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Abstract

The Upper Cretaceous Brazeau Formation (early Campanian-early Maastrichtian) near Hinton, AB, preserves dinosaur fossils
associated with fluvial and lacustrine palaeoenvironments during a transgressive-regressive cycle within the Western Interior
Seaway. Here, the first description of vertebrate remains, hadrosaurid footprints, and radiometric age constraints from the
Brazeau Formation are presented. Multiple dinosaur elements were recovered from a new bonebed, including a left postor-
bital and a partial right postorbital representing Edmontosaurus sp. based on an enlarged postorbital fossa. These are the first
dinosaur elements diagnosable to the genus level to have been described from the Brazeau Formation; vertebrate remains have
not previously been described from this formation. Eight tephras lie between ~24 and ~263 m above the Bennett Bonebed.
Seven yielded statistically indistinguishable weighted-average laser ablation zircon 2°°Pb/?38U dates between 70.14 + 0.38 Ma
(23.75 m) and 69.60 + 0.35 Ma (~262.60 m). A Bayesian age-depth model based on the zircon U-Pb dates yields a bonebed age
of 70.17 + 0.42|0.38 Ma and a median sedimentation rate of ~450 m/Myr across the ~240 m of measured section. The age of
the Bennett Bonebed is, therefore, equivalent to the upper Tolman Member of the Horseshoe Canyon Formation, placing it in
the middle Maastrichtian, ~1.3 Ma after Edmontosaurus regalis is proposed to have been extirpated from Alberta, and within

the >2 Ma hiatus of the genus from the fossil record of northwestern North America.
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Introduction

Edmontosaurus (Lambe 1917), a large saurolophine
hadrosaur known from the northern half of Laramidia,
is one of the most common hadrosaurs from the uppermost
Campanian and Maastrichtian (Lambe 1920; Eberth et al.
2013; Bell and Campione 2014; Bell et al. 2014; Evans et
al. 2015; Campbell et al. 2020). Edmontosaurus regalis is the
geologically oldest known species (~72.5-71.5 million years
ago (Ma)) and is currently the only species of Edmontosaurus
known from Alberta (Eberth et al. 2013, 2014; Bell and Cam-
pione 2014). Since hadrosaurs can be especially useful for
dinosaur biostratigraphy, such as Corythosaurus, Lambeosaurus,
and Prosaurolophus in the Dinosaur Park Formation (Mallon et
al. 2012), and Edmontosaurus, Hypacrosaurus, and Saurolophus in
the Horseshoe Canyon Formation (HCF) (Eberth et al. 2013),
establishing their stratigraphic range and distribution across
a spectrum of depositional environments is particularly
important. A thorough consideration of sedimentological
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evidence for palaecoenvironments of fossil sites and how they
change through time should be an integral component of
biostratigraphic and palaeoecological studies. The vertebrate
palaeontological record, set within this context, can be
applied to understanding ecological forces on dinosaurs that
affected their evolution (e.g., climate change and sea-level
change), and it can provide insights into the distribution of
suitable habitats across the Late Cretaceous landscape, po-
tentially improving our understanding of migration within
taxa. With this approach, this study reports new examples of
Edmontosaurus from the latest Cretaceous Brazeau Formation
of Alberta, and aims to establish its chronostratigraphic
position, interpret the associated palaeoenvironments, and
consider the potential basin-scale controls on the timing and
distribution of this genus in western Canada.

Other known species of Edmontosaurus include a probable
separate species from the Prince Creek Formation (originally
referred to as Ugrunaaluk kuukpikensis ~69.2 Ma), which is cur-
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rently only known from northern Alaska (Mori et al. 2016;
Takasaki et al. 2020), and the youngest species, Edmontosaurus
annectens (~67.5-66 Ma), known from southern Saskatchewan
and the northern mid-west United States (Campione and
Evans 2011). Therefore, the temporal distributions of each
species leave time gaps of a couple of million years (2.3 and
1.7 million years (Myr), respectively) between these species.
During these temporal gaps, the geographic distribution of
the genus Edmontosaurus has remained unknown. Previously
known examples of Edmontosaurus are preserved in deposits
representing relatively wet coastal plain areas adjacent to the
Western Interior Seaway and palaeo-Arctic Ocean (Eberth et
al. 2013; Fanti et al. 2013; Bell et al. 2014; Evans et al. 2015;
Mori et al. 2016; Campbell et al. 2020).

The known distribution of Edmontosaurus regalis in Al-
berta extends from the Peace River Region in the northwest
(lower Unit 4 of the Wapiti Formation (WF); Bell et al. 2014;
Fanti et al. 2022), south through Edmonton and Drumbheller
(Horsethief Member of the HCF; Eberth et al. 2013), and into
southern Alberta near Lethbridge (lower St. Mary River For-
mation; Campbell et al. 2020). No specimens of hadrosaurs
or other dinosaurs have previously been described from the
time-equivalent Brazeau Formation (~80-67 Ma) in the Rocky
Mountains and foothills region, in part due to limited expo-
sure in river cuts and remote field areas. Each of the units
in which Edmontosaurus regalis is known represents coastal
plain or deltaic deposits that preserve coal seams in close
stratigraphic proximity to recovered specimens (Russell and
Chamney 1967; Eberth et al. 2013; Bell et al. 2014; Campbell
et al. 2020). The top of the “middle” Brazeau Formation, in
which the Edmontosaurus specimens reported here were re-
covered, lacks coal, and instead preserves a thick (>40 m)
stratigraphic succession of lake-margin environments. The
depositional setting is similar to those reported from other
regions from which Edmontosaurus has been recovered in that
it represents a well vegetated and wet palaeoenvironment;
however, no coal is associated.

The Brazeau Formation (Saunders Group) correlates to the
Belly River Group (Foremost, Oldman, Dinosaur Park forma-
tions), Bearpaw, and Horseshoe Canyon formations in the
south and east, (Gunther and Hills 1972; Jerzykiewicz and
McLean 1980; Jerzykiewicz 1985a, 1997; Jerzykiewicz and
Sweet 1988; Zubalich et al. 2021) and to the WF in north-
west Alberta (Fanti et al. 2013; Zubalich et al. 2021) (Figs.
1 and 2). Despite this broad time equivalence, no radiomet-
ric dates or chronostratigraphic correlations have previously
been determined for the Brazeau Formation. This study inves-
tigates the ashes and sedimentary deposits in outcrops that
relate to dinosaur fossils (e.g., a bonebed, isolated specimens,
footprints) in the area around Entrance, Alberta, which rep-
resent the upper portion of the “middle” Brazeau and lim-
ited isolated exposures of the “upper” Brazeau Formation
(Lang 1947; Douglas and MacKay 1953; Jerzykiewicz 1985b;
Dawson and Kalkreuth 1994). The interval of the Brazeau For-
mation that crops out near Entrance correlates to the upper
units of each of the aforementioned formations surrounding
the Brazeau Formation (Tolman and Carbon Mbr—HCEF; Unit
4&5—WEF; Upper St. Mary River facies—StMRF), which are all
units that preserve few vertebrate remains compared to other

units within their respective formations (Eberth et al. 2013;
Eberth 2015; Voris et al. 2018; Fanti et al. 2022).

The Brazeau Formation outcrop investigated here lies
within the western Upper Cretaceous Rocky Mountain fore-
land basin where subsidence and sedimentation rates would
have been very high. Jerzykiewicz and Sweet (1988) proposed
that the upper 50% of the formation (~500 of the 1000 m total
thickness) is all Maastrichtian, based mainly on palynology.
Interestingly, Eberth and Kamo (2020) propose that there was
a significant reduction in sedimentation rate in the roughly
time-equivalent Tolman Member of the HCF, which may cor-
respond to an increase in subsidence in the foredeep further
west and the corresponding capture of sediment there. In
the present study, we report the first radiometric dates ob-
tained for the Brazeau Formation and calculated sedimenta-
tion rates for the foothills region at this time (~70 Ma), which
do indicate high rates of sediment deposition in the west.
The new radiometric dates permit a refined correlation be-
tween the contact of the middle and upper Brazeau Forma-
tion to contact between the Tolman and Carbon members in
the HCF.

This study presents new information for the chronostrati-
graphic, palaeobiogeographic, and palaeoecological distribu-
tion of Edmontosaurus from a new bonebed in the top of the
middle Brazeau Formation from Entrance, Alberta. Although
it was not possible to identify them to species level, two par-
tial postorbitals represent important specimens for Edmon-
tosaurus during the ~2.3 Myr temporal gap between Edmon-
tosaurus regalis in Alberta and the Prince Creek Formation
Edmontosaurus sp. in Alaska, and they expand the associated
depositional palaeoenvironments associated with the genus
into lake-margin settings.

Geological and palaeontological
background

The Upper Cretaceous Brazeau Formation (Campanian-
Maastrichtian) of the central foothills of Alberta represents
a regression—-transgression-regression succession that corre-
sponds to the time-equivalent Belly River Group and HCF fur-
ther east (Gunther and Hills 1972; Jerzykiewicz and McLean
1980; Jerzykiewicz 1985a, 1997; Jerzykiewicz and Sweet 1988;
Gilbert et al. 2020; Zubalich et al. 2021) and to the WF further
northwest (Fanti et al. 2013; Zubalich et al. 2021) (Figs. 1 and
2). The lower Brazeau Formation (Douglas 1958) is dominated
by large channel sandstones and overbank mudstones rep-
resenting landward deposits west of the “basal Belly River”
deltas further east (e.g., Hamblin and Abrahamson 1996;
Power and Walker 1996). Some of these sandstone packages
closest to the Rocky Mountain front ranges contain conglom-
erates of variable thicknesses that thin eastward and are in-
terpreted as evidence of braided rivers as they left the palaeo-
Rocky Mountains rivers (Putnam 1993). The middle and up-
per Brazeau (Douglas 1958) intervals transition into a more
proximal, upland setting with crevasse splay, lacustrine de-
posits, and paleosols (Jerzykiewicz and McLean 1980). Much
of the formation underwent significant structural deforma-
tion during Eocene thrust faulting events (Pana and van der
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Fig. 1. Lithological correlation of formations across central and northern Alberta. The figure is a combination of data from

references listed at the top of each column.
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Pluijm 2014). Previous palynological work has provided rel-
ative dates for the correlation of the Brazeau Formation to
other units within Alberta (Gunther and Hills 1972), but cor-
relation between the Brazeau Formation other Alberta forma-
tions remains difficult with no previous radiometric dating.
Jerzykiewicz (1985a) provided a detailed summary of the
Saunders Group sedimentology southeast of Hinton, Alberta.
In his work, the Brazeau Formation was divided into four
main cyclothems (Fig. 1), each consisting of two parts. Cy-
clothem I-a contains multiple large sandstones with chert
pebbles at the base; Cyclothem I-b predominantly consists of
overbank deposits with silicified tephras. Cyclothem II-a con-
sists of several channel sandstones, whereas Cyclothem II-b
was interpreted almost completely (88%) as overbank mud-
stones (Jerzykiewicz 1985a). Cyclothem IIl-a demonstrates an
increase in channel sandstones (61.8%), and Cyclothem III-b
preserves thin coal seams and significant overbank deposits
(73.8%). The uppermost portion of the Brazeau Formation is
formed by Cyclothem IV. Cyclothem IV-a is recognised by a
distinct increase in thick (15 m) stacked sandstones, compris-
ing nearly 74% of the section. Cyclothem IV-b returns to pri-
marily overbank deposits (56%) with thin coaly mudstones
and shales, coal beds, and bentonites. Jerzykiewicz (1985a)
equated Cyclothem I-a to Douglas’ (1958) lower Brazeau, Cy-
clothems I-b, II-ab, and IlI-ab to Douglas’ middle Brazeau,
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and Cyclothem IV-ab to Douglas’ upper Brazeau Formation.
The area of study discussed herein is within Jerzykiewicz’s
(1985a) upper Cyclothem IIIb and IVa; however, for simplic-
ity, Douglas’ (1958) terminology of middle and upper Brazeau
Formation is used instead.

Despite the poor chronology and complex stratigraphic
correlation between outcrops generally within river cuts, the
Brazeau Formation represents a largely uninterrupted ter-
restrial succession with no known significant unconformi-
ties, and provides an opportunity to investigate terrestrial
ecosystems and vertebrate diversity during the Campanian
and early Maastrichtian (Jerzykiewicz and McLean 1980). The
bottom of the middle Brazeau interval, deposited during a
regional transgression, is of particular interest because the
correlative marine Bearpaw Formation (middle Campanian)
preserves a limited nonmarine vertebrate fauna in southern
Alberta from this time (Drysdale et al. 2018). However, the re-
covery of vertebrate remains from the Brazeau Formation is
difficult due to forest cover and limited exposures that tend
to be vertical cliff faces along swift-moving mountain rivers
and streams. Consequently, little exploration has been con-
ducted for palaeontological resources.

Before this study, the only reported Brazeau Formation ver-
tebrates were tentatively identified as “Gorgosaurus” teeth and
a “Corythosaurus” “toe bone” (Lang 1947). These specimens
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Fig. 2. Map of southern Alberta formations that are equivalent to (at least in part) the Brazeau Formation. BpF, Bearpaw
Formation; BRF, Blood River Formation; BRG, Belly River Group; DPF, Dinosaur Park Formation; EF, Eastend Formation; FF,
Foremost Formation; HCF, Horseshoe Canyon Formation; SMRF, St. Mary River Formation; uBRF, upper Belly River Group; WF,
Wapiti Formation. Summarized from AGS Map 600 (Prior et al. 2013).
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and several others were recovered from a railway rock cut
(Fig. 3) in the early 1940s by R.C. Sibley, the local train station
attendant in Entrance, Alberta, and sent to Barnum Brown at
the American Museum of Natural History (AMNH) for iden-
tification. Barnum Brown, in his letters back to R.C. Sibley
(Supplementary Material A), interpreted the specimens as
likely originating from a bonebed; however, observations of
the original mudstone layer from which the specimens origi-
nated suggest that the specimens were most likely from a sin-

gle large disarticulated hadrosaur and associated tyrannosaur
teeth. Investigation of this horizon indicates that there is no
longer any of the Sibley fossil material exposed, nor were any
new fossils found after digging into the layer in multiple posi-
tions. Additionally, the sizes of a tibia and a fibula recovered
by Sibley indicate that they likely represent the same individ-
ual (Fig. 3). The Sibley specimens remain in New York and are
now curated at the AMNH (FR 3838, FR 3839, FR 21608). In
the late 1940s, R.C. Sibley delivered photographs of his spec-
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Fig. 3. Photographs by R.C. Sibley to John Allan (Courtesy of EAS, U of A) of material collected in the 1940s along the abandoned
Canadian Northern Railway. Specimens are now housed at the American Museum of Natural History (AMNH). (A) Horizon from
which specimens were collected (white arrows marked by Sibley on original photographs). Note wooden railway ties at the base
of exposure; ties are typically ~2.5 m long for scale. (B) Proximal hadrosaur humerus (left) and anterior portion of hadrosaur
ilium missing preacetabular process (right) (AMNH FR 3839). (C) Large tibia (left) and large fibula (right) (AMNH FR 3839). (D)
Variety of tyrannosaur teeth (AMNH FR 3838, FR 21608) and a large hadrosaur pedal ungual (far right).
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Fig. 4. 1940s Sibley photograph (A) and modern photo (B) of the original and modern rock cut in comparison. Due to the
expansion of the rock cut during the 1960s for highway construction, the topography of the hillside was altered such that the
ground depression is now less visible. Expansion of the rock cut has also caused the apparent shift in the bedding position due
to the intersection of the apparent bedding dip and the rock surface.

imens (Fig. 3) to Dr. John Allen at the University of Alberta to
invite him to the site, an invitation he did not take. Unfor-
tunately, during construction to convert the old rail line to
a highway during the 1960s, the railway bed was expanded,
and the Sibley site and any additional skeletal elements were

destroyed. The photograph of the site R.C. Sibley provided to
Dr. Allen was recently used to identify where the site would
have originally been located (Fig. 4).

A second possible mention of vertebrate remains from the
Brazeau Formation was published by Wann Langston (1959)
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in the proceedings for the Ninth Annual Field Conference of
the Canadian Society of Petroleum Geologists. Langston did
not provide details except that the fauna in the “Saunders for-
mation” (sic) is similar to that reported in the Foremost and
Oldman formations with “Myledaphus, Lepisosteus, Basilemys,
Compsemys, Aspideretes, a crocodile and various dinosaurs”.
The report of these taxa within the Brazeau Formation proper
is questionable for multiple reasons. First, a thorough search
of museum collections where these vertebrate remains may
have been accessioned (AMNH, British Museum of Natural
History, Canadian Museum of Nature (CMN), McGill Univer-
sity, Royal Ontario Museum (ROM), Royal Tyrrell Museum,
Royal Saskatchewan Museum (RSM), Texas Science and Nat-
ural History Museum, University of Alberta, and the Univer-
sity of Saskatchewan) indicated that there were no specimens
collected, except for dinosaurs, by the time Langston pub-
lished his field trip guide. Similarly, no records of Aspideretes,
Basilemys, Compsemys, Lepistosteus, or Myledaphus are known
from the Brazeau Formation in any repository database. Sec-
ondly, the “Saunders formation”, now the Saunders Group,
consists of the (oldest to youngest) Brazeau, Coalspur, and
Paskapoo formations, with the Brazeau grading into the Belly
River Group (Drywood Creek, Lundbrook Creek, and Con-
nelly Creek formations) in the southern foothills of the area
that Langston (1959) described for his field guide. Museum
collection searches do indicate that each of the taxa listed by
Langston have had representative specimens recovered from
the Belly River Group, which is time-equivalent to the lower
half of the Brazeau Formation. Additionally, microvertebrate
sites are very difficult to find in the Brazeau Formation due
to the well-cemented nature of the sandstones, which gen-
erally prevent sufficient weathering to appropriately expose
the small elements from fish and turtles, such as those re-
ported by Langston (1959). For these reasons, it is plausible
that Wann Langston (1959) confused the northern extent of
the Belly River Group with that of the Brazeau Formation. As
such, this project rejects the identification of the taxa that
Wann Langston (1959) lists in his field guide as originating
from the Brazeau Formation, and further investigation into
the formation is required to confirm their presence.

In 2017, a rumoured bonebed in Entrance, Alberta (8.5 km
west of Hinton) (Fig. 5) was investigated. Test-pit excavation
of the Bennett Bonebed, named after the landowner at the
time, began in August 2018. The bonebed was initially ex-
posed in the late 1970s during the construction of a driveway
on the property and lay ~24 m stratigraphically below the
specimens R.C. Sibley recovered in the 1940s. Work in 2018
and 2019 recovered 126 specimens from three-quarters of a
square metre, including a well-preserved juvenile hadrosaur
left postorbital (University of Alberta Laboratory for Verte-
brate Palaeontology (UALVP) 59617) and a subadult right pos-
torbital fragment (UALVP 60423) identified as Edmontosaurus
sp. With such an abundance of specimens collected from
such a small area and the lack of vertebrate remains oth-
erwise known from the Brazeau Formation, the Bennett
Bonebed could provide important information into lower-
middle Maastrichtian palaeo-Rocky Mountain foothill ecosys-
tems. In addition, eight volcanogenic beds in close strati-
graphic association with the bonebed were sampled for zir-
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con U-Pb geochronology, yielding the first radiometric dates
for the Brazeau Formation. The discovery of Edmontosaurus
sp. at the Bennett Bonebed now expands the distribution of
this genus to the Brazeau Formation, HCF, SMRF, and WF
in Alberta (Lambe 1920; Eberth et al. 2013; Bell and Campi-
one 2014; Bell et al. 2014; Evans et al. 2015; Campbell et al.
2020). Additionally, a sandstone bed that overlays the Sibley
layer contains casts of several hadrosaur footprints on the
bottom side as infill casts, which are the first fossil footprints
reported from the Brazeau Formation.

This paper describes the two partial Edmontosaurus postor-
bitals and a large hadrosaur footprint from the top of the mid-
dle Brazeau Formation. The depositional setting of the strati-
graphic section through and above the Bennett Bonebed is
interpreted based on detailed sedimentology from the lower
~60 m of the stratigraphic section presented here. The tephra
dates reported here are used to develop an age model that
spans the top of the middle and the bottom of the upper
Brazeau Formation from the ~263 m of strata exposed. Sed-
imentation rates are calculated and are discussed in terms
of the subsidence of the Alberta foreland basin depocenter,
as well as their importance for interpreting a more regional
view of time-equivalent units further east (i.e., Tolman and
Carbon members of the HCF).

Materials and methods

Excavation and preparation

The Bennett Bonebed is located on private property west
of Hinton, Alberta. The site was excavated using jackhammer
and hand tools (e.g., hammer, chisel, and awls). Due to the un-
predictability of fracturing in the hard encasing mudstone
in such a high bone density area, elements were stabilized
using Paraloid and let dry before removal. The bonebed was
mapped using a grid system along a baseline to the centre of
the bone and drawn into 1 x 1 m? that represented a spe-
cific square meter in the test pit. Specimens that were heav-
ily permineralized were removed from the matrix in parts or
whole, wrapped in paper towel, and placed into a plastic bag-
gie. Specimens that were poorly permineralized received sev-
eral doses of Paraloid and were removed from the bonebed
with matrix still surrounding them, either wrapped in paper
towels or in small plaster and cheesecloth jackets. Once the
specimens were in the laboratory, they were prepared using
small pneumatic air scribes after any cracks or break surfaces
were consolidated with Paraloid and glued with medium vis-
cosity cyanoacrylate. The specimens are now accessioned at
the UALVP.

Specimen imaging

UALVP specimen photographs were taken using a Canon
7D Mark II with a Tamron 24-70 mm lens set to 70 mm with
ISO 100, /6.3, and 1/250 exposure time. Two Canon Speedlite
600EX flashes were set at 180° to illuminate the specimen
evenly. Three-dimensional models of UALVP 59617 (juvenile
postorbital) were created using FlexScan3D V 3.3.9.1 software
with a Polyga HDI Advance R5X-Monochrome 3D Scanner.
Three-dimensional models of UALVP 60423 (subadult postor-
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Fig. 5. Geological map of the area surrounding the Bennett Bonebed showing formations and geological structures. Dates are
the approximate ages of corresponding thrust faults (Pana and van der Pluijm 2014). Modified from Alberta Geological Survey

Map 560 (Pana and Elgr 2013).
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bital fragment) were created using 133 images in Agisoft
Metashape Professional photogrammetric software. Models
of both specimens shown here were manipulated in the ORS
software Dragonfly 3.6.

Stratigraphy and sedimentology

Stratigraphic thicknesses from 0 to 61 m were obtained
using a Jacob’s staff with Abney level. Sediments were ob-
served along the complete measured thickness where data
were recorded. Grain size, sedimentary structures, and other
sedimentary features (e.g., root marks), estimated mud con-
tent, rock colour, and bed contacts were recorded through-
out at centimetre-scale resolution for the lower 62 m of sec-

Rt

Location of Bennett Bonebed

W

— ¥ ¥ ThrustFault

Fold hinge

——  River

tion. The upper part of the exposed road-cut section and the
Athabasca River section (higher than 61 m) have not yet been
logged, but thicknesses and stratigraphic position of the up-
permost tephra was extrapolated using an orthographic im-
age of the outcrop (methods below). Two sections were mea-
sured. The first was along the private driveway on which the
bonebed is exposed, from 0 to 22.5 m, and the second and
longer section is located along Hwy 40 across from the drive-
way section, from 17 to 62 m (with ~6.5 m overlap between
the sections).

Correlation of the two sections (driveway and Hwy 40) was
performed using a Nikon XS 3" reflectorless total station to
sight a base of a sandstone at 22 m. The total station was ori-
ented directly north and calibrated using a TRC5 handheld
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Fig. 6. Weighted average plots for zircons isolated from their respective tephra layer. Each bar represents a single zircon; blue

bars are outliers.
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control device. The total station was then rotated to the lo-
cal strike of 104°E, with the crosshairs falling ~15 cm above
the base of a 50 cm thick sandstone. To estimate the strati-
graphic elevation above the bonebed for unmeasured posi-
tions (e.g., middle-upper Brazeau contact, 262.6 m tephra), a
GPS-calibrated 3D map of the area was produced using a DJI
Mavic Pro Platinum aerial drone 4K video imported into Ag-
isoft Metashape Professional. Once the 3D model was created,
the model was rotated digitally to orient it to the dip direc-
tion (194°E), then tilted back to horizontal (34°) to correct
for dip (and apparent dip). Once the model was oriented cor-
rectly, an orthographic image was made to remove all visual
distortion due to changes in perspective. Horizontal and ver-
tical distances from the centre of the 60.60 m ash up to the
middle-upper Brazeau contact and the ~262.60 m ash were
then calculated by Metashape on the orthographic image.
The vertical distances calculated for the positions of inter-
est were then added to the 60.60 m, providing an estimated
stratigraphic position above the base of the measured sec-
tion.

Geological maps of the region (Lang 1947; Pana and EIgr
2013; Prior et al. 2013) indicate that no major change in dip
occurs between the bonebed and the ~262.60 m ash, and nei-
ther are there any known faults. Therefore, calculated deposi-
tional rates based on total thickness of the section around the
Bennett Bonebed is considered to not have been influenced
by tectonic processes during thrust faulting in the immediate
area.

Tephra geochronology and Bayesian age model
Nine tephra deposits were found between 23.75 and

~262.6 m stratigraphically above the Bennett Bonebed, eight

of which were dated (Figs. 6 and 7). An erosional contact over-
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lain by mudstone cut into the 28.15 m tephra; however, the
preserved ash pockets were only slightly disturbed, and zir-
con dates were coherent, indicating that no significant con-
tamination occurred. The remaining tephras (23.75, 39.38,
39.68, 41.10, 51.78, 60.60, and ~262.60 m) are between 15
and 60 cm thick, in planar continuous beds that are uni-
form in thickness. The tephras each infill (drape) low-relief
undulations in underlying beds, have sharp lower and upper
contacts, and are very light yellow in colour with no appar-
ent mixing of other sediments observed, which indicates that
the tephras are intact and have not been contaminated by re-
worked sediments. Large (~2 kg) samples were collected from
the centre of each bed for zircon U-Pb geochronology to con-
strain the timing of the eruption associated with each tephra.
These samples were collected from the centre of each tephra
to ensure that no groundwater or ancient plant-rooting trans-
ported contaminations into the upper or lower surfaces of
the ash. A Bayesian age model for the local stratigraphic sec-
tion was produced (methods below) to approximate the de-
positional age of the Bennett Bonebed, Sibley layer, footprint
bed, and the middle/upper Brazeau Formation contact.

Each tephra sample was fluidized into a slurry in water and
passed across a Wilfley table to concentrate dense minerals,
similar to the method described by S6derlund and Johans-
son (2002). Great care was taken to clean the Wilfley table
between each sample to reduce the risk of contamination.
From the dense mineral concentrate, ~50-100 zircons were
hand-picked to mount in epoxy. The grain mount was pol-
ished to expose the grain centres, and regions suitable for
analysis were identified from cathodoluminescence imaging.

U-Pb zircon data (Supplementary Material B) were col-
lected using laser ablation multicollector inductively coupled
mass spectrometry (LA-MC-ICPMS) at the Canadian Centre for
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Fig. 7. Volcanoclastic dates and relative positions above the Bennett Bonebed (orthographs are not to scale with each other). (A)
Orthographic image of Bennett Bonebed and surrounding exposure produced to remove modern dip angle, restoring bedding
back to original horizontal position. Roadcut tephras are labelled with their corresponding stratigraphic position above the
bonebed and radiometric dates. The layer from which R.C. Sibley collected his specimens and trackway layer are indicated.
(B) Orthographic image of the east bank of the Athabasca River and the uppermost portion of the studied outcrop indicating
where the middle and upper Brazeau Formation contact and ~262.60 m tephra lies. (C) Satellite image of each outcrop section.
The red line indicates the road section in “A”, and the yellow line indicates the Athabasca River section in “B”. Note the overlap
between the two sections where the 60.60 m tephra is located in both orthographs.
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Isotopic Microanalysis at the University of Alberta, Edmon-
ton, Canada, using procedures modified from Simonetti et
al. (2005). The analytical setup consists of a New Wave UP-213
LA system interfaced with a Nu Plasma MC-ICPMS equipped
with three ion counters and 12 Faraday cups. We operated
the laser at 4 Hz with a beam diameter of 30 pum, which
yielded a fluence of ~1-3 J/cm?. Ablations were conducted
in a He atmosphere at a flow rate of 1 L/min through the
ablation cell. Output from the cell was joined to the output
from a standard Nu Plasma desolvating nebulizer (DSN). On-
peak gas + acid blanks (30 s) were measured prior to a set of
analyses. Data were collected statically, consisting of 30 1 s
integrations. Before and after each set of analyses, zircon ref-
erence materials GJ1 (Jackson et al. 2004), Plesovice (Sldma et
al. 2008), and 9435 (Klepeis et al. 1998) standards were repeat-
edly analysed to monitor U-Pb fractionation, reproducibility,
instrument drift, and to assess data quality. Mass bias for Pb
isotopes was corrected by measuring 2°°T1/2*T1 from an aspi-
rated T1 solution (NIST SRM 997) via the DSN-100 DSN using
an exponential mass fractionation law and assuming a natu-
ral 205T1/293T1 of 2.3871. All data were reduced offline using an
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true hoiizoy

~262.60 m
69.79 Ma

middle/upper Brazeau contact

Excel-based program. Unknowns were normalized to GJ1 as
the primary reference; Plesovice and 9435 were treated as un-
knowns to assess data quality and yielded weighted average
206pp 2387 dates of 336.4 + 1.4 Ma 95% confidence (n = 29/33,
MSWD = 1.1), and 55.52 + 0.22 95% confidence (n = 32/33,
MSWD = 1.5) within uncertainty of reported dates. The un-
certainties reported on individual data points are a quadratic
combination of the internal measurement precision and the
overall reproducibility of the standards during an analyti-
cal session ~1% for 297Pb/2%°Pb, and ~2% for 20°Pb/?38U, 2 s.
The long-term excess scatter in 2°°Pb/?38U sessional weighted
means, beyond weighted mean errors for Plesovice is 0.48%
(2 s), which is propagated into the weighted mean errors for
this study, shown in brackets in the results. The data are cor-
rected for common Pb using a 2°’Pb-based approach due to
the difficulty of resolving transient contributions of 2°*Hg
present in the Ar gas from 2°4Pb present in either the crys-
tal andjor the acid + gas blank. Thus, reported 2°4Pb values
are for informational purposes only but can be useful for
identifying and rejecting samples that have obviously large
amounts of common Pb.
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Quoted ages for each tephra are the 20 error-weighted
mean of the youngest coherent population of 2°°Pb/238U zir-
con dates (propagated excess scatter shown in brackets), cal-
culated using the weighted mean function, with outlier detec-
tion, in the IsoplotR package within the R software environ-
ment (Vermeesch 2018) (Fig. 6). A Bayesian age-depth model
was then calculated using the R package Bchron (Haslett and
Parnell 2008) (Supplementary Material C) and the 20 error-
weighted mean ages for the tephra (Fig. 8; Supplementary Ma-
terials D and E). Bchron uses prior knowledge (i.e., constraints
from stratigraphic superposition and the requirement for
positive sedimentation rates) to iteratively construct plausi-
ble age-depth models with quantified uncertainty, based on
dated beds. Alternative age models model using the 0.48%
error from the 9435 reference (Fig. 8; Supplementary Mate-
rials D and F) or the 1% error from the Plesovice reference
(Supplementary Materials C and G) do not alter our conclu-
sions. All quoted ages for the Sibley layer, trackway layer, Ben-
nett Bonebed, and middle/upper Brazeau Formation contacts
were obtained from the Bchron age model.

Monte Carlo simulation was used to calculate the range of
plausible sedimentation rates between the uppermost and
lowermost dated tephra based on the Bchron age model.
Normal distributions for the modeled ages were defined at
the 23.75 and ~262.6 m tephra, then we iteratively calcu-
lated 10000 sedimentation rates based on random draws
from those age probability distributions. In turn, the me-
dian sedimentation rate and associated 1¢/2¢0 uncertainty
(0.34-0.68 and 0.025-0.975 quantiles, respectively) were
drawn from the 10000 iteratively calculated sedimentation
rates.

Institutional abbreviations

AMNH—American Museum of Natural History, New York,
USA; CMN—Canadian Museum of Nature, Ottawa, Canada;
ROM—Royal Ontario Museum, Toronto, Canada; RSM—Royal
Saskatchewan Museum, Regina, Canada; UALVP—University
of Alberta Laboratory for Vertebrate Palaeontology, Edmon-
ton, Canada; UAMES—University of Alaska Museum, Fair-
banks, USA.

Locality

The Bennett Bonebed is located on private property near
Entrance, Alberta. As per the property owners’ requests, the
specific location of the bonebed is not included here. GPS in-
formation for the bonebed site and tephra collection sites can
be obtained through the UALVP for researchers and research
purposes only. Quarry maps will be published in a more thor-
ough description and analysis of the bonebed when a more
expanded excavation has been conducted.

The exact position of the R.C. Sibley site is impossible to
determine due to the site having been destroyed during high-
way expansion. However, the original dig site is estimated to
have been at approximately 453 895 mE; 5914 597 mN (UTM
11U), and ~3 m above the current highway grade. The mod-
ern position of the Sibley layer crops out at 453909 mE;
5914 590 mN.
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Results

Description and comparison

Skeletal remains

The hadrosaur postorbital UALVP 59617 is well preserved
and is approximately 75% complete, but it is missing most
of the jugal process and the most posterior centimetre of the
squamosal process (Fig. 9). The preserved portion of the fossil
has an anteroposterior length of 123 mm and a mediolateral
width of 73 mm. The specimen is most similar to the postor-
bital of the holotype (CMN 2288) and paratype (CMN 2289)
of Edmontosaurus regalis (Lambe 1920; Campione and Evans
2011; Xing et al. 2017) (Fig. 10). It is also similar to the postor-
bital of a juvenile Edmontosaurus regalis (UALVP 60425; Fig. 10)
from the Horseshoe Canon Formation. The anteriorly ori-
ented frontal process is triangular with a frontal contact sur-
face that possesses two anteroposteriorly oriented grooves.
Unfortunately, the ridge that forms the dorsal margin of the
top groove is missing, so the complete depth is unknown. The
lower, much larger groove extends the entire length of the
frontal contact and forms approximately 80% of the height
of the contact surface. The anteromedial process is similar to
those in CMN 2288 and CMN 2289 but differs slightly in that
it hooks posteriorly. In contrast, the anteromedial process in
the juvenile, UALVP 60425, is narrow and elongated medially.
The anteromedial process of UALVP 59617 preserves a tripar-
tite contact with three thin, tall ridges for a limited contact
surface with the parietal. Although missing the most distal
edge, the squamosal process is a thin, lateroventrally dipping,
bladelike structure that extends posteriorly with a slight me-
dial deflection. The medial surface has a slightly rippled tex-
ture for the contact with the squamosal. This resembles the
orientation of the process observed on Edmontosaurus regalis
(CMN 2288, 2289) and differs from Edmontosaurus annectens
(CMN 8509, ROM 64076, RSM P3234.1.1), in which the process
is oriented such that the “blade” is more vertical, causing a
narrow appearance in dorsal view.

The main body of the postorbital is well preserved and pos-
sesses a large laterosphenoid fossa oriented medially and lo-
cated directly ventral to the anteromedial process. The dor-
solateral surface is expanded due to the development of an
enlarged postorbital fossa along the orbit edge. The presence
of the postorbital fossa is a diagnostic character for the genus
Edmontosaurus (Campione and Evans 2011; Xing et al. 2017).
The postorbital fossa of UALVP 59617 is large for the size of
the postorbital and similar in size to that of the pocket in
the Alaskan Prince Creek Formation Edmontosaurus sp. postor-
bital UAMES 33308 (Mori et al. 2016; Xing et al. 2017; Takasaki
et al. 2020), where the pocket is relatively wider than in sim-
ilarly sized Edmontosaurus annectens (Takasaki et al. 2020). Al-
though histological sections have not been conducted for ei-
ther specimen, UALVP 59617 is interpreted as representing
a juvenile/subadult individual based on the size discrepancy
between it and UALVP 60423.

UALVP 60423 (Fig. 11) is a fragment of a right postorbital
preserving a partial squamosal process with postorbital fossa
from a subadult individual. Due to the incomplete nature of
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Fig. 8. Measured section of the bonebed section (left) and the Hwy 40 section (right) with U-Pb geochronology and Bchron
Bayesian age model results correlated with the full section.
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Fig. 9. UALVP 59617, Edmontosaurus sp. left postorbital. Corresponding letters represent the same view. Capital letters are
photographs and lower-case letters are 3D models. (A) Dorsal view. (B) Ventral view. (C) Lateral view. (D) Medial view. (E) An-
terior view. (F) Posterior view. Abbreviations: amp, anteromedial process; fp, frontal process; 1sp, laterosphenoid fossa; pof,
postorbital fossa; sp, squamosal process. Black arrows indicate anterior.

the specimen, no meaningful measurements can be taken. of the process is missing. The medial third of the squamosal
The squamosal process preserves the rugose surface of the process is also missing (Fig. 11). Anterior to the squamosal
ventral squamosal contact; however, the most posterior edge process, the postorbital fossa expands dorsally and laterally,
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Fig. 10. Postorbital outlines of Edmontosaurus. (A) Edmontosaurus regalis (holotype, CMN 2288) left postorbital in dorsal (left) and
lateral (right) views. (B) Edmontosaurus regalis (paratype, CMN 2289) left postorbital in dorsal (left) and lateral (right) views. (C)
Edmontosaurus sp. (UALVP 59617) left postorbital in dorsal (left) and lateral (right) views. (D) Edmontosaurus regalis (UALVP 60425)
left postorbital in dorsal (left) and lateral (right) views. (E) Edmontosaurus annectens (CMN 8509) left postorbital in dorsal (left) and
lateral (right) views. (F) Edmontosaurus annectens (RSM P3234.1.1) right postorbital (reflected) in dorsal (left) and lateral (right)
views. (G) Edmontosaurus annectens (ROM 64076) right postorbital (reflected) in dorsal (left) and lateral (right) views. Scale bar is

5 cm.

D

5 g5~

indicating that the fossa would have been quite enlarged if
complete.

Footprints

The thinly laminated, dark grey mudstone layer of the Sib-
ley layer is overlain by a well-cemented sandstone with mud-
stone clasts in the base. The sandstone-filled depressions on
the upper mudstone surface represent four dinosaur foot-
prints, one clear and three vague, all of which are only par-
tially exposed on the bottom of the sandstone bed. The foot-
prints are preserved as sandstone casts that infill footprint
depressions in wet mud. They are now exposed on the bot-
tom of a dipping sandstone bed, visible due to the road cut.

14

The best-preserved footprint cast was photographed, but
specimens were not collected due to the instability of the
outcrop (Fig. 12). Digit III pad measures ~32 cm long, and
digit II pad is ~30 cm long. The visible digits are both broad
and terminate at a rounded end. The print possesses long,
shallow striae aligned with the length of each digit that
may have formed by scale drags when the animal pulled
its foot out of the mud. The foot pad and digit II are con-
tained within the road cut and are not visible. The cast repre-
sents a large pes print, tentatively assigned to Hadrosauropo-
dus isp. (Lockley et al. 2004), based on digit morphology and
its close resemblance to footprints assigned to the ichno-
genus preserved in the WF (Fanti et al. 2013; McCrea et al.
2014).
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Fig. 11. UALVP 60403. Corresponding letters represent the same view. Capital letters are photographs and lower-case letters
are 3D models. (A) Dorsal view. (B) Ventral view. (C) Lateral view. (D) Medial view. (E) Anterior view. (F) Posterior view. Postor-
bital fragment superimposed on CMN 2289 to show its original position in Dorsal view (G) and lateral view (H) (not to scale).
Abbreviations: fr, frontal; po, postorbital; pof, postorbital fossa; sq, squamosal. Scale bar is 5 cm.

A

Depositional setting

Lithology, sedimentary structures, and bed geometry for
the bonebed and overlying strata were studied to interpret
the depositional environment. The surrounding bonebed ma-
trix is siltstone with rare, flattened claystone clasts up to
2 cm in diameter. Within the bonebed, vertebrate speci-
mens appear to be sorted by size, decreasing in size upwards.
Four multidecimetre (20-50 cm thick) current-rippled sand-
stone and horizontal laminated sandstone/mudstone het-
erolithic beds overlay the bonebed. A large sedimentary
structure, interpreted as a sandstone pillow within a lam-
inated mudstone 1 m above the bonebed (Fig. 13A), indi-
cates rapid deposition of sand into water-saturated or sub-

Can. J. Earth Sci. 00: 1-25 (2025) | dx.doi.org/10.1139/cjes-2023-0001

merged sediments, representing a subaqueous setting for the
bonebed.

The 45 m long section of outcrop along Highway 40 (~70 m
SE of the bonebed) exhibits repeated 1-2 m coarsening-
upward packages from siltstone to fine-grained sandstone
(Fig. 8). The number of thin (2-5 cm), planar sandstone beds
progressively increase upward in the section with each subse-
quent coarsening-upward package, along with laminated silt-
stone and mudstone (Fig. 13B). Partially chert-cemented in-
terbedded siltstone (lower) and very fine-grained (lower) sand-
stone with wave-ripple cross lamination (Figs. 13B and 13C)
are present ~27 m above the bonebed. These interbedded de-
posits are covered by a 10 cm thick wave-rippled fine-grained
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Fig. 12. Natural sandstone cast of cf. Hadrosauropodus isp. in situ exposed along the Hwy 40 rock cut. Bottom: Line drawing

highlighting the overall shape and drag marks on the surface.

sandstone. Another ~60 cm of interbedded sandstone, rang-
ing from very fine- (lower) to fine-grained (upper), overlies
the rippled sandstone beds in a coarsening-upward trend.
The lower 30 cm of this coarsening-upward package preserves
symmetric ripples, many of which have mudstone drapes.
Above the coarsening upward packages, two fining upward
packages are preserved (at ~31 to ~39.5 m). The base of
both of these packages consist of fine-grained (upper) sand-
stone with current ripple-lamination. The top of the second
fining-upward sandstone preserves symmetrical ripples be-
fore it transitions upwards into a set of interbedded siltstones
and sandstones. Two sandstone (upper fine) packages (~45-
51 and 56-59 m) possess nonerosional bases. Instead, both
sandstones are deposited directly on top of siltstone (upper)
where they infill densely spaced small (3 mm wide) inclined

16

DIl

DI

invertebrate burrows with no sign of disturbance. The intact
nature of the burrows and the lack of an erosional base are
interpreted as being evidence of the sandstone having been
deposited in calm standing water.

The lacustrine deposits at ~29.5 m are interpreted as the
highest local base-level represented in the section. Sediments
immediately overlying the bonebed are interpreted to rep-
resent deposition lateral to a fluvial channel, with the over-
lying decimetre-scale interbedded sandstone and mudstone
beds representing splays into water-saturated or subaque-
ous environments. Higher in the section, along Highway 40,
the coarsening-upward siltstone to rooted muddy sandstone
packages and a unit with interbedded sandstone and mud-
stone with symmetrical ripples indicate marginal lacustrine
environments. The thickest lacustrine deposits from this sec-
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Fig. 13. Sedimentary structures related to wet environments. (A) Sandstone structure interpreted as a pillow within underlying
laminated siltstone 1.5 m above base of bonebed. Scale bar = 30 cm. (B) Stacked interbedded coarsening upward siltstone and
sandstone beds. Dark grey siltstone is 19 m above base of bonebed. Scale = 20 cm. (C) Horizontal sandstone beds with large
ripples at 25 m above bonebed base. Scale = 10 cm. (D) Horizontal beds with symmetrical ripples draped by overlying mudstone

bed 29.5 m above bonebed base. Scale bar = 10 cm.

tion occur approximately 27 m above the bonebed, where
a 40-50 cm thick interval of wave-ripple cross lamination
and symmetrical ripple crests are present in the partly chert-
cemented interlaminated sandstone and mudstone described
above. Based on the sedimentary evidence in the succession,
the depositional setting of the bonebed is interpreted as over-
bank deposition into a wet landscape in the early stages of an
overall lake transgression.

The Hwy 40 section terminates at the Athabasca River
~20 m above the 60.60 m tephra, at which point the outcrop
continues perpendicular along the Athabasca River (forming
a single outcrop divided in two for this project, see Fig. 7).
Where the Hwy 40 section meets the river section, several
multistory sandstone packages are present and separated by
~10 m of vegetation covered siltstones. The base of the first
large sand (~18.8 m above 60.60 m tephra) is interpreted as
the contact between the middle and upper Brazeau Forma-
tion (Jerzykiewicz 1985a). Stratigraphically above these sand-
stone packages, the formation is almost completely covered
by forest save for several small sections of exposure. Based
on geological maps, and intact sandstones, the section is con-
sidered intact between 60.60 and 262.60 m tephras, with no

Can. J. Earth Sci. 00: 1-25 (2025) | dx.doi.org/10.1139/cjes-2023-0001

identified tectonic faults that may impact the inferred sedi-
mentation rate.

Geochronology

Zircon crystal morphology ranges from acicular to pris-
matic, showing magmatic oscillatory zoning, with some
grains exhibiting sector zoning. Grains with obvious inher-
ited cores were not analysed. The 2°°Pb/?*8U dates for the
28.15, 39.38, 39.68, 41.10, 51.78, 60.60, and 262.6 m tephras
are remarkably coherent. However, the tephra at 23.75 m had
significantly fewer zircons recovered (Fig. 6) and produced an
approximate age of 70.71 + 0.38 [0.61] Ma. The error-weighted
means for zircon 2°°Pb/*38U dates for the other tephras are as
follows (errors in square brackets represent the 0.48% error
from the 9435 reference; n indicates the number of zircons
included in the error-weighted mean calculation out of the to-
tal number of zircons analyzed from the tephra sample): (1)
28.15 m = 70.10 + 0.30/0.38 [0.52] Ma, nn = 29/29; (2) 39.38 m =
69.60 + 0.28 [0.42] Ma, n = 22/22; (3) 39.68 m = 69.66 + 0.24
[0.42] Ma, n = 25/25; (4) 41.10 m = 70.28 + 0.25 [0.44] Ma,
n = 38/39; (5) 51.78 m = 69.92 + 0.54 [0.77] Ma, n = 14/16;
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Fig. 14. Monte Carlo sedimentation rate results. Median sedimentation rate results indicate approximately 447 m/Myr.
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(6) 60.60 m = 69.72 + 0.25|0.40 [0.52] Ma, n = 33/33; and (7)
~262.6 m = 69.60 + 0.35 Ma, n = 17/19. The dates from these
ashes indicate that the timing of pre-eruption zircon crystal-
lization is statistically indistinguishable between the 7 beds
with more than 10 zircons. The extrapolated bonebed age
from the Bchron age model is 70.17 + 0.42]0.38 Ma. The ex-
trapolated age for the Sibley layer and the trackway horizon
is 70.08 £ 0.26/0.31 Ma. These dates place the bonebed sec-
tion within the middle Maastrichtian, equivalent to the up-
per Tolman Member of the HCF (Eberth and Kamo 2020) and
unit 5 of the WF (Fanti and Catuneanu 2009). An extrapolated
date of 69.73 + 0.20/0.25 Ma for the contact between the mid-
dle and upper Brazeau Formation ~18 m above the 60.60 m
tephra was derived using the age model. This date closely
matches the calculated date of the contact between the Tole-
man and Carbon members of the HCF (69.6 ma; Eberth and
Kamo 2020).

The median depositional rate across the section between
the lowermost and uppermost dated tephra at 23.75 and
262.60 m was 447 m/Myr, with a 1o range of 383-554 m/Myr
and a 20 range of 245-1752 m/Myr (Fig. 14).

Discussion

Timing and distribution of Edmontosaurus

The zircon 2°°Pb/?38U dates from the eight sampled tephras
in the ~262 m section at the Bennett Bonebed locality near
Entrance, Alberta are the first known radiometric ages from
the Brazeau Formation. The tephras yielded remarkably co-
herent distributions of zircon U-Pb dates with no modal
groupings of dates from crystals erupted prior to the Cre-
taceous. For higher temporal precision, zircon U-Pb dating
by single-grain thermal ionisation mass spectrometry (e.g.,
Davies et al. 2014) is needed to refine the extrapolated age
for the Bennett Bonebed using the age-model developed from
the tephra beds above the site. Bayesian statistics were em-
ployed to determine the most probable date of the track-
way horizon, the Sibley layer, the Bennett Bonebed, and the
contact between the middle and upper Brazeau Formation
(~18.8 m above the measured section). Geological Survey of
Canada samples (JO-83-1A and 1B) collected in 1983 from
~30 to 40 m above the bonebed at the same road-cut section
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described here yielded two palynomorphs, Aquilapollenites (in-
cluding Aquilapollenites augustus, Aquilapollenites drumhelleren-
sis, Aquilapollenites funkhouseri, and Aquilapollenites leucocephalus)
and Kurtzipites andersonii, that were identified by Sweet (1987)
as palynostratigraphic markers for the early to middle Maas-
trichtian age.

Edmontosaurus is a well known and widely distributed genus
from Wyoming north to Alaska, and it spans approximately
6 million years, from 72.5 to 66 Ma (Fig. 15) (Lambe 1917;
Campione and Evans 2011; Evans et al. 2015; Mori et al. 2016;
Xing et al. 2017). Edmontosaurus regalis is common in Alberta
and is most abundant in the HCF (Lambe 1917; Evans et al.
2015; Xing et al. 2017). Within the HCF, Edmontosaurus re-
galis is known primarily from the Horsethief Member with
some tentative remains from the Upper Drumheller Member,
which represents a certain temporal span of 72.2-71.5 Ma,
and potentially 73.1-71.5 Ma (Eberth et al. 2013; Evans et al.
2015; Eberth and Kamo 2020). A partial Edmontosaurus regalis
specimen with preserved skin impressions (UALVP 53722) was
recovered from the WF, 2 m below a tephra deposit dated
using “°Ar*°Ar to 72.58 + 0.09 Ma (Bell et al. 2014). Edmon-
tosaurus regalis thus has an age range of at least 0.92 mil-
lion years, from ~72.6 to 71.5 Ma, using the ages from both
the HCF and the WEF. The Liscomb bonebed in the Prince
Creek Formation of northern Alaska, dated to 69.2 & 0.5 Myr
(Mori et al. 2016), has produced specimens of Edmontosaurus
sp.; however, the Alaskan taxon requires further adult ma-
terial to determine the species represented (Takasaki et al.
2020). Edmontosaurus annectens has been reported from the up-
per Maastrichtian of Saskatchewan, Canada, and Colorado,
Montana, North and South Dakota, and Wyoming in the
U.S.A, spanning approximately 1.2 Myr, from 65.5 to 66.7
Ma (Campione and Evans 2011). Unfortunately, the two pos-
torbitals reported herein do not provide enough informa-
tion to identify the taxon within the Bennett Bonebed to
species level with high confidence. Although the species can-
not be confidently identified, based on the enlarged pos-
torbital fossa, further work in the bonebed may conclude
that the assemblage comprises Edmontosaurus regalis. How-
ever, due to the age of the oldest known Edmontosaurus re-
galis (~72.5 Ma), it would be unlikely that a single species
would span ~2.5 Myr. For this reason, the Bennett Bonebed
assemblage may represent a new species of Edmontosaurus, al-
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Fig. 15. Temporal distribution and regions from which Edmontosaurus has been recovered. Circles indicate costal plains, trian-
gles are coastal wet environments, stars indicate upland environments. Brazeau Edmontosaurus sp. zone appears gradational to

reflect age uncertainty.
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though further diagnostic elements, such as the frontal, need
to be recovered. For the same reason, the Prince Creek For-
mation Edmontosaurus sp. is not being referred to as either Ed-
montosaurus regalis or Edmontosaurus annectens, despite Sharpe
et al. (2023) referring it to Edmontosaurus regalis due to the
similarities between cranial elements of similarly sized juve-
nile remains. Rapid lambeosaurine faunal turnover rates of
the Dinosaur Park Formation (i.e., Corythosaurus casuarius and
Corythosaurus intermedius ~750 Kkyr; Lambeosaurus clavinitalis,
Lambeosaurus lambei, and Lambeosaurus magnicrisatus ~1 Ma;
Mallon 2019; Ramezani et al. 2022), moderate lambeosaurine
turnover rates in the HCF Hypacrosaurus altispinus ~1.9 Ma;
(Eberth and Kamo 2020) and moderate saurolophine turnover
rates in the Dinosaur Park Formation (Prosaurolophus max-
imus ~1.75 Ma; Drysdale et al. 2018), and the HCF all suggest

Can. J. Earth Sci. 00: 1-25 (2025) | dx.doi.org/10.1139/cjes-2023-0001
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Bl Edmontosaurus sp.
Prince Creek Formation, Alaska, US

Edmontosaurus sp.
Brazeau Formation, Alberta, CA

Edmontosaurus regalis
Horseshoe Canyon Fm, Alberta, CA
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that is unlikely that a single species would have persisted for
~4 Myr.

The palaeoenvironments represented by the sediments
associated with the bonebed are interpreted as a water-
saturated to submerged environment, becoming distinctly
lacustrine approximately 27 m above the bonebed (Figs. 8
and 13). Evidence for this interpretation includes loaded and
swirled sediments, coarsening-upward packages, planar in-
terbedded sandstone and siltstone, flat-lying undisturbed vol-
caniclastic ashes with sharp lower and upper surfaces, lami-
nated mudstone, and symmetrical ripple bedforms and lam-
ination. Rootlets present in thinly bedded and laminated la-
custrine sediments with symmetrical ripples are interpreted
as roots of shallow water flora or from brief periods of expo-
sure in a lake-marginal setting. The Bennett Bonebed is in-
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terpreted to have been deposited during a flood event into a
wet area adjacent to a channel, perhaps in the upper reaches
of a lacustrine delta where standing water accumulated in
lows between distributary channels. This is supported by a
sandstone bed with a loaded base that overlies shale found
directly above the bonebed layer.

The footprints described here are the first hadrosaur prints
reported for the Brazeau Formation, with an extrapolated
date of ~70.08 £ 0.26/0.31 Ma. The skeletal remains from
the bonebed horizon (meter 2.90 in the measured section)
are the first evidence of Edmontosaurus sp. from the Brazeau
Formation, expanding the geographic and temporal range
of the genus in Alberta. Although other known specimens
of Edmontosaurus from Alberta tend to be associated with
swampy/coaly environments on the coastal plain or alluvial
plain adjacent to the Western Interior Seaway (Russell and
Chamney 1967; Fanti and Catuneanu 2009; Eberth and Bra-
man 2012; Bell and Campione 2014; Eberth et al. 2014; Eberth
and Kamo 2020), no coal beds have been observed in the
area around the Bennett Bonebed. Instead, lacustrine and
lake marginal environments were present, and the bonebed
site may represent a proximal lake delta-plain setting. Roots
in coarsening upwards homogenous siltstones to very fine-
grained sandstones above the bonebed also indicate a well
vegetated setting; the palaeoenvironment is interpreted to be
marginal lacustrine wetlands. Eberth et al. (2013) discussed
the palaeoecology of Edmontosaurus regalis and suggested that
the taxon preferred saturated deltaic wetlands, suffering ex-
tirpation from the lower HCF environments when the land-
scape became drier and better drained. Although Eberth et
al. (2013) did not propose where Edmontosaurus regalis might
have moved to, the species could have migrated southeast-
ward with the Western Interior Seaway coastal plain during
regression expressed in the HCF. It is also possible that Ed-
montosaurus regalis migrated westward toward the wet land-
scape represented in the Brazeau Formation, and later, north
to the coastal plains of Alaska. The lacustrine deposits of
the Brazeau Formation exposed around the Bennett Bonebed
support the hypothesis that Edmontosaurus preferred a wet en-
vironment, although the habitat need not have been coastal
coal swamps.

The inferred ~70.17 Ma age for the Bennett Bonebed makes
UALVP 59617 and UALVP 60423 the only positively identi-
fied Edmontosaurus sp. (Saurolophinae) specimens currently
known from the middle of the Maastrichtian outside of
Alaska. The Bennett Bonebed is temporally equivalent to the
top of the upper Tolman Member of the HCF (Eberth et
al. 2013), in which there are two other known hadrosaur
taxa during this interval, H. altispinus (Lambeosaurinae) and
Saurolophus osborni (Saurolophinae). The age and associated
lake-margin palaeoenvironments of the Bennett Bonebed
and hadrosaur footprint layer have interesting implications.
First, Edmontosaurus inhabited a region a significant distance
from the Western Interior Seaway coastal plain swamps, as
the shoreline at the time of the upper Tolman Member was
at least >325 km southeastward (at Dorothy, Alberta) of the
Bennett Bonebed site (Eberth et al. 2013) and potentially up
to a distance of ~750 km to time-equivalent beds in the East-
end Formation of southern Saskatchewan (Broughan 1984).

20

Although the animals in the Bennett Bonebed lived in an
environment with potentially large bodies of water nearby,
the site is in an unexpected palaeogeographical area for Ed-
montosaurus, further west than previously known. This in-
dicates that the taxon may be more widespread across the
middle Maastrichtian landscape than previously anticipated,
and/or that Edmontosaurus migrated westward as well as east-
ward when the HCF environments became drier (cf. Eberth
et al. 2013). Future work in regions discovered to preserve
lacustrine deposits should consider the possibility that typ-
ically “coastal” taxa may be present. Second, the discovery
of Edmontosaurus ~1.3 Ma after its extirpation from the HCF
environments suggests that either Edmontosaurus regalis per-
sisted for more than 1 million years longer than previously
known, with a total time span of nearly 2.5 Myr, or that the
specimens in the Bennett Bonebed represent a previously un-
known species of the genus.

Further work in the Bennett Bonebed will hopefully pro-
vide additional information as to the taxonomic assignment
of the species, which may provide an opportunity to infer al-
lopatric speciation in the fossil record of hadrosaurs. If the
climate change event at ~71.5 Ma that resulted in the extir-
pation of Edmontosaurus in the HCF (cf. Eberth et al. 2013)
drove the genus south along the coast into the USA or to
the north into Alaska, then a physical environmental bar-
rier in the form of a well drained, cool, dry landscape would
have separated outside populations from that in the Brazeau
Formation. Speciation may have occurred if this separation
persisted for the ~1.3 Myr observed in the palaeontological
record.

Basin-scale setting and sedimentation rates of

Brazeau Formation at Entrance, Alberta

The Rundle orogenic pulse occurred during the late Cam-
panian (Pana and van der Pluijm 2014). Several thrust faults
west of the Bennett Bonebed have been dated using authi-
genic illite (Pana and van der Pluijm 2014); these dates con-
tribute to a better understanding of the subsequent palaeo-
geography of the central foothills of Alberta during the early
Maastrichtian by providing a predictable location for the
palaeo-mountain front. The dated fault that is closest in age
and proximity to the Bennett Bonebed is known as the Rocky
Pass Thrust fault (74.8 Ma; Pana and van der Pluijm 2014)
(Fig. 5), which is presently exposed 37 km to the west of
the site. Based on the available geological cross-sections from
the Entrance area, the palaeogeographical distance from the
bonebed to the Rocky Pass Thrust is estimated to have been
55 km during deposition of the bonebed (Alberta Geological
Survey Map 560; Pana and Elgr 2013). This places the Ben-
nett Bonebed specimens close to the palaeo-Rocky Mountains
and indicates that the animals preserved here may have lived
in a more topographically diverse environment than on the
coastal plain represented by the HCF in eastern Alberta. Sed-
imentation rates reported by Eberth and Kamo (2020) for the
upper Tolman Member (~16 m/Myr) were interpreted to rep-
resent an increase in tectonic uplift to the west, and a sub-
sequent decrease in the rate of subsidence in the upper HCF
near Drumheller.
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We calculated a median total section sedimentation rate
of 447 m/Myr. However, this sedimentation rate at the study
site should be considered as a rough estimate only because
the statistically indistinguishable zircon dates yield a wide
range of accumulation rates that are difficult to objectively
constrain (1o range of 383-554 m/Myr; 20 range of 245-
1752 m/Myr; Fig. 14). Related challenges include the relatively
high uncertainty of LA-ICP-MS analyses (compared to, e.g.,
single-grain chemical abrasion isotope-dilution thermal ioni-
sation mass spectrometry) and the possible incorporation of
xenocrystic and antecrystic zircon.

Nevertheless, the 447 m/Myr median calculated sedimen-
tation rate is substantially higher than for other Campa-
nian and Maastrichtian formations in Alberta: (1) Dinosaur
Park Formation (~36.6 m/Myr) (Ramezani et al. 2022); (2) HCF
(~81 m/Myr for the lower two-thirds and ~16 m/Myr for the
upper third) (Eberth and Kamo 2020); (3) WF (~60 m/Myr)
(Fanti and Catuneanu 2009); and (4) the Scollard Formation
(calculation based on data in Eberth and Kamo (2020) of
~43 m(Myr). It also outpaces sedimentation rates of other
Laramidian formations, such as the Campanian Judith River
Formation (~44.2 m/Myr) (Ramezani et al. 2022) and Campa-
nian Two Medicine Formation (~62.1 m/Myr) (Ramezani et al.
2022), both exposed in Montana.

The range of plausible sedimentation rates for the Brazeau
Formation at Entrance, Alberta is within the same order of
magnitude as the Campanian Kaiparowits Formation of Utah
(372 m/Myr) (Ramezani et al. 2022). The Kaiparowits Forma-
tion was also deposited within a foreland basin, with sedi-
ment partly supplied from a surrounding active thrust fault
system (Lawton and Bradford 2011; Beveridge et al. 2020;
Ramezani et al. 2022). The subsidence of the Kaiparowits
basin within ~25-30 km of the Sevier Orogenic Belt dur-
ing active tectonism resulted in a significant amount of sed-
iment accumulating relatively quickly (620 m over ~2 Myr)
(Ramezani et al. 2022). Similarly, the Eocene Green River For-
mation (~54.5-42 Myr) was formed in a tectonically active
region, with thrusting and reactivated basement faults pro-
ducing a series of small lake basins in a “broken foreland”
(e.g., Smith et al. 2008). The Bridger Basin, a subbasin in the
Greater Green River Basin of Wyoming, was surrounded by
several uplifts: the Sevier fold and thrust belt to the west, the
Wind River Uplift to the north, the Rock Springs Uplift to the
east, and the Uinta Uplift to the south (Smith et al. 2008). In
areas adjacent to the uplifts, sedimentation rates were typi-
cally high. The Wilkins Peak Member adjacent to the Uinta
Uplift, for example, was ~360 m/Myr within ~30 km of the
uplift in predominantly lake-marginal environments (Smith
et al. 2008, 2015). The Bridger Member of the Green River For-
mation, which represents the final fill of the Bridger Basin,
records very rapid sedimentation rates of >1000 m/Ma at the
base, when volcaniclastics were transported into the basin
from the north (Smith et al. 2008; Aswasereelert et al. 2013).
This high sedimentation rate indicates that within a basin of
a tectonically active region, clastic deposition can increase
quickly, and the high rate inferred for the outcrop in the
study area is not surprising.

The depositional location of the Bennett Bonebed being so
close to the Rocky Pass Thrust in palaeo-Rocky Mountains
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(~55 km SW) indicates that it was close to or within the
foreland basin depocenter during the Maastrichtian. The es-
timated sedimentation rate of ~380-550 m/Myr for the study
area is plausible if the foreland basin was subsiding in re-
sponse to the front range thrust-faulting event dated by Pana
and van der Pluijm (2014). Additionally, high rates of sedi-
mentation likely originated from the palaeo-Athabasca River
as a possible broad alluvial fan as it exited the paleo-Rocky
Mountains as the river would have been present close to the
Bennett Bonebed.

Douglass et al. (2009) proposed a criteria-based methodol-
ogy to determine the method of transverse drainage develop-
ment. Because the source area for the palaeo-Athabasca River
is older than the front ranges through which it cuts, two pos-
sible mechanisms of valley formation are possible. First, an-
tecedence occurs when large rivers incise through a bedrock
high (i.e., mountain range(s)) as the river maintains a rela-
tively stable elevation and the bedrock is tectonically lifted
around it, resulting in a valley. The second, superimposition,
occurs when the bedrock high is already in place but buried
by different sediments with a river flowing over it. Subse-
quently, the river erodes down through the overlaying sed-
iments and the bedrock high to form a valley (Douglass et al.
2009). In the case of the Rocky Mountain front and the palaeo-
Athabasca River, superimposition as a mechanism would be
nearly impossible, as it would require the entire Rocky Moun-
tain belt to be completely buried in secondary sediments
with the headwaters originating from an unpreserved high
somewhere near the modern source. Because the front ranges
formed ~86 Myr after the origin of the Athabasca River head-
waters was uplifted (Pana and van der Pluijm 2014), the river
would have been cutting through the mountains as they
grew, as modelled in the antecedence mechanism of trans-
verse drainages. It is therefore likely that during the depo-
sition of the Bennett Bonebed, the palaeo-Athabasca River
would have exited the palaeo-Rocky Mountains southwest of
the study area near the Rocky Pass Thrust (Fig. 5). Draining at
least 4000-5000 km? of mountainous terrain (based on hydro-
metric data from the Government of Canada) out into the im-
mediate basin along the palaeo-mountain front, the palaeo-
Athabasca would have provided a significant source of sedi-
ment, especially during periods of thrusting, directly into the
developing foreland basin in the region around the Bennett
Bonebed.

Although the recorded Bennett Bonebed sedimentary sec-
tion only records the equivalent of the upper Tolman Mem-
ber, the high rate of sedimentation (~380-550 m/Myr) and
the presence of lakes in the Brazeau Formation in our study
area provide evidence that subsidence rates in the proximal
foredeep were high, supporting the hypothesis proposed by
Eberth and Kamo (2020) that there was an increase in tec-
tonic uplift sometime after 70.6 Ma. Additionally, the nine
tephras (eight dated herein and one undated) distributed
across 238.85 m (lowest to highest tephras) of the strati-
graphic section in the road-cut near the Bennett Bonebed sug-
gest that there was significant volcanic activity in the region
west of the site during the middle Maastrichtian. However,
this volcanism is not as readily recorded or was not preserved
further east in the basin, resulting in few datable tephras in
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the Tolman Member of the Horseshoe Canyon Fm. in Alberta
and the Judith River Fm. in Montana (Eberth and Kamo 2020;
Fanti et al. 2022; Ramezani et al. 2022; Rogers et al. 2023).

Brazeau Formation stratigraphy and correlation

of the Entrance road-cut section

The middle and upper Brazeau Formation contact (Cy-
clothems III-b and IV-a) is exposed approximately 18.8 m
(calculated by GPS-calibrated orthographic image) above the
60.60 m tephra at the eastern end of the Hwy 40 bridge cross-
ing the Athabasca River. In the ~60 m measured section at
the road-cut, there is an abrupt change from the very fine-
grained (mudstones, siltstones, and very fine-grained sand-
stones) lake-marginal and lacustrine deposits to multiple
stacked, multistory thick sandstones at ~79.4 m above the
base of the section (Fig. 7); this is interpreted as the con-
tact between the middle and upper Brazeau Formation. The
lower half of the upper Brazeau (Cyclothem IV-a) is at least
75 m thick (measured from the orthographic images pro-
duced from drone photography), and the upper half at this lo-
cality is currently an unknown thickness. Using the position
of ~18.8 m above the 60.60 m tephra for the middle/upper
Brazeau contact obtained from the orthographic image, an
extrapolated date using the age-model for the base of the
upper Brazeau Formation was calculated to ~69.73 + 0.20,
—0.25 Ma. This median date aligns closely with the bottom
of Carbon Member of the HCF, which is reported to be ~69.6
Ma (Eberth and Kamo 2020). Eberth and Kamo (2020) report
that a change in climate from the cool-dry climate of the Tol-
man Member gradually reversed back to a warm-wet climate
in the Carbon Member above.

Conclusions

The identification and description of Edmontosaurus sp. pos-
torbitals from the Bennett Bonebed represent the first iden-
tified taxon and the first described vertebrate remains from
the Brazeau Formation. The postorbitals are identified as Ed-
montosaurus sp. by an enlarged postorbital fossa, a feature
that is presently known in this genus. Based on the size, the
more complete UALVP 59617 is from a juvenile individual,
and UALVP 60423 is from a sub-adult.

Radiometric dates obtained from eight tephra beds pro-
vide a probable date of ~70.08 Ma for the Sibley layer and
associated hadrosaur trackways, and a date of ~70.17 Ma for
the bonebed, placing it in the middle Maastrichtian. Sweet’s
(1987) identification of Aquilapollenites and K. andersonii paly-
nomorphs in sediments ~30-40 m stratigraphically higher
than the bonebeds is consistent with placement within the
middle Maastrichtian, though there is substantial diachrone-
ity in the occurrence of Aquilapollenites in North America
(e.g., Braman 2001; Buryak et al. 2024). Together with ra-
diometric and palynological dating, these new specimens
from the Bennett Bonebed provide sufficient evidence that
the genus Edmontosaurus persisted in Alberta well into the
Maastrichtian and was coeval, but not sympatric with Hy-
pacrosaurus and Saurolophus in the upper Tolman Member
of the HCF. Continued exploration of the Brazeau Forma-
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tion and Bennett Bonebed are vital in further understanding
the biogeographic distribution of Edmontosaurus in the early
Maastrichtian and may provide evidence of the origin of Ed-
montosaurus annectens.

The stratigraphic contact of the middle and upper Brazeau
Formation from the measured section is calculated using the
age-model presented here to ~69.73 Ma, which corresponds
well to the approximate date for the base of the Carbon Mem-
ber in the HCF. This may indicate that the climate shift event
that is interpreted to have occurred in the Carbon Member
could be the same event that influenced the formation of the
thick sandstone units present in the upper Brazeau Forma-
tion at Entrance, Alberta. Additionally, the high rate of sedi-
mentation in the Brazeau Formation at the study site, during
a time-equivalent period of low sedimentation rate in the up-
per HCF, supports the hypothesis of Eberth and Kamo (2020)
that there was an increase in tectonism in the paleo-Rocky
Mountains at this time.
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