + 0.057, 94.011 + 0.060 and
93.443 + 0.090 Ma, respectively (420 uncertain-
ties including contributions from the J-value; Jones
et al. 2021). Moreover, Jones ef al. (2021) deter-
mined single-crystal fusion ages from two bentonite
samples in the Watinoceras devonense Ammonite
Zone, K-07-01-C from the Cenomanian—Turonian
Global Stratotype Section and Point (GSSP) at
Pueblo, Colorado, and Obradovich sample 90-O-34
from Lohali Point, Arizona, in part to address disper-
sion of a few U-Pb and *’Ar/*Ar dates in Meyers
et al. (2012). The results from experiments on the
Elder (1988) B and C correlative bentonites, together
with a U-Pb zircon age of 94.14 + 0.12Maofa B
bentonite correlative in Alberta (Barker er al
2011), yield a Cenomanian—Turonian boundary age
of 93.95 + 0.05 Ma (Fig. 3; Jones et al. 2021).
Note that the precision of the age determinations in
Jones et al. (2021) reveals that the U-Pb zircon
ages proposed for three B bentonite correlatives in
Texas, Colorado and Canada are compromised,
likely reflecting pervasive inheritance of older crys-
tals (Fig. 3). This Cenomanian-Turonian boundary
example serves to hi(%hlight that dispersion of dates
in both U=Pb and “°Ar/?°Ar data sets is common

and requires new interpretive strategies to determine
depositional ages (e.g. Schaen et al. 2021). More
recently, Singer ez al. (2021) determined 40Ar/ P Ar
single sanidine fusion ages from 14 bentonites
lower in the Western Interior Basin succession span-
ning from the Albian Thermopolis shale at 106.37 +
0.11 Ma to the Cenomanian Mowry shale at 97.52
+ 0.09 Ma.

Advances in the “°Ar/*°Ar sanidine and U-Pb
zircon chronometers have also led to more precise
constraints on the timing of the Maastrichtian—Dan-
ian boundary and the base of the Paleogene in the
Hell Creek and Tullock formations, Montana (Sprain
et al. 2018) and in the Denver Basin, Colorado
(Clyde et al. 2016). The U-Pb ages of Clyde et al.
(2016) suggest a Cretaceous—Paleogene boundary
age of 66.02 + 0.08 Ma that is consistent with the
age of 65.85 + 0.11 Ma inferred from “°Ar/*°Ar
dating by Sprain er al. (2018), as well as the
“OAr/*°Ar age of Chicxulub tektites of 66.038 +
0.098 Ma (Renne et al. 2013) when the total uncer-
tainties of these methods are considered.

The aims of this contribution are threefold: (1) to
combine recent *°Ar/*°Ar and U-Pb age determina-
tions with those from recent literature into a tabular
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Fig. 3. U-Pb zircon and 40Ar/ P Ar age determinations that bear on timing of the Cenomanian—Turonian boundary
(CTB) which are presented and discussed in the main text. The CTB is between bentonites B and C at the various
sections from which ages have been determined. Jones et al. (2021) propose a CTB age of 93.95 + 0.05 Ma that is
compared to other estimates in the right panel. Inherited zircon crystals likely result in weighted mean U-Pb ages that
are spuriously old for the B bentonite in three different sections ranging from Texas to Canada. Source: modified

from Jones et al. (2021).

framework with associated location maps and to pro-
vide a summary; (2) to present new 40Ar/ ¥ Arsingle
sanidine laser fusion age determinations from four
bentonites in Campanian and Maastrichtian strata
for which Bill Cobban and John Obradovich
provided stratigraphic information and sanidine sep-
arates; and (3) to refine, where possible, the correla-
tions of the dated bentonite beds within ammonite
and inoceramid faunal zones.

Biostratigraphic overview
Ammonite zonation

The ammonite zonation of the Upper Cretaceous of
the Western Interior Basin was first summarized by
Cobban and Reeside (1952). Since then, it has under-
gone many revisions (e.g. Robinson et al. 1959;
Scott and Cobban 1965, 1975, 1986a, b; Gill and
Cobban 1966; Cobban 1958a, b; Cobban and
Hook 1979; Kennedy and Cobban 1991; Landman
and Waage 1993; Kennedy et al. 2001), culminating
in one of the most refined zonal schemes of any sys-
tem in the geological record (Cobban ez al. 2000).

Ammonites form the basis of this zonation because
they fulfil the essential criteria for index fossils in
that they evolved rapidly, producing a series of short-
lived species with complex and distinctive morphol-
ogies. Within rocks of the Western Interior Basin,
these fossils are abundant, facies independent and
well preserved.

The taxonomic composition of the ammonites
comprising the zonation varies over time. In the Cen-
omanian and Turonian, most species, such as Col-
lignoniceras woollgari, belong to the suborder
Ammonitina, and are cosmopolitan in distribution.
In the Campanian and Maastrichtian, most species,
such as Baculites clinolobatus, belong to the Ancylo-
ceratina, and are endemic. The geographical distri-
bution of particular species was influenced by
sea-level fluctuations and possible connections
with other basins. This affects, in turn, the usefulness
for correlating from basin to basin.

The zonal scheme for ammonites is always evolv-
ing. As aresult of taxonomic revisions, the upper and
lower boundaries of some zones have changed and
new zones have been added, leading to a more
refined zonation. For example, in an early version
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of the zonation (Cobban and Reeside 1952), the
Baculites compressus Zone occupied a thick strati-
graphic interval. This species is characterized by an
elliptical cross-section, smooth to weakly ribbed
venter, and lack of ornament on the flanks, except
in large specimens. In subsequent years, Gill and
Cobban (1966) recognized the new species Baculites
cuneatus. This species was previously included in B.
compressus, but differs from it in having a trigonal
cross-section with a very narrow venter, and moder-
ately strong ribbing on the venter and flanks in both
small and large specimens. As a consequence of
these taxonomic revisions, later versions of the zona-
tion (e.g. Gill and Cobban 1966; Scott and Cobban
1986a) include a thinner B. compressus Zone over-
lain by the B. cuneatus zone.

Further refinement of the faunal zonation within
rocks of the Western Interior Basin has involved
the inclusion of additional ammonites, as well as
other molluscs, notably inoceramids. For example,
the ranges of the co-occurring species of Hoplosca-
phites help anchor the zonation and provide
additional means to refine it. For example, Hoplosca-
phites plenus, H. crassus and H. peterseni are present
in the lower part of the Baculites baculus Zone
whereas H. macer, H. sargklofak and H. criptonodo-
sus are present in the upper part of the B. baculus
Zone, thus helping to subdivide the zone and support
the subdivision suggested by inoceramids.

Radioisotopic age determinations provide esti-
mates of the duration of the ammonite zones and,
thus, the geological longevity of ammonite species.
Dividing the total time interval by the number of
zones yields an estimate of ~450 kyr per zone. How-
ever, it is important to note that this is only an aver-
age, and the time interval represented by any
particular zone varies widely. For example, the dura-
tions of some of the ammonite zones in the upper
Cenomanian are very short (30-70 kyr) whereas
the durations of some of the ammonite zones in the
lower Maastrichtian are much longer, ranging from
0.8 to 1.0 Myr. In addition, radioisotopic ages are
critical in using modern phylogenetic approaches
such as Bayesian tip dating, allowing the most effec-
tive means to reconstruct the phylogeny of various
clades. The present zonal scheme consists of 66
ammonite zones stacked one on top of another (Cob-
ban et al. 2006).

Inoceramid zonation

Inoceramid bivalves appeared in the Cretaceous of
the Western Interior in usable levels of diversity
and stratigraphic frequency in the late Albian.
Their comparatively abundant presence (dominating
many molluscan assemblages, especially in offshore
facies) continued in the basin until the final retreat
of the sea in the late Maastrichtian. Although

B. S. Singer et al.

inoceramids are inferior to ammonites with respect
to their potential to refine regional stratigraphic res-
olution of Western Interior biozonations (at least in
most of the Upper Cretaceous series), they clearly
surpass them in terms of potential for inter-regional
chronostratigraphic correlation. With the exception
of the upper Albian—middle Cenomanian and the
middle-lower upper Turonian, the two intervals
with very high levels of inoceramid endemism,
the group was represented by geographically wide-
spread lineages that were inter-regional to pan-
demic/cosmopolitan in extent, providing a
foundation for direct correlation to regions far out-
side the Western Interior.

The first evaluation of the stratigraphic potential
of inoceramids of the Western Interior Basin was
summarized by Cobban and Reeside (1952) — see
also discussion in Seitz (1956) — but a complete
inoceramid-based biostratigraphic zonation scheme
was not proposed until later. Kauffman er al.
(1978) worked out a detailed zonation for the Ceno-
manian through Coniacian, and Kauffman et al.
(1993) did the same for the entire Albian—Upper Cre-
taceous succession (see also Kauffman 1975). In the
late 1990s, the stage-by-stage revision of inoceramid
biostratigraphy was started by Cobban and Walaszc-
zyk and published in a series of subsequent papers
(Walaszczyk and Cobban 2000, 2006, 2007, 2016;
Walaszezyk et al. 2001). The summary chart for
the year 2006 was published by Cobban et al
(2006) with numerous subsequent modifications;
its most recent 2023 iteration is shown in Table S1
in the Supplementary Material.

Since the formulation of the classic Upper Creta-
ceous stage definitions, primarily on the basis of
orthostratigraphic ammonites (e.g. Hancock 1984),
inoceramids have gradually gained in importance.
The bases of two of these stages, the Coniacian
and Santonian, are in fact defined with inoceramids,
and the group serves as a good proxy for the Ceno-
manian, Turonian and Maastrichtian stage boundar-
ies. The group’s potential for substage level
definitions of Upper Cretaceous stages is at least as
high. Using inoceramids, several of the radioisotopic
ages from the Western Interior Basin succession may
be directly transferred or extrapolated on to stage/
substage boundaries. Moreover, precise radioisoto-
pic ages allow for quantifying the rate of evolution-
ary and biogeographical processes which led to the
observed palaeontological record and are thus
important to understanding its stratigraphic value.

Methods
“Ar/’’Ar analysis in the WiscAr Lab

Six of the seven sanidine separates from which new
40Ar/ 3 Ar data are obtained were provided by John
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Obradovich, including samples 92-O-13, 86-0-05,
92-0-31, 91-0-12, 92-0-32 and 91-0-09. One sam-
ple, WY-10-03, was collected by Singer from bed
#112 in the Red Bird, Wyoming section of Gill
and Cobban (1966). The stratigraphic context, bio-
stratigraphic position and location for each of these
samples are summarized in Table 1. From the vials
of separates provided by Obradovich, sanidine crys-
tals were identified using a variable pressure scan-
ning electron microscope. From bentonite sample
WY-10-03, sanidine was isolated using magnetic
and gravity separation, and identified using a vari-
able pressure scanning electron microscope (meth-
ods summarized in Sageman et al. 2014). Sanidine
separates were ultrasonically leached in 1.5 M HF
for several minutes and rinsed repeatedly with deion-
ized water prior to SEM identification. The seven
sanidine separates were wrapped in aluminium foil,
placed in one of 17 wells, each 4 mm in diameter
by 4 mm deep, in an aluminium disk that is 2.5 cm
in diameter. Several crystals of the 28.201 +
0.046 Ma Fish Canyon sanidine standard (Kuiper
et al. 2008) were placed with the samples in each
well. Irradiations were for 50 hours in the cadmium-
lined inner-core irradiation tube of the Oregon State
University TRIGA reactor. J-values for each sample
are based on single crystal analyses of §—12 Fish
Canyon sanidine monitors in each well of the irradi-
ation disk. No interpolation or modelling of J-values
is attempted because samples and monitor crystals
were co-located in the same well.

Single crystal fusion experiments in the WiscAr
laboratory at the University of Wisconsin-Madison
were undertaken with a 50 W CO, laser, followed
by gas analysis in a Noblesse multi-collector mass
spectrometer, as in Jicha et al. (2016). For two sam-
ples, 92-O-13 from a 15 cm thick bentonite in the
Lewis Shale in New Mexico (Hicks et al. 1999)
and 86-0O-05 from the Annona Formation in Arkan-
sas (Obradovich 1993), single-collector mass spec-
trometry as in Sageman ef al. (2014) was used and
these samples were irradiated for 60 and 90 hours,
respectively.

The isotopic composition of atmospheric argon
used to calculate radiogenic argon percentages is
from Lee et al. (2006). Ages are calculated using
the decay constants of Min er al. (2000), and are
reported as +X/Y/Z, where X is the internal analyt-
ical uncertainty at the 95% confidence level, Y is this
internal uncertainty, plus that contributed by mea-
surement of the J-value, and Z is the total uncer-
tainty, which includes the internal and J-value
uncertainties, plus systematic contributions from
uncertainty in the “°K decay constant and age of
the Fish Canyon sanidine standard. The total uncer-
tainties are calculated using the ArAR software pro-
gram (Mercer and Hodges 2016) and this resulted in
changes for ages originally reported by Sageman
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et al. (2014). Note that for a small number of the
age determinations discussed below, either the ana-
Iytical uncertainty (X) or the tracer uncertainty (Y)
is not published, and hence the uncertainties are dis-
cussed as they are listed in Table 1.

Radioisotopic database representing the
Cretaceous Western Interior Basin

Table 1 summarizes 74 radioisotopic age determina-
tions from bentonitic ash beds deposited primarily in
marine sediment sequences (available as an excel
spreadsheet in Table S2 of the Supplementary Mate-
rial). It is beyond the scope of our effort to include
and review the expansive set of age determinations
from continental sediments deposited along the mar-
gins of the Western Interior Seaway that are used to
evaluate the tempo of terrestrial vertebrate evolution
(e.g. Ramezani et al. 2022). Of these 74 age determi-
nations, 17 are based on CA-IDTIMS U-Pb single
zircon dating results found in: Barker e al. (2011),
Meyers et al. (2012), Sageman et al. (2014), Eldrett
et al. (2015), Clyde et al. (2016), Ramezani et al.
(2022) and Renaut et al. (2023). Fifty-two of the
age determinations in Table 1 are from “’Ar/*Ar
results found in: Oboh-Ikuenobe et al. (2008), Sie-
wert (2011), Meyers et al. (2012), Zhu et al
(2012), Sageman et al. (2014), Ma et al. (2014),
Jicha et al. (2016), Landman et al. (2018, 2020),
Sprain et al. (2018), Lin et al. (2021), Jones et al.
(2021), Kynaston er al. (2021) and Singer et al.
(2021). Five additional 40Ar/39Ar age determina-
tions in Table 2 are reported in the results section.
Where possible, United States Geological Survey
Denver ‘D’ numbers linked to digital records of
ammonite or inoceramid fossil localities (McKinney
2018) are listed in Table 1 to provide the biostrati-
graphic context of the dated bentonitic ash layers.
A more comprehensive zonal chart of radioisotopic
age determinations, to which we have added ages
based on legacy data in Obradovich (1993) for sam-
ples yet to be dated using modern multi-collector
mass spectrometry, is provided in the Supplementary
Material.

Results

40Ar/ 3 Ar data from experiments on samples from
seven bentonites in the WiscAr laboratory are sum-
marized in Table 1 and Figure 4. Complete isotopic
data are provided in Table S3 of the Supplementary
Material. Samples 92-O-13, 86-0O-05, 92-O-32,
WY-10-03 and 91-0-09 yield distributions of sani-
dine dates that give ages which are consistent with
their biostratigraphic position. In contrast, samples
92-0-31 and 91-O-12 yield dates that are signifi-
cantly older than expected based on the positions
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Table 1. Summary of Western Interior Basin tuffs in marine sediments dated by single sandine *°Ar/*°Ar and

single zircon CA-IDTIMS U-Pb methods

USGS D
number

Sample Source Stratigraphic description Inoceramid Zone

Ammonite Zone

HF-1PR 16 Ash bed base Paleogene, Tulloch Formation
(six samples)

Maastrichtian-Danian boundary 66.02 + 0.08 Ma (Clyde et al. 2016)

KJO08-157 14 Uppermost Cretaceous, D1 of Denver
Formation in Bowring Pit
Null Coal 16 Uppermost Cretaceous, Hell Creek Formation
WY-10-03 1 D4349 Base of Fox Hills sandstone, bed #112 of Gill
and Cobban (1966)
92-0-32 1 D2118 1.4 m bentonite bed #97 in Pierre Shale of Gill
and Cobban (1966)
2807 13 Pierre Shale Inoceramus incurvus
C ian—Maastrichtian b dary 72.20 + 0.20 Ma (Gradstein er al. 2020)
92-0-34 13 Pierre Shale Inoceramus redbirdensus
90-0O-15 12 DI13111 22 cm bentonite #3, 1.5 m above base of Inoceramus altus
compressus zone in Bearpaw Shale
3504 12 Pierre Shale, associated with methane seep
1L082717-1 17 Bearpaw tuff, Bearpaw Shale
93-0-16 11 D13437 Pierre Shale Sphaeroceramus pertenuiformis
D13438
86-0-05 1 20 cm bentonite, Anonna Formation, 5 m
above lowest occurrence of G. calcarata
90-0-54 12 DI12704 Pierre Shale
PPF1-03 17 PPF tuff
92-0-13 1 15 cm bentonite in Lewis Shale (Hicks ez al.
1999)
78-0-05 3 D5636 Telegraph Creek Formation Sphenoceramus cf. lingua

Santonian-Campanian 84.19 + 0.38 Ma (Sageman ez al. 2014)

MT-08-04 3 Same as Obradovich (1993) sample 68-0-04
MT-08-04 3 Same as Obradovich (1993) sample 68-O-04
91-0-09 3 Bentonite in Kevin Member, Marias River
Formation
90-0-10 3 10 cm bentonite 16 m below top of Cody
Shale
92-0-14 Austin Chalk Cladoceramus undulatoplicatus

3
Coniacian-Santonian 86.49 + 0.44 Ma (Sageman er al. 2014)

MT-11-03 3 Kevin Member, Telegraph Creek Formation Sphenoceramus subcardissoides
91-0-08 3 D13200 Cody Shale, 30.5 m above top of Kevin
bentonite group
MT-08-01 3 Same as Obradovich sample 91-O-8
UH-BHA-B5 19 15-20 cm bentonite, ~2.5 m above Ferron
SS-Blue Gate shale contact
91-0-13 3 Marias River Shale Cremnoceramus deformis crassus
MT-08-03 3 Same as Obradovich sample 91-O-13 Cremnoceramus deformis crassus
Turonian—Coniacian 89.75 + 0.38 Ma (Sageman ef al. 2014)
MT-09-09 3 Ferdig Member, bed#39, Marias River Shale
PS9 21 Gallup Formation Inoceramus perplexus
‘Lower 21 Gallup Formation Inoceramus dimidius
bentonite’
UH-BHA-B4 20 2 cm bentonite above a coal seam in the
Ferron Sandstone
FN-BHt 20 Middle of three dated bentonites in mid-upper
Ferron Sandstone
UH-BHA-B3 20 10-15 cm bentonite in the Ferron Sandstone
UT-08-03 3 40 cm thick bentonite, crystal rich lower half.
In Mancos Shale
UT-08-03 3 40 cm thick bentonite, crystal rich lower half.
In Mancos Shale
UH-BHA-B1 20 Lower bentonite from triplet of bentonites in
Tununk Shale
NC-D 4 Nipple Creek, Utah, Ash D of Elder (1988)
B3 8 Shell research core Iona-1, Kinney Co, TX
90-0-34 4 Likely correlative to C bentonite of Elder
(1988)
TT4 ash 15 Ash in Tununk Shale
NC-C 4 Nipple Creek, UT, Ash C of Elder (1988)

Baculites clinolobatus
Baculites grandis
Baculites baculus

Baculites eliasi
Baculites compressus

Baculites compressus

Exiteloceras jenneyi

Didymoceras stevensoni

Baculites scotti

Scaphites hippocrepis II

Demoscaphites bassleri
Demoscaphites bassleri
Demoscaphites
erdmanni
Clioscaphities
vermiformis

Scaphites depressus

Scaphites depressus =
Protexanites
bourgeoisianus

Scaphites depressus =
Protexanites
bourgeoisianus

Scaphites preventricosus
Scaphites preventricosus
Scaphites nigricollensis
S. whitfieldi,

P. novimexicanus
S. warreni,

P. wyomingensis
Scaphites warreni
Scaphites warreni
Scaphites warreni
Prionocylus macombi
Prionocylus macombi
Prionocylus hyatti
Vascoceras birchbyi
Vascoceras birchbyi
Vascoceras birchbyi;

P. flexuosum
Watinoceras devonense
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Sample Location Latitude Longitude Elev. Method Age +26in + 26047 42610
(masl) (Ma) +20
HF-1PR Hell Creek, IRZ hill, MT 4753544 —107.1734 879 YOAr/PAr  65.84 +0.02  +0.02 +0.18
Maastrichtian-Danian boundary 66.02 + 0.08 Ma (Clyde er al. 2016)
KJ08-157 Denver Basin, Bijou Creek 39.57059  —104.3031 1413 U-Pb 66.08 +0.02  +0.04 +0.08
section, CO
Null Coal Hell Creek area, Bug Creek 47.67630  —106.2101 691 OAr/PAr 66.14 +029  +0.30 +0.35
section, MT
WY-10-03 Redbird, WY USGS section 4327086  —1042713 1228 AT/ Ar 69.90 +0.04  +0.09 +0.13
92-0-32 Redbird, WY USGS section 4327586  —1042665 1242 “Ar/¥Ar  71.02 +0.05  +0.09 +0.13
2807 Dawson County, MT 4693742 —104.7345 685 OAr/*Ar 7196 +0.05  +0.08 +0.13
C ian-Maastrichtian boundary 72.20 + 0.20 Ma (Gradstein ef al. 2020)
92-0-34 Garfield County, MT 47.00603  —107.7725 862 OAr/Ar 7247 +0.06  +0.07 +0.12
90-0-15 Bighorn County, MT 45.83444  —107.5796 903 OAr/*Ar 7370 +0.12  +0.13 +0.16
3504 Red Shirt Creek, Custer Co., SD 43.69333  —102.9767 895 OAr/*Ar 7379 +0.33  +0.36 +0.38
1L082717-1 Dinosaur Park, Alberta, Canada 50.75583 —111.3811 734 U-Pb 74.29 +0.01 +0.02 +0.08
93-0-16 South bank Andy Creek, Pueblo 3832960  —104.4010 1436 OAr/PAr 7467 +0.10  +0.12 +0.16
Co., CO
86-0-05 Foreman Quarry, Foreman, AR 33.69464  —94.4113 106 OAr/*Ar 7495 +0.08  +0.10 +0.14
90-0-54 East side, Interstate 25, 4 km south ~ 38.64743  —104.6949 1681 OAr/*Ar 75.16 +0.08  +0.12 +0.16
of Fountain, CO
PPF1-03 Fergus County, MT 4772478 —108.9435 825 U-Pb 75.22 +0.03  +0.05 +0.09
92-0-13 Rio Arriba County, NM 3623942 —106.9105 2229 OAr/PAr 7612 +0.07  +0.09 +0.14
78-0-05 Petroleum County, 11 km WNW 47.02972 —108.0129 870 OAr/*Ar 8184 +0.07  +0.11 +0.16
of Mosby, MT
Santonian-Campanian 84.19 + 0.38 Ma (Sageman er al. 2014)
MT-08-04 McDonald Creek, MT 47.00440  —108.3340 897 OAr/PAr 8441 +0.13  +0.14 +0.18
MT-08-04 McDonald Creek, MT 47.00440  —108.3340 897 U-Pb 84.43 +0.09 +0.15
91-0-09 Toole County, West of Shelby, 4849227  —112.0303 1090 OAr/Ar 8471 +0.05  +0.11 +0.16
MT
90-0-10 Bighorn County, MT 4572241 —107.5790 923 OAr/*Ar 85.66 +0.08  +0.09 +0.15
92-0-14 Grayson Co., TX 33.61498  —96.4405 193 OAr/*Ar 8584 +023  +0.24 +0.27
Coniacian-Santonian 86.49 + 0.44 Ma (Sageman ef al. 2014)
MT-11-03 NW of Kevin, MT 4881720  —112.0015 1122 OAr/* Ar 86.52 +0.09  +0.12 +0.17
91-0-08 Yellowstone River, Billings, MT 4574070  —108.5119 1032 “Ar/*Ar  87.13 +0.07  +0.09 +0.18
MT-08-01 Yellowstone River, Billings, MT 4574069  —108.5119 1032 U-Pb 87.11 +0.08 +0.15
UH-BHA-B5 Caineville, UT 3849489  —110.9229 1468 OAr/*Ar 8727 +0.52  +0.54 +0.55
91-0-13 Toole County, MT 44.95650  —111.8921 972 OAr/PAr 89.32 +0.09  +0.11 +0.17
MT-08-03 Toole County, MT 4842882  —111.8921 972 U-Pb 89.37 +0.07 +0.15
Turonian—-Coniacian 89.75 + 0.38 Ma (Sageman et al. 2014)
MT-09-09 Kevin-Sunburst Dome 10 km SE 4881770  —111.8156 1066 OAr/*Ar 89.87 +0.06  +0.10 +0.16
of Sunburst, MT
PS9 San Juan Basin, NM 3560918  —108.6171 2169  “°Ar/*’Ar  90.38 +0.12  +0.15 +0.20
‘Lower San Juan Basin, NM 36.48273  —108.9212 1962 OAr/PAr  90.64 +0.17  +0.24 +0.27
bentonite’
UH-BHA-B4 Henry Mtns Basin, Wayne 3834991  —110.0234 1308 OAr/*Ar 9114 +0.09  +0.19 +0.22
County, UT
FN-BHt Henry Mtns Basin, Wayne 3836280  —110.9009 1388 OAr/*Ar 9115 +0.11  +0.11 +0.18
County, UT
UH-BHA-B3 Henry Mtns Basin, Wayne 3848192  —110.8794 1399 ““Ar/*’Ar 9116 +031  +0.36 +0.38
County, UT
UT-08-03 Castle Dale Dome, Emery County, ~ 39.22256 ~ —110.9486 1752 OAr/*Ar 9124 +0.05  +0.09 +0.23
uT
UT-08-03 Castle Dale Dome area, Emery 39.22256  —110.9486 1752 U-Pb 91.37 +0.08 +0.15
Co., UT
UH-BHA-B1 Henry Mtns Basin, Wayne 3836204  —110.0258 1210 ““Ar/*’Ar  91.90 +0.12  +0.12 +0.19
County, UT
NC-D Nipple Creek, UT 3712300  —111.6720 1271 OAr/PAr 9344 +0.05  +0.09 +0.17
B3 West Texas 2922517  —100.7415 292 U-Pb 93.67 +0.04 +0.12
90-0-34 Lohali Point, AZ 36.18470  —109.8836 2030  “°Ar/*’Ar  93.80 +0.05  +0.07 +0.15
TT4 ash South of Wasatch Plateau, Central ~ 38.66513  —111.3447 2022 U-Pb 94.01 +0.02  +0.05 +0.11
UT
NC-C Nipple Creek, UT 3712300  —111.6720 1271 OAr/PAr 9401 +0.05  +0.06 +0.15
(Continued)
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Table 1. Continued.

Sample Source  USGS D Inoceramid Zone

number

Stratigraphic description

Ammonite Zone

K-07-01C 4 Bentonite in Pueblo, CO GSSP, Correlated to Mytiloides puebloensis
Ash C of Elder (1988)

Cenomanian-Turonian 93.95 + 0.05 Ma (Jones ef al. 2021)

90-0-19 7 Bentonite in Greenhorn Limestone, bed H-3 of
Hattin (1975)

K-07-01B 7 Bentonite in Pueblo, CO GSSP, Correlated to
Ash B of Elder (1988)

NE-08-01 5 Bentonite in Greenhorn Limestone, bed H-3 of
Hattin (1975), same as 90-O-19 site

NC-B 4 Nipple Creek, Utah, Ash B of Elder (1988)

Bighorn River 6 Correlated to Ash B of Elder (1988); youngest
3 zircons (Jones et al. 2021)

AZLP-08-02 5 Experiments also on Obradovich (1993)
sample 90-O-31/bed BM-15 (Kirkland
1991)

AZLP-08-01 5 Same as 90-O-30; bed BM-5 (Kirkland 1991)

TT1 Naturita 14 Ash in Naturita sandstione. Correlated to Ash
A of Elder (1988)

90-0-30 5 Bed BM-5 (Kirkland 1991)

D2315 11 Frontier Formation Inoceramus prefragilis

90-0-50 18 1.6 m thick, Soap Creek (or X) bentonite,
Frontier Fm. Same as sample WY-08-04

X bentonite 6 ‘X’ bentonite, Belle Fourche Formation

91-0-03 10 Thatcher bentonite Inoceramus macconnelli

90-0-51 2 Topmost bentonite, Mowry Shale, near
Kaycee

68-0-09 2 ‘Clay Spur’ bentonite, local top of Mowry
Shale

MT-09-06 2 Arrow Creek bentonite, Colorado Shale,

7JDO35 9 Dry Creek Canyon Member, lower upper
Dakota Sandstone

74-0-22 2 Newcastle Sandstone-upper bentonite

98-0-04 2 Newcastle Sandstone-middle bentonite

93-0-25 2 Shell Creek Shale, above Muddy Sandstone

WY-09-08 2 Upper Shell Creek Shale

97-0-20 2 Shell Creek Shale, basal bentonite, Soap Creek
Dome

Albian-Cenomanian 100.0 + 0.40 Ma (Singer er al. 2021)

95-0-04 2 Muddy Sandstone, upper of 2 upper
bentonites, Maverick Springs

97-0-01 2 Uppermost Thermopolis Shale just below
Muddy Sandstone

97-0-12 2 2.2-1.5 ft thick water-lain tuff in Mid-Vaughn
Member, Blackleaf Fm.

97-0-13 2 Taft Hill Member bed 27, 48 ft below top of
Taft Hill, Blacklead Fm.

KJ08162 2 Kassler Member, Dakota ‘J° Sandstone, No.
side Alameda roadcut

KJo8161 2 Kassler Member, Dakota ‘]’ Sandstone, So.
side Alameda roadcut

KJ08160 2 Skull Creek Member, Dakota Sandstone,
South side roadcut

93-0-21 2 ~4 bentonite, 7 ft above base of Skull Creek
Shale

98-0-08 2 Green marker bentonite, Lower Thermopolis
Shale, NW of Greybull

75-0-06 2 50 m below top Hulcross Fm

Watinoceras devonense

Neocardiocerus juddi
Neocardiocerus juddi
Neocardiocerus juddi

Neocardiocerus juddi
Neocardiocerus juddii

E. septemseriatum;
Scipinoceras gracile

Vascoceras diartianum
Scipinoceras gracile

Vascoceras diartianum
Dunveganoceras pondii
Acanthoceras
amphibolum
Acanthoceras
amphibolum?
Conlinoceras
tarrantense

Neogastropolites
americanus
Neogastroplites cornutus

Neogastroplites haasi

Pseudopulchellia pattoni

40Ar/ Ar Ages calculated relative to 28.201 Ma Fish Canyon sanidine standard (Kuiper et al. 2008) using Min et al. (2000)

decay constants.

Samples with identification numbers beginning with 68-0O, 74-O, 75-0, 90-O, etc. are from John Obradovich.

Data sources: (1) This work, (2) Singer ez al. (2021), (3) Sageman et al. (2014), (4) Jones et al. (2021), (5) Meyers et al. (2012),

(6) Barker er al. (2011), (7) Jicha et al. (2016), (8) Eldrett et al. (2015), (9) Oboh-Ikuenobe er al. (2008), (10) Batenburg et al. (2016),
(11) Ma et al. (2014), (12) Landman et al. (2018), (13) Landman et al. (2020), (14) Clyde et al. (2016), (15) Renaut et al. (2023),
(16) Sprain er al. (2018), (17) Ramezani et al. (2022), (18) Siewert (2011), (19) Zhu et al. (2012), (20) Kynaston et al. (2021),

(21) Lin et al. (2021).
+26;, denotes analytical uncertainty only at the 95% confidence interval.

+ 20644 denotes analytical uncertainty at the 95% confidence interval including J uncertainty for “*Ar/**Ar ages.

+ 20, denotes analytical plus tracer uncertainty for U-Pb ages.

+ 26, denotes fully propagated uncertainty at the 95% confidence interval including analytical, tracer/standard age and decay constant

uncertainties.
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Sample Location Latitude Longitude Elev. Method Age +26in +26ini+1 + 260
(masl) (Ma) +20;

K-07-01C Lake Pueblo State Park, CO 38.28000  —104.7400 1522 OAr/PAr 94.02 +0.14  +0.15 +0.20

Cenomanian-Turonian 93.95 + 0.05 Ma (Jones ef al. 2021)

90-0-19 Thayer County, Nebraska 40.17303  —97.4463 431 OAr/*Ar 9398 +0.03  +0.06 +0.15

K-07-01B Lake Pueblo State Park, CO 3828000  —104.7400 1519 “OAr/PAr 93.99 +0.03  +0.06 +0.15

NE-08-01 Thayer County, Nebraska 40.17303 —97.4463 431 U-Pb 94.01 +0.04 +0.14

NC-B Nipple Creek, UT 3712300  —111.6720 1271 OAr/*Ar 9408 +0.03  +0.06 +0.15

Bighorn River Ram Falls, Ram River, Alberta, 52.08756 —115.8429 1614 U-Pb 94.14 +0.12 +0.19
CA

AZLP-08-02 Lohali Point, AZ 36.18471  —109.8836 2022 OAr/PAr 94.20 +0.11  +0.15 +0.21

AZLP-08-01 Lohali Point, AZ 36.18471  —109.8836 2021 U-Pb 94.28 +0.08 +0.15

TT1 Naturita South of Wasatch Plateau, Central ~ 38.66515  —111.3447 2000 U-Pb 94.62 +0.03  +0.05 +0.12
uT

90-0-30 Lohali Point, AZ 36.18471  —109.8836 2021 OAr/PAr 94.43 +0.13  +0.17 +0.22

D2315 Carbon Co., WY 4213300  —106.2040 2101 YOAr/Ar  95.39 +0.16  +0.18 +0.23

90-0-50 Natrona County, WY 433108 —106.7776 1696 OAr/PAr 95,51 +0.11  +0.15 +0.26

X bentonite Burnt Timber Creek, Alberta, CA  51.62897  —115.0408 1359 U-Pb 95.87 +0.10  +0.20 +0.30

91-0-03 Pueblo, CO 38.12202  —104.8643 1682 OAr/PAr 96.21 +0.12  +0.16 +0.22

90-0-51 Johnson County, WY 4357196 —106.5800 1492 OAr/PAr 97.52 +0.04  +0.09 +0.17

68-0-09 Natrona County, WY 4276562  —106.4728 1684 OAr/*Ar  98.17 +0.07  +0.08 +0.16

MT-09-06 Judith Basin County, MT 4731464  —110.4857 1233 OAr/PAr 99.12 +0.10  +0.14 +0.21

7JDO35 Deadman Canyon, El Paso Cnty, 38.67285  —104.8550 1917 OAr/PAr 99.37 +0.31 +0.35
Cco

74-0-22 Crook County, WY 4479557  —104.6586 1327 OAr/*Ar 99.49 +0.03  +0.07 +0.17

98-0-04 Crook County, WY 4479157  —104.6698 1352 OAr/*Ar  99.58 +0.03  +0.12 +0.19

93-0-25 SE of Lander, US 287, Fremont 4261224  —1083225 1855 OAr/* Ar 99.62 +0.03  +0.07 +0.17
County, WY

WY-09-08 NE of Greybull, Big Horn County, ~ 44.55326  —107.9918 1290 OAr/PAr 99.67 +0.11  +0.13 +0.20
WY

97-0-20 Crow Reservation, Big Horn 4526738  —107.7588 1116 OAr/PAr 10007 +0.03  +0.07 +0.17
County, MT

Albian-Cenomanian 100.0 + 0.40 Ma (Singer er al. 2021)

95-0-04 Dome, Fremont County, WY 43.51363  —108.9618 2022 “OAr/PAr 10123 4005 +0.09 +0.18

97-0-01 Greybull, Big Horn County, WY 44.52660  —108.0036 1200 OAr/PAr 10136 +0.05  +0.11 +0.19

97-0-12 So. of Vaughn, Cascade Cnty, MT ~ 47.49533  —111.5302 1124 OAr/PAr 10268  +0.03  +0.07 +0.18

97-0-13 So. of Vaughn, Cascade Cnty, MT ~ 47.50114  —111.5303 1099 “OAr/PAr  103.08 4003 +0.11 +0.20

KJ08162 Dinosaur Ridge, Jefferson Cnty, 39.67582 —105.1925 1883 U-Pb 103.92 +0.04 +0.06 +0.13
co

KJ08161 Dinosaur Ridge, Jefferson Cnty, 39.67563  —105.1926 1884 U-Pb 10402  +0.04  +0.06 +0.13
co

KJ08160 Dinosaur Ridge, Jefferson Cnty, 39.67578  —105.1931 1882 U-Pb 10469  +0.05  +0.07 +0.13
Cco

93-0-21 Devils Tower, Crook County, WY~ 44.81882  —104.7414 1169 OAr/°Ar 10487  +0.04  +0.10 +0.19

98-0-08 Big Horn County, WY 4457564  —108.1353 1186 OAr/PAr 10637 +0.04  +0.11 +0.20

75-0-06 Hudson’s Hope, BC, Canada 56.10752  —121.8179 607 “OAr/PAr  108.07 4005  +0.10 +0.20
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Table 2. Summary of single sanidine 4OAr/ 3 Ar age determinations

Sample Biozone N MSWD Age (Ma) +20u, + 205 + 204
WY-10-03 Baculites clinolobatus 32/34 0.98 69.90 +0.04 +0.09 +0.13
92-0-32 Baculites grandis 29/33 1.03 71.02 +0.05 +0.09 +0.13
91-0-12 Baculites reesidei 0/37 Dispersion precludes age determination
92-0-31 Didymoceras cheyennense 0/38 Dates older than biostratigraphic age
86-0-05 Radotruncana calcarata 21/21 0.79 74.95 +0.08 +0.10 +0.14
92-0-13 Baculites scotti 27/27 0.57 76.12 +0.07 +0.09 +0.14
91-0-09 Demoscaphites erdmanni 31/34 1.19 84.71 4+0.05 +0.11 +0.16

Ages calculated relative to 28.201 Ma Fish Canyon sanidine (Kuiper er al. 2008) using decay constants of Min et al. (2000).
+20,, denotes analytical uncertainty only at the 95% confidence interval. + 20y, denotes analytical plus J uncertainty. + 20,y denotes

fully propagated.

Uncertainty at the 95% confidence interval including analytical, J-value, standard age and decay constant contributions.
N = number of dates used in weighted mean/total number of single crystal fusion dates.

MSWD = mean square of weighted deviates.

of these bentonites in the Didymoceras cheyennense
and Baculites reesidei Ammonite Zones, respec-
tively. For example, whereas 92-O-31 yields a nearly
unimodal population of dates, most exceed 75 Ma,
which is older than the stratigraphically underlying
Exiteloceras jennyi Zone dated at 74.67 + 0.10/0.
12/0.16 Ma (Table 1). Individual sanidine dates
from 91-O-12 are too dispersed to calculate a
weighted mean age (Fig. 4) and the youngest dates
exceed the age of biostratigraphically younger strata.
The reason these two bentonites contain largely
older, inherited crystals is unclear, but these are not
simple primary airfall beds and may represent rede-
posited ash, a challenge to dating such systems
noted by Obradovich (1993). We report five new
“OAr/*Ar age determinations in Tables 1 and 2.
We next summarize the radioisotopic ages that
have been determined within each Cretaceous stage.

Albian stage

Within Albian strata, seven “’Ar/**Ar and three U-
Pb age determinations range from 108.07 + 0.05/
0.10/0.20 Ma in the Hulcross Formation, British
Columbia to 101.23 + 0.05/0.09/0.18 Ma in the
Muddy Sandstone, Wyoming (Table 1; Singer
et al. 2021). Radioisotopic ages that most closely
constrain the Aptian—Albian boundary from Europe
include the *°Ar/*’Ar age of 114.77 + 0.15/0.17/
0.26 Ma of bentonite in the uppermost Aptian Para-
hoplites nutfieldensis Ammonite Zone at Gott, Ger-
many, and a U-Pb age of 113.08 + 0.10/0.20/
0.30 Ma from the Vohrum tuff, Germany, just
above the Leymeriella shrammeni anterior Zone in
lowermost Albian strata (Selby et al. 2009; Singer
etal. 2021). The age of the Aptian—Albian boundary
from spline fitting of marine magnetic anomalies in
the Geologic Time Scale 2020 is 113.2 + 0.3 Ma
(Gradstein et al. 2020).

Cenomanian stage

Seventeen “°Ar/*°Ar and five U-Pb age determina-
tions are from bentonitic ash beds in Cenomanian
strata (Table 1). The three oldest 40Ar/ PAr ages
within the Shell Creek Shale in Montana and Wyo-
ming are 100.07 + 0.03/0.07/0.17 Ma, 99.67 +
0.11/0.13/0.20Ma  and  99.62 + 0.03/0.07/
0.17 Ma. The age of 99.67 + 0.11/0.13/0.20 Ma
is associated with fossils of Neogastroplites haasi
near Greybull, Wyoming (Table 1), whereas the
age of 100.07 + 0.07 Ma is likely very close to
the base of the Cenomanian (Singer et al. 2021).
The Geologic Time Scale 2020 gives an age of
100.5 + 0.1 Ma for the base of the Cenomanian
(Fig. 2; Gradstein et al. 2020). Other radioisotopic
ages span from 99.58 + 0.03/0.12/0.19 Ma in the
Newcastle Sandstone, Wyoming through 93.99 +
0.03/0.06/0.15 Ma and 93.98 + 0.03/0.06/0.15 Ma
for a correlative to bentonite B (Elder 1988) in the
Neocardioceros juddi ammonite zone in the upper-
most Cenomanian strata at the GSSP for the
Cenomanian—Turonian boundary in Pueblo State
Park, Colorado, and in Thayer County, Nebraska
(Table 1). The age of the Albian—Cenomanian boun-
dary cannot be ascertained from Western Interior
Basin strata because dia%nostic fossils are not pre-
sent. However, the “°Ar/*Ar age of 100.0 + 0.4 Ma
determined by Obradovich ez al. (2002) from a ben-
tonite in the Yezo Group, Hokkaido, Japan, is asso-
ciated with the first appearance of the planktonic
formaniner species Thalmanninella globotrunca-
noides and we provisionally use this as the age of
the Albian—Cenomanian boundary (Singer et al.
2021).

A different estimate for the age of the Albian—
Cenomanian boundary (97.17 Ma) based on dinofla-
gellate biostratigraphy and sequence stratigraphy of
the Texas Gulf Coast and Western Interior Basin
was proposed by Scott er al. (2009). Although the
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Fig. 4. Rank order plot of 4(’Ar/ 3 Ar dates from sanidine in seven bentonite samples. Each individual date is shown
with + 1o analytical uncertainty. The open symbols denote dates not used to calculate weighted mean ages, shown as
vertical grey bars with + 20 analytical uncertainty as listed. Ages calculated relative to 28.201 Ma Fish Canyon
sanidine (Kuiper et al. 2008) using the Min et al. (2000) decay constant.

authors recognized the >2 Myr disparity between
their proposed age and the Obradovich et al.
(2002) “°Ar/*°Ar date of 100.0 + 0.4 Ma from T.
globotruncanoides-bearing strata of Japan, they
implied that the offset might be attributable to issues
with Obradovich’s radioisotopic dating, such as dif-
ferences between the time of crystallization and time
of deposition of sanidine crystals, or to reworking of
such crystals, rather than to any error in their age esti-
mate. The authors clearly identified the discrepancy
as a target for further study, but they did not rigor-
ously evaluate potential sources of uncertainty in
their biostratigraphic and sequence stratigraphic
compilations (e.g. why the aforementioned dating
issues would not also apply to any radioisotopic
age determinations used to anchor biostratigraphic
or sequence stratigraphic datums). A key factor not

addressed by Scott et al. (2009) was the intercalibra-
tion of different radioisotoapic age data, including
recalibration of older *’Ar/*®Ar dates using the cur-
rently accepted age for the Fish Canyon sanidine
monitor. Singer ef al. (2021) provide a comprehen-
sive compilation of new precise age determinations
and other published dates for the Aptian through
Cenomanian, using standard statistical methods for
geochronological analysis and address the issues
raised above. The compiled data strongly support
the Albian—Cenomanian boundary age proposed
herein (100.0 + 0.04 Ma).

Turonian stage

Twelve “°Ar/**Ar and three U-Pb age determina-
tions range from 94.02 + 0.14/0.15/0.20 Ma for a
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Tep 84.71 20,11 Ma

Fig. 5. Type section of the Kevin Member of the Marias River Shale near Kevin, Montana. Stars show position of
three bentonites in this section with ages from Table 1. Source: modified after Cobban et al. (1976). Ammonite and
inoceramid zones and USGS D numbers are from Cobban ez al. (1976) and McKinney (2018).
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Niobrara Formation (Colorado Group) to the Fox Hills Sandstone, including the Gammon Shale, Claggett Shale,
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Parkman Sandstone, nonmarine Judith River Formation and Bearpaw Shale. Filled stars are bentonites dated from

localities relatively close to Mosby in Petroleum County, Montana. Open stars show ages correlated into this section.
These include an age of 84.42 + 0.12 Ma (weighted mean of the 4OAr/ % Ar and U-Pb ages with the total
uncertainties included) from McDonald Creek at Winnett (Denver Mesozoic D4912) that corresponds to the same

stratigraphic level as the Washington Mesozoic locality 21405 at Mosby. The 81.84 + 0.07 Ma age for the Scaphites
hippocrepis ii Zone is from Cat Creek oil field area in Petroleum County, and represents a new location for the

sample reported in Sageman et al. (2014). Source: modified from Landman ez al. (2010, fig. 8).
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Fig. 7. Porcupine Dome section of the Bearpaw Shale of Landman et al. (2010). The bentonite sample 90-O-15 dated
at 73.70 + 0.12 Ma is from the base of the Baculites compressus Zone on the east bank of the Bighorn River in
Bighorn County, Montana, about 100 km SW of Porcupine Dome. It was collected (Denver Mesozoic D number
13111) by W.A. Cobban and E.A. Merewether on 17 June 1990, and is 22 cm thick, the highest of three bentonites in
the lower 5 m of the Bearpaw Shale. The other ages, shown as open stars, are from ammonite zones dated elsewhere
in the Western Interior Basin, and are generally plotted in the middle of the correlative ammonite zone. Exceptions
include bentonites in the Baculites grandis Zone (see discussion of Red Bird section, Wyoming) and at the boundary
of the Didymoceras nebracense and Baculites scotti Zones from the San Juan Basin, New Mexico.
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Fig. 8. Section of Pierre Shale on the Cedar Creek Anticline, 16 km south of Glendive, Montana, modified from
Landman ez al. (2020). Notably, the “°Ar/*°Ar age of 71.96 + 0.05 Ma of Landman e al. (2020) is from a bentonite
that crops out one-third (32.7%) of the way up in the 23.26 m thick Baculites baculus Ammonite Zone in this section,
and coincides with the first appearance of ‘Inoceramus’ incurvus, the upper inoceramid subzone of the B. baculus
Ammonite Zone. Potentially, this allows the first appearance of ‘L.’ incurvus to be dated in correlative strata
throughout the Western Interior Basin. The bentonite age of 72.47 + 0.06 Ma shown as the open star, by contrast, is
only approximately located in the centre of the Baculites eliasi Ammonite Zone in this section, as there is no specific
information on the stratigraphic position of the bentonite in this ammonite zone where it was collected near Mosby,
Montana (Fig. 6).
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Fig. 9. Section comprising Campanian strata in Rio Arriba County, NM showing location of dated bentonites,
including one in the upper portion of Lewis Shale at the boundary between the Baculites scotti and Didymoceras
nebrascense Ammonite Zones. Source: modified from Fassett et al. (1997).
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Fig. 10. Upper portion of the Red Bird, Wyoming, section m

odified to show the positions of three dated bentonites

that can be projected into this section with confidence (filled red stars) and two (open stars) that are projected into the
section at the mid-points of the Baculities eliasi and Exiteloceras jenneyi Zones from other localities. The latter two

bentonites are from the Bearpaw Shale (Fig. 4) and the Pierre
modified from Gill and Cobban (1966).

bentonite at the base of the Turonian global strato-
type section in the Watinoceras devonense Ammon-
ite Zone near Pueblo, Colorado, to 89.87 + 0.06/
0.10/0.16 Ma from a bentonite in the Marias River
Shale, Montana that is associated with Scaphites nig-
ricollensis ammonites (Table 1). The Cenomanian—

Shale in Pueblo County, Colorado (Table 1). Source:

Turonian boundary is placed at 93.95 + 0.05 Ma
on the basis of the age determinations summarized
in Table 1 and Figure 3 (Jones er al. 2021) and
improves upon precision of the 93.9 + 0.2 Ma esti-
mate in the Geologic Time Scale 2020 (Gradstein
et al. 2020; Fig. 2).
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Coniacian stage

Three *“°Ar/**Ar and two U-Pb age determinations
span from 89.37 + 0.07/0.15 Ma for a bentonite
in the Scaphites preventricosus Ammonite Zone in
Montana, to 86.52 + 0.09/0.12/0.33 Ma from a
bentonite in the Marias River Shale Formation near
Kevin, Montana that is associated with Scaphites
depressus ammonites (Table 1; Fig. 5). The Turo-
nian—Coniacian boundary is placed at 89.75 +
0.38 Ma on the basis of astronomical age models
that leverage the age determinations summarized in
Table 1 (Sageman et al. 2014) and is within uncer-
tainty of the 89.4 + 0.2 Ma estimate in the Geologic
Time Scale 2020 (Gradstein et al. 2020; Fig. 2).

Santonian stage

One U-Pb and four *°Ar/*°Ar age determinations
span from 85.84 + 0.24/0.34 Ma for a bentonite
in the Cladoceramus undulatoplicatus Inoceramid
Zone in Texas to 84.41 + 0.14/0.24 Ma from
a bentonite in the Telegraph Creek Formation, Mon-
tana that is associated with Demoscaphites bassleri
ammonites (Table 1). The Coniacian—Santonian
boundary is placed at 86.49 + 0.44 Ma on the
basis of astronomical age models that leverage the
age determinations summarized in Table 1 (Sageman
etal. 2014) and is significantly older than the 85.7 +
0.5 Ma estimate in the Geologic Time Scale 2020
(Gradstein et al. 2020; Fig. 2).

Campanian stage

Two U-Pb and eight 40Ar/ 3 Ar age determinations
span from 81.84 + 0.07/0.11/0.16 Ma for a ben-
tonite in the Scaphites hippocrepis ii Ammonite
Zone in Montana to 72.47 + 0.06/0.07/0.12 Ma
from a bentonite in the Baculites eliasi Ammonite
Zone (Table 1). We locate several of these dated ben-
tonites within the sections near Mosby, Porcupine
Dome, and Glendive, Montana from Landman
et al. (2010, 2018, 2020; Figs 6-8) and in the
Lewis Shale, New Mexico (Fig. 9). The Santo-
nian—Campanian boundary is placed at 84.19 +
0.38 Ma on the basis of astronomical age models
that leverage the age determinations summarized in
Table 1 (Sageman et al. 2014) and is significantly
older than the 83.7 + 0.2 Ma estimate in the Geo-
logic Time Scale 2020 (Gradstein et al. 2020; Fig. 2).

Maastrichtian stage and end-Cretaceous

One U-Pb and three “°Ar/*’Ar age determinations
range from 71.96 + 0.08 Ma for a bentonite in the
Baculites baculus Ammonite Zone in Montana to
66.082 + 0.02/0.04/0.08 Ma from a bentonite in
uppermost Cretaceous sediment of the Denver

Basin at the Bijou Creek section (Table 1). The Cam-
panian—Maastrichtian boundary is loosely placed at
72.20 + 0.20 Ma using the estimate from the Geo-
logic Time Scale 2020 (Gradstein et al. 2020;
Fig. 2). The 40Ar/ 3 Ar ages determined for three of
these bentonites of 71.96 + 0.05/0.08/0.13 Ma,
71.02 + 0.05/0.09/0.13Ma and 69.90 + 0.04/
0.09/0.13 Ma are placed in the Baculites baculus,
Baculites grandis and just above the Bacultites clino-
lobatus zones, respectively, in the Red Bird, Wyo-
ming, section of Gill and Cobban (1966; Fig. 10).
A U-Pb age model based on dates from volcanic
ash beds with a magneto-biostratigraphic framework
in the Denver Basin gives an age of 66.02 + 0.02/
0.04/0.08 Ma for the Cretaceous—Paleogene boun-
dary (Clyde et al. 2016). The latter age agrees well
with the *°Ar/*Ar age of 65.821 + 0.060/
0.067 Ma from ash in the I'Z coal of the Hell
Creek area in NE Montana (Table 1; Sprain et al.
2018) and the age for the Cretaceous—Paleogene
boundary of 65.85 + 0.02/0.11 Ma inferred by
Sprain et al. (2018).

Discussion

The broad distribution of many ammonite species,
plus the pandemic biogeographic character of the
majority of inoceramid taxa of the Albian—-Upper
Cretaceous succession of the North American West-
ern Interior Basin provide high potential for the
direct biostratigraphic transfer of the radioisotopic
ages assembled herein to other localities around
the globe.

At the stage level, the base of the Turonian is
radioisotopically dated in the Pueblo GSSP section,
and the age is within the range of Mytiloides pue-
bloensis Walaszczyk and Cobban, an early member
of the Mytiloides labiatus lineage, known world-
wide. Inoceramids allow for the direct transfer of
the Western Interior radioisotopic ages for both the
bases of the Coniacian and Santonian stages, with
each boundary defined by the evolutionary appear-
ance of the index inoceramids (see Lamolda et al.
2014 and Walaszczyk er al. 2022, respectively).
The age 89.37 + 0.07/0.15 Ma for a bentonite in
the Scaphites preventricosus Ammonite Zone in
Montana is indistinguishable from the 89.4 +
0.2 Ma estimate in the Geologic Time Scale 2020
(Gradstein et al. 2020). Similarly, the age 85.84 +
0.23/0.24/0.27 Ma for a bentonite in the Cladocer-
amus undulatoplicatus Inoceramid Zone in Texas
approximates closely the 85.7 + 0.2 Ma estimate
in the Geologic Time Scale 2020 (Gradstein et al.
2020). Moreover, inoceramids allow for the approx-
imate age transfer for the base of the Maastrichtian,
associated with the evolutionary appearance of
Endocostea typica, a species well represented in
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the entire Euramerican biogeographical region
(Walaszczyk et al. 2001). Current attempts at redef-
inition of this boundary (a new Maastrichtian work-
ing group aimed at this task was established during
the 2022 Cretaceous Symposium in Warsaw,
Poland) may find the inoceramid-based definition
the most suitable one.

Inoceramids may become helpful in the transfer
of radioisotopic ages also at the substage level.
Although there is no formal substage level subdivi-
sion of the Upper Cretaceous, numerous levels are
traditionally treated as such.

The 95.39 + 0.16/0.18/0.23 Ma radioisotopic
age for the bentonite in the Dunveganoceras pondi
Ammonite Zone dates the Inoceramus prefragilis
Inoceramid Zone, which marks the appearance
level of the Inoceramus pictus lineage. The appear-
ance of this lineage is well recorded worldwide and
potentially may be selected as the base of the upper
Cenomanian. The lineage is well represented in the
North American Western Interior, Europe, India,
Madagascar and in the North Pacific Province
(Gale et al. 2002).

The radioisotopic ages of 87.11 + 0.08/0.15 Ma
and 87.13 + 0.07/0.09/0.18 Ma for bentonites in
the Scaphites depressus Ammonite Zone in Mon-
tana, correspond with the Sphenoceramus subcardis-
soides Inoceramid Zone (see Landman et al. 2017,
Walaszczyk et al. 2017), the marker for the upper
Coniacian, within the Euramerican Biogeographic
Province.

Among the Coniacian ages, of particular impor-
tance is the radioisotopic age 86.52 + 0.09/0.12/
0.17 Ma from bentonite bed 110 in the Kevin Mem-
ber of the Marias River Shale Formation near Kevin,
Montana (Fig. 5). Based on geophysical correlations
(Plint et al. 2017), this bentonite is located very close
to the Coniacian—Santonian boundary (with most of
the upper Coniacian missing), as defined with the
first appearance of the ammonite Scaphites saxito-
nianus, the widely used marker of the base of the
Santonian in the North American Western Interior.
The first appearance of this taxon, as dated against
Cladoceramus undulatoplicatus, the formal marker
of the base of the Santonian, approximates well
the base of the Santonian (e.g. Walaszczyk and Cob-
ban 2006, 2007). This age is almost identical to the
86.49 + 0.44 Ma base Santonian age, based on the
astronomical age models of Sageman er al. (2014).

Several published and newly reported radioisoto-
pic ages are associated with inoceramid occurrences
within the upper Campanian and lower Maastrich-
tian (Table 1). Of importance in stratigraphic corre-
lation is the “°Ar/*°Ar age of 75.16 + 0.08/0.12/
0.16 Ma for the bentonite in the Didymoceras ste-
vensoni Ammonite Zone, which marks the lower
part of the Sphaeroceramus pertenuiformis Inocera-
mid Zone. The latter is well recognized within the

Euramerican Biogeographic Province, and may
potentially be selected as the base of the upper Cam-
panian substage, in the tripartite subdivsion scheme
of this stage. Moreover, radioisotopic ages in Table 1
are associated with the inoceramid zones of ‘Inocer-
amus’ altus, ‘Inoceramus’ redbirdensis and Trocho-
ceramus radiosus, each recognized widely within
the Euramerican Biogeographic Province; the latter
taxon is known also outside the province, in India
and South Africa (Walaszczyk et al. 2009).

Conclusions and future directions

Building on the exceptionally collaborative and
ground-breaking work of William A. Cobban and
John D. Obradovich, 57 *°Ar/* Ar sanidine and 17
U-Pb zircon ages have been determined during the
last decade for bentonitic ash beds in the marine
strata of the Western Interior Basin that range from
the early Albian at 108 Ma to the end-Cretaceous
at 66 Ma. Six bentonites that occur within the Vasco-
ceras diartianum, Neocardiocerus juddi, Prionocy-
lus macombi, Scaphites preventricosus, Scaphites
depressus and Desmoscaphites bassleri Ammonite
Zones are dated using both methods and yield
40Ar/ ¥ Ar and U-Pb ages in agreement to within
150 kyr (or much less), which is comparable to
currently achievable analytical uncertainties. Ages
of these six bentonites form the backbone of the
Western Interior Basin timescale and reinforce the
close intercalibration of the *’Ar/*Ar and U-Pb
chronometers.

We anticipate further refinements in the integra-
tion of biostratigraphy and radioisotopic dating of
the Upper Cretaceous Western Interior Basin in the
coming years. Because of ongoing taxonomic revi-
sions in ammonites, inoceramids and foraminifera,
coupled with additional field work, the biostrati-
graphic framework is becoming better established.
One of the important challenges in radioisotopic dat-
ing is reviewing and pinpointing the locations of the
bentonites used in previous studies, with respect to
their position within each zone. We are also search-
ing for additional bentonites from other parts of the
section that have not been adequately sampled,
such as the upper Maastrichtian. At the same time,
advances in analytical techniques and the use of
widely accepted standards are leading to improve-
ments in the reproducibility of the age determina-
tions. All these efforts contribute to the progressive
refinement of the chronostratigraphic framework of
the Upper Cretaceous Western Interior Basin and
enhance its utility for global correlation.
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