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Abstract

A complete stratigraphic assessment and revision of the middiapanian to upper
Maastrichtian Wapiti Formation in north-western Alberta and norsteea British Columbia is the
main aim of this research project. The study area encongpassarea of approximately 200X180
km in the Grande Prairie County (west-central Alberta) an@easbst British Columbia, Canada.
Results presented here indicate that the 1300m thick successiently reported in the literature
as ‘undifferentiated lithostratigraphic uriit consists of five lithostratigraphic units and four
unconformity-bounded depositional sequences; their study and descript®iéav documented
integrating several geological disciplines, including sequestcatigraphic methods, well-log
signatures, facies analysis, and fossil associationsh®wttole, particular attention has been given
to 1) age and nature of both basal and upper contacts of the Wayitation, 2) effective
mappability of lithostratigraphic units and depositional sequencegestern Alberta, and 3) the
identification of previously undetermined maximum flooding surfacthe Bearpaw seaway and
Drumheller Marine Tongue, which are reference marine ungemral and southern Alberta. A
second, but not less important, guideline for the project &éas the rich paleontological record of
the Wapiti deposits. Detailed paleoenvironmental and taxonomiaaimation on old and new
finds have been the base for correlation with well known &ssmts of Alaska, southern Alberta,
and Montana. Newly discovered rich fossil localities documenteexéraordinarily diverse fauna
during the latest Cretaceous, including dinosaurs, squamatdsegimavater fishes and reptiles.

Lastly, in order to better characterize the Wapiti Formatimajor marker beds were
described: these include several bentonites (altered vol@mh deposits) which have been
documented over an area of almost 30.008, las well as four major coal zones, characterized by
tabular coal seams with an overall thickness of 2 metexh Barker beds represent a formidable
tool for high-resolution chronology and regional correlations within the Gretaceous Alberta

foreland basin.



Abstract

L'obiettivo di questo studio & una dettagliata revisione della Walpdrmation
(Campaniano-Maastrichtiano) che si estende nell'Alberta cectimentale e della British
Columbia nord-orientale. L'area studio comprende una superficie di @0©X180 km nella
regione di Grande Prairie. | risultati ottenuti indicano coesuccessione dello spessore di circa
1300 metri correntemente indicata in letteratura comeitd litostratigrafia indifferenziata
consiste in cinque unita litostratigrafiche e quattro sequenze depadi a limiti inconformi. La
loro descrizione e analisi si basa sull'integrazione di divapgirocci nell’ambito delle scienze
geologiche, tra cui la stratigrafia sequenziale, andiikig geofisici di sottosuolo, analisi di facies,
analisi geochimiche e associazioni fossilifere. Nel comp|gsarticolare attenzione é stata rivolta a
1) eta e natura dei contatti a base e a tetto della Wragithation, 2) alla mappabilita delle unita
litostratigrafiche e delle sequenze deposizionali a scaemrale e 3) all'identificazione delle
maximum flooding surfaces della Bearpaw Formation e della Beller Marine Tongue, entrambe
unita marine di riferimento nell’Alberta centrale e ndenale.

Al fine di verificare la presenza di livelli guida e sopuéttt di verificare variazioni nell’area
sorgente dei sedimenti della Wapiti Formation, diversillibentonitici (documentati in un’area di
circa 30.000 krf) e importanti intervalli ricchi in strati di carbone sonoisiascritti in dettaglio ed
analizzati mediante studi di geochimica. Tali strati ervalli rappresentano un fondamentale
strumento sia per correlazioni a scala locale e regionaeehl'inserimento delle diverse unita
stratigrafiche in una scala temporale di riferimento.

Una seconda linea guida di questa ricerca e stata I'andliscc® contenuto paleontologico
della Wapiti Formation. Una dettagliata analisi tassonomipaleoambientale é stata fondamentale
per le correlazioni biostratigrafiche con le note associazimseontologiche dell'Alaska,
dell’Alberta meridionale e del Montana. La scoperta di nuove itactdssilifere documenta una
fauna straordinariamente diversificata durante il Cretacaper®re che include dinosauri,

squamati, uccelli, e pesci e rettili di acqua dolce.



Introduction

1. Geological framework

The original geological studies of the uppermost Cretaceoumilestrata in the Alberta
foreland basin applied formational ranking to the facies assoaitedhe three coarse-grained,
diachronous sedimentary wedges, giving rise to names sucle adilkhRiver, Belly River, and
Edmonton groups. As further stratigraphic studies were complétbdcame apparent that these
strata were widely variable in thickness and lithofaciesulting in the introduction of additional
names to further refine the stratigraphic nomenclature. Whese tadditional formations have been
defined, the original formation has commonly been elevated to gtatys, thus creating the Belly
River Group, (Oldman and Foremost formations), the Edmonton Group,e@toes Canyon,
Whitemud, Battle and Scollard formations), and the Saunders GrBugze@u, Coalspur and
Paskapoo formations). However, this process has not been undertakesallyi across the basin,
and has resulted in a confusing nomenclature. Further complicatingstieeis the application of
American stratigraphic terminology to define units in Canadaxamplified by the introduction of
the Judith River Formation (McLean, 1971) and Claggett Form@Wasser, 1988). Within the
context of this study, the stratigraphic nomenclature as sbaviaigure 1 is applied.

Where the Belly River Group is undifferentiated, the namiéyB&ver Formation is used.
The Horseshoe Canyon Formation name is used and the term Edmonton Geggrakst to allow
compatibility between equivalent formations in Alberta and Sak&atan. Foothills nomenclature
is that of Jerzykiewicz (1985). In northwest Alberta, stragtivalent to the Belly River, Horseshoe
Canyon, and where present the Whitemud and Battle formations wereugte jointly defined as
the Wapiti Formation (Dawson et al., 1992).

The uppermost Cretaceous-Tertiary stratigraphic interval faimdntegral part of the
foreland basin of the Western Canada Sedimentary Basin. ofhetfons that lie within this
interval provide a unique geological record of the final developmethiedbasin and the relation of
that development to tectonics, eustasy and climate. The gealldustory of this interval can be
interpreted in terms of a series of tectonic events to #s¢, with resultant erosion and widespread
sediment supply into the basin, interspersed with periods of dinsigelimentation and/or marine
transgression. In the middle Campanian, (~78 Ma), during deposititte Foremost Formation
and basal Wapiti deposits, the source of sediment was principallyahtorthe deformation front

(i.e. from the southwest).
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Figure 1: Schematic stratigraphic cross-section of latéaGreus Western Canadian Sedimentary
Basin. 1, Desmoscaphites bassie89.3 Ma, onset of Milk River regression. Zcaphites
hippocrepis81.7 Ma, major hiatus in southern AlbertaBaculites mclearn80 Ma, Claggett MFS.

4, Baculites scotti76.4 Ma, Claggett MRS. Baculites compressug3.4 Ma, Bearpaw MFS.
Modified after Mumpy and Catuneanu, 2007. Terrestrial deposits liowgainarine successions in

grey.

Later, during deposition of the Oldman Formation, the sediment sehifted to the west-
northwest, probably as a result of reactivation of mountain bgildn the northern regions.
Following the deposition of the Belly River wedge (lower Wapdrmation), a widespread marine
incursion from the southeast occurred, giving rise to the stdgof the Bearpaw Formation (~76
Ma). The Bearpaw Sea extended from southeast Saskatchewarth of Edmonton. Farther to the
north, beyond the limit of marine deposition, continental sediatient continued unimpeded. Such

deposits are represented by the late Campanian depositsVdaie Formation (Figure 2)



The second major sedimentary wedge (Edmonton Group) prograded intadaalty
retreating Bearpaw Sea during early Maastrichtian ti78{/0 Ma). The source of sediments was
principally from the northwest and west. Depositional environmenttsechggrading section varied
from shallow marine and deltaic near the base to fluviat tiea top. The upper strata of the
Horseshoe Canyon Formation include a widespread coal zone (Carbon-dhpmphich is
overlain by a distinctive, whitish, kaolinitic siltstone (Wdmtud Formation) and dark grey
mudstone (Battle Formation). This stratigraphic intervalpsasented by regionally extensive coals
in the Wapiti Formation. It is probable that at this time (M&9, the foreland basin was essentially
filled, and that isostatic rebound of the basin accompaniediBj@ environmental shift may have
been responsible for the regional disconformity at the top ormiitiei Battle Formation (Figure 2).

Lastly, during the late Maastrichtian (~66-64 Ma), renewedtonic activity and
downwarping of the western half of the foreland basin led to the itieposf a third clastic wedge.
The lower Scollard and its equivalents are essentially bafreoal and extend throughout most of

the basin.

2. Wapiti Formation project

The Wapiti Formation, which outcrops extensively in northwesternrisland northeastern
British Columbia, is a sedimentary succession that repreadime interval going from the middle
Campanian to the early Maastrichtian. As such is tempoegllyvalent to the Belly River Group
(Foremost, Oldman, and Dinosaur Park formations), the Bearpawakon, and the Edmonton
Group (Horseshoe, Whitemud, and Battle formations) of southern emtdalc Alberta (Eberth,
1990, 2002, 2005; Eberth and Hamblin, 1993; Dawson et al., 1994a, b; Jerzykaawli Norris,
1995; Eberth and Brinkman, 1997; Brinkman et al., 1998; Catuneanu €0@0; Bachu and
Michael, 2003; Brinkman, 2003; Lerbekmo et al., 2003), all known for #imindance of fossil
vertebrates and high diversity of dinosaur taxa. In the last defiatieactivities in the Grande
Prairie district resulted in the discoveries of several inambrfossil localities, among the richest
ever found in Alberta and North America, which include hadrosaur aratopsian-dominated
bonebeds, dinosaur skeletons, isolated material ascribed to tyrarsasd ankylosaurs, trackway
localities, microvertebrate sites, insects in amber, aadaplant fossils. Despite these promising
discoveries, the stratigraphy of the Wapiti Formation and itguendinosaur faunas remained for
decades virtually unknown. In fact, except for a few paleontolbgegorts (Tanke, 2004) and
articles on the coal potential of the region (Allan and A£46; Byrne, 1955; Stott, 1961; Dawson
et al., 1994Db), the geological and paleontological importanceearéta has been unstudied. Factors

such as remoteness of outcrops, vast extent of the studyagesation cover, and high operational



costs have each played a role in restricting the paleontologfiedy of the Wapiti Formation

relative to the better known formations of southern Alberta.
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Figure 2: Schematic paleogeography during the deposition of thdi\&laghicoeval successions in
western Canada. A, 83 Ma, Lea Park Formation; B, 78 Ma, mami Foremost Formation
progradation; C, 73.4 Ma, maximum transgression of the Bezspaway.

In the Grande Prairie area and farther west into British Colyntifse Cretaceous foreland basin
pinches out along the Alberta Syncline, and because of the locaégeonit setting is entirely
exposed along major and minor drainage systems. In addition, inddnaad gas exploration
activity in this area provides excellent subsurface contra@joMoutcrops are situated on overall
bidirectional pattern that reflects north-south oriented tributdleging into east-west trending

rivers. In this study, helicopter and jet boat explorations wengbined with surface mapping and



outcrop description in order to map and collect data from as mangolueas possible. Field
activities were carried out over an area of approximate§0Dokn{, from the Smoky River in the
East (long. 118°) to Tumble Ridge, British Columbia in the Wlesig. 121°), and from the Grande
Cache area in the south (lat. 54° 04’) to Bad Earth Crettleinorth (lat. 55° 40).

3. Objectives

The initial development of the research project has been faliptwo main guidelines: the
first integrate several geological approaches (geophysicechgmistry, facies analyses,
petrography, etc.) in order to provide an high resolution stratiggarevision of the entire
sedimentary succession and to refer discrete stratigraphivalstedisconformities, marker beds,
and major fossiliferous sites to a robust chronostratigraphic wanke(Figure 3). The second one
has the specific target to obtain detailed paleoenvironmentalteamthomical information to
correlate vertebrate taxa from northern Alberta to those isk&lasouthern Alberta, and northern
US. In fact it must be considered that the Wapiti succe$is®in a relatively poorly known section
of the Alberta foreland basin: lacking any marine depositionattevteplays a unique role in our
understanding of basin fill timing and processes, as wellvadebrate dispersion and

paleobiogeography along the western margin of the Westerroin&saway (Figure 2).

4. Results
Five scientific papers form the bulk of this study: in addijtiather related publications are

included in the appendixes. In particular:

Paper 1 Stratigraphy of the Upper Cretaceous Wapiti Formation, west-centpaira, Canada.

Accepted manuscript, Canadian Journal of Earth Sciences.

In this paper is discussed the subdivision of the Wapiti Rimmanto regionally
mappable lithostratigraphic units and the correlation of sudk with the better

known successions of central and southern Alberta

Paper 2 Bentonite chemical features as proxy of Late Cretaceous proveclaacges: a
case study from the Western Interior Basin of Canada.

Accepted manuscript, Sedimentary Geology.



In this study is presented a comparative analysis of geocheoungositions between
Grande Prairie bentonites and 30 known volcanic beds from centrabatitern Alberta,

Manitoba and Montana.

Paper 3 Fluvial sequence stratigraphy: the Wapiti Formation, west-cem{taérta, Canada.

Accepted manuscript, Journal of Sedimentary Research.

In this paper are defined depositional sequences in the Wapitafonproviding a case
study where 1) bottdownstreamand upstream controls on fluvial processes can be
discussed, and 2) regionally extensive coal seams represeSs Mithin proximal,

exclusively alluvial deposits.

Paper 4 A high latitude vertebrate fossil assemblage from the Late Cratacef west-central
Alberta, Canada: evidence for dinosaur nesting and vertebrate latitugradient.

In press., Palaeoegeography, Palaeoecology, Palaeoclimatology

This paper consists of a detailed paleoecological and taxori@nagses of a new
microsite and a discussion on its stratigraphic and palaeobi@géocal implications. The
site represent the northernmost dinosaur nesting ground in Aloethica known to date.
Taxa recovered at the site provide insights into Late Gretes vertebrate latitudinal

gradient along the Western Interior Basin.

Paper 5 Upper Campanian Borioteiioidean lizards from Kleskun Hill, West-Géntiberta
(WapitiFormation), Canada.

Accepted manuscript, Journal of Vertebrate Paleontology

This study reports on the northernmost occurrence of articidpezimens of teiid lizards
(the sole record for the Late Cretaceous ) in North Arme@canial elements are ascribed to
a juvenile individual ofSocognathus unicuspand toKleskunsaurus grandeprairiens{s.

gen., nov sp.).
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Figure 3: Schematic stratigraphic cross-section of LateaG¥eus Western Canadian Sedimentary
Basin showing newly proposed lithostratigraphic units (unit 1-5) and uneoitfjobounded
depositional sequences (S1-4). 1, Puskwaskau/Claggett MFSClaggett MRS. 3, Bearpaw
Formation MFS. Black boxes indicate major coals. Terresttiggosits in yellow; marine
succesisons in grey.

Lastly, additional publications resulted by projects carried ocomgalwith the Ph.D. thesis are
included as Appendixes. Relevant data on palynology, radioisotopic agesfossil sites are

currently under study for further publications.
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Abstract

The lithostratigraphic interval between the mafPuskwaskau Formation (Smoky Group,
Santonian-Campanian) and the fluvial Scollard Formation (&aBstrichtian) in west-central
Alberta and easternmost British Columbia (Canada) is rapgezséy the non-marine deposits of
the Wapiti Formation. Its subdivision into regionally mappabiatisfraphic units and the
correlation of such units with the better known successioosrifal and southern Alberta are the
main goals of this study. We present a detailed stratigraphision of the Wapiti Formation in the
Grande Prairie Region, where the entire succession crogsteusively and intensive oil and gas
exploration activity provides excellent subsurface control. Tihidysindicates that the Wapiti
Formation consists in five stratigraphic units: their desorphbas been based in particular on
facies analysis and well-log signatures. In ascending ardis, 1 to 5 record major differences in
depositional architecture related to variation in accommodatidrclimatic conditions. Upper and
lower contacts of these units are represented by regionagfipabie subaerial unconformities or
conformable facies contacts. Three major coal zones arefiggntithin the Wapiti Formation, the
Basal, Red Willow, and Cutbank: coals referred to thesevaltehave been documented in both
outcrop and subsurface in the entire study area, thus repngsgmeliable tool for regional
correlations. Furthermore, results presented here indictéhthmaximum flooding surfaces of the
Bearpaw seaway and the Drumheller Marine Tongue, both mafer@mce units in central and

southern Alberta, lie respectively within coals of unar@l the Red Willow coal zone.



Introduction

The Wapiti clastic wedge constitutes the product of a compteraiction between tectonic
activity in the Canadian Cordillera, climatic fluctuatioasd sediment supply. This interaction
resulted in accommodation changes, depocenter migration, aoépatenmental shifts in the
northernmost section of the Alberta foreland basin during Camp&faastrichtian time. A
systematic revision of the entire Wapiti Formation basedew outcrop and subsurface data from
the Grande Prairie region in west-central Alberta indicdtaisthe stratigraphic interval between
the Santonian/Campanian, marine Puskwaskau Formation (Smoky Grodphe Maastrichtian
Entrance Member (Scollard Formation), consists of five dissitratigraphic units (Fig. 1). The
separation and mapping of these units on a regional scads naportant questions and produces
new insights with respect to the relationships between Driisah and sediment supply, 2)
depositional trends and stratal stacking patterns, and 3ythdien of paleo-depositional
environments represented within the Wapiti Formation. The-tfireensional stratigraphic data
presented here allowed for a detailed analysis of seqgenceetries and lithofacies distribution
through a succession that consists of approximately 1300 meterdusfieady non-marine deposits
at its western edge. In addition, palynological, biostragiic, and radioisotopic data support a
more accurate correlation between the Wapiti deposits@melative units of the Alberta basin
both spatially and temporally. Particular attention wasrgteethe age and nature of the lower and
upper Wapiti boundaries and to the stratigraphic contacts betdemtified subdivisions (i.e., units
1 to 5), as well as to the recognition of previously unstudieddntieposits equivalent to the
sediments of the Bearpaw Formation and Drumheller Marine Tobgtie important stratigraphic
reference units in central and southern Alberta. Resulsepted in this study give insight into the
evolution of the Wapiti depositional system and provide a strivatiggaphic context for the
fossiliferous localities and paleoenvironmental indicators foutitimthese deposits. Finally, in
this paper we relate the stratigraphic units of the Wapmmation with the latest Cretaceous
evolution of the Alberta foreland basin and propose a newgstrptiic subdivision for this interval

in north-western Alberta.

Previous Work

Historically, the term Wapiti was first used by Dawsd881) to identify approximately 90
meters of non-marine strata overlying dark marine shales #gtengmoky River (Smoky Group) in
the Grande Prairie region. McLearn (1919) extended the oteickhess to 275 meters by

including outcrops along the Smoky River south of the town of Bezad@8dkm east of Grande



Prairie), and considered the base of the fluvial succetsioa correlative with the base of the
Foremost Formation of southern Alberta. Additional early stuzhethese deposits carried out by
Evans and Caley (1929), Rutherford (1930), Hackbarth (1946), Gleddi@)(Ehd Ryan (1989)
were all regional in scope, and focused primarily on nedase coal and water resources. Allan
and Rutherford (1934) indicated the Wapiti Formation to be cdikrelavith the entire Belly River
to Edmonton successions described by Selwyn (1874) in centrabathe s Alberta 6n a
lithological basi$. Later works by authors such as Evans and Caley (1929), &fldrCarr (1946),
Gleddie (1949), Byrne (1955) and particularly Stott (1961) gradeafianded the geological
framework to include outcrops along the Cutbank and Kakwa Riveraeghdr west in British
Columbia (Fig. 1). Irish (1970) extended the Edmonton Group to gaebmtween the Athabasca
and Smoky Rivers, indicating that the Wapiti Formation eatricted to the Grande Prarire area.
Green (1972) mapped the entire succession overlying thedrkdBrmation north of the
Edmonton region as Wapiti Formation, including Belly River adth&nton equivalent strata. The
most recent revisions to the Wapiti were carried out by €8@8) and Dawson et al. (1994a, b) in
the Edmonton and Grande Prairie areas respectively. €ptdatmost significant contributions to
our understanding of the Wapiti beds are from local studies onpmkn, and magnetostratigrapy
(Allan and Carr 1946; Kramers and Mellon 1972; Dawson and Kalkd@88; Bustin and Smith
1993; Dawson et al. 1994a, b). However, little attention hasdieen to a formal subdivision of
the Wapiti Formation. The current literature describes thisession as an undifferentiated
lithostratigraphic unit that includes interbedded alluvial medits, coal seams, and subordinate
lacustrine deposits (Dawson et al. 1994a). The Wapiti clastitge reaches an overall thickness of
1300 metres along the eastern edge of the foothills and thins Byaduhe north, where
underlying stratigraphic units crop out in the plains. The Wa&pitimation is present along both
sides of the Alberta Syncline which gives the unit an dvieraad, synclinal geometry. Near the
Alberta-British Columbia border, the sedimentary basin pinobéeso the northwest, giving the

syncline a south-eastward plunge.

Stratigraphy and stratigraphic nomenclature

In the foothills region of west-central Alberta the sgwphic interval between the lower
Santonian Bad Heart Formation and the Campanian Wapiti beeigsresented by the Wapiabi and
Puskwaskau formations. These marine units are correlatitie toea Park and Milk River
Formations of southern Alberta and southwestern Saskatchewda®{H; Rosental and Walker
1987; Braman and Hills 1990; Sweet and Braman 1990; Chen and Bei@®@; Nielsen et al.
2003; Stancliffe and Mcintyre 2003), as well as to the Wajialbnation of the Alberta (Colorado)



Group (Plint et al. 1990; Hu 1997; Chen and Bergman 1999; Braunbergdati2®01; Cobban et
al. 2005). The Wapiti Formation is temporally equivalent ®Belly River Group (Foremost,
Oldman, and Dinosaur Park formations), the Bearpaw Formatiortharietimonton Group
(Horseshoe, Whitemud, and Battle formations) of southern andatéftierta (Rahmani and
Lerbekmo 1975; Stelck 1975; Eberth 1990, 2002, 2005; Eberth and HamblinDE8@son et al.
1994a; Jerzykiewicz and Norris 1994; Eberth and Brinkman 1997; Brinkitre&n1998; Catuneanu
et al. 2000; Bachu and Michael 2003; Brinkman 2003; Lerbekmo et al. RR@Eachern and
Hobbs 2004). This succession correlates to the southwest willtadheau and Coalspur formations
(Rahmani and Lerbekmo 1975; Dawson at al. 1989, 1994a; Osborn et al.|aG@6)study area,
the marine Bearpaw Formation is absent and strata equivaleotht the Whitemud and Battle
formations are difficult to identify individually both in outcrapd subsurface.

Allan and Carr (1946) proposed the first stratigraphic subdivisiohe Wapiti beds. They
established five informal members based on lithologiaghktions observed along the Smoky,
Cutbank, and Kakwa rivers (Fig. 1). However, these membemrs not placed within a
chronostratigraphic framework nor were their lateral variattmtaimented. Dawson and Kalkreut
(1989) and later Dawson et al. (1994b) presented detailed destopmajor coal deposits within
the Wapiti Formation and documented the presence of a mar&kbed in lowermost Wapiti beds
cropping out along the Smoky River, as well as two extensivezooals referred to here as the Red
Willow and Cutbank coal zones (Fig. 1). Based on palynolodita, the Red Willow coal zone is
believed to be latest Campanian to earliest Maastricitiage Aquilapollenites clarireticulatus
A. tialatus Mancicorpus calvusTrudopollis meekeriandKurtziptes andersonassociation). The
Cutbank coal zone is considered coeval to the Carbon and Thomps$aoresin the Alberta
plains (Gibson 1977; McCabe et al. 1989) along with age-equivalposite of the upper Brazeau
Formation (Maastrichtiargcollardia trapaformiszone; see also Srivastava 1970; Jerzykiewicz and
Sweet 1988; Sweet et al. 1989).

In this study we recognize five stratigraphic units based andaga acquired through multiple
approaches including facies analysis, fossil associations, petraletiyog analysis, radioisotopic

dating, and sequence stratigraphy (Fig. 1).

Paleontology

In the last decade, field activities in the GranderRrarea have resulted in the discovery of
several important fossil localities, some among the riaghestfound in Alberta and North
America. The temporal and geographic distribution of the WBpitination fossiliferous beds has

enormous potential for correlation and comparison with other fassamblages discovered



throughout the Western Interior and farther north in Alaska. TihneBele dinosaur bonebeds and
skeletons, trackway localities, insects in amber, and phegiafossils (Tanke 2004, 2006; Fanti and
Currie 2007; Currie et al. 2008; Fanti and Miyastaress). Among the most important
discoveries is the horned dinosaur genus Pachyrhinosd&ackyfhinosaurus lakust&iom
Pipestone Creek arRachyrhinosaurusp. from the Wapiti River: Fanti and Currie 2007; Currie et
al. 2008) which have been previously reported from the Prireekd-ormation of Alaska (Fiorillo
and Gangloff 2003) and the Horseshoe Canyon and St. Mary River fonshaficentral Alberta
(Sternberg 1950; Langston 1967, 1975; Sampson and Loewen 2007).

Study Area

The Wapiti Formation crops out along a 500 X 150 km section of théeYddsaterior Basin,
stretching from the Edmonton region in Alberta to easternmatssiBColumbia, east of the town
of Tumbler Ridge (Fig. 2). In the Grande Prairie area arttiér west into British Columbia, the
Cretaceous foreland basin pinches out along the Alberta SyrBlieeto local highs and uplift
originated by the Peace River Arch (Cant 1988; O’Connel é880; Kauffman and Caldwell
1993; Chen and Bergman 1999) the Wapiti Formation is entirely exptmagl major and minor
drainage systems. Intense oil and gas exploration in this@arovides excellent subsurface
control. Nevertheless, factors such as the remoteness of eapd#idwork costs, and dense
vegetation cover limited previous research on the Wapiti Fosmakhe study area is incised by
major rivers such as the Smoky, Wapiti, Kakwa, Cutbank, amor8itte, and by several minor
drainage systems which include Belcourt, Pinto, Pipestongygsiountain, and Bear Creeks.
The succession reaches its maximum thickness along the CiRbaankvhere uppermost Wapiti
and Scollard (Entrance Member) deposits are exposed. Tineppashes out to the northwest in
British Columbia, where the basal Puskwaskau-Wapiti transitiops out extensively along
Belcourt Creek and Wapiti River (approximately 10 km weshefAlberta-British Columbia
border). Major outcrops are situated on an overall bidirectiongdrpahat reflects north-south
oriented tributaries flowing into east-west trending riveisld activities were carried out from
2004 to 2008 over an area of approximately 19,508 foom the Smoky River in the East (long.
118°00’) to Tumbler Ridge, British Columbia, in the west (Iat21°00"), and from the Grande
Cache area in the south (lat. 54°04") to the Bad Earth Gnetbke north (lat. 55°40’). To better
define the 3D geometry of the basin and these sedimentasy sulitsurface data were used from

the region east of the Smoky River, south of its confluendethv Wapiti River (Fig. 2).



Methods

The development of a robust stratigraphic scheme for the steayvais initiated to provide
a framework within which detailed and more localized geoldgibservations could be placed.
This new framework was used to describe the overall gem®etrthe Wapiti clastic wedge in the
study area and to provide a detailed description of majdigstphic markers and surfaces within
the succession. Because no continuous cores were availablesindh@rea, geophysical well logs
were relied upon to correlate major stratigraphic unconfaemand marker beds (i.e., extensive
coal seams, bentonites, distinctive lithological units and cta)taell logs were calibrated with
outcrop data to develop reliable composite sections. All efstagere ultimately combined and used
to create detailed three-dimensional models of the clasiilge. Results were finally compared and
integrated with data from Dawson et al. (1994b) and McMechdrbawson (1995).
Each stratigraphic unit was described in terms of ovaraliitecture, sedimentology (including
pedology), and major paleontological characteristics; palesdutiections were measured from
various sedimentary features (predominantly tabular and trough-stragified structures) and
plotted as rose diagrams for each unit. Thin section analexesperformed on fourteen sandstone

beds considered representative of key stratigraphic intervals

Subsurface data
Construction of a robust stratigraphic framework using geophygatalis commonly

difficult in fluvial strata because they contain channeligaad bodies of limited lateral extent.
Detailed well-to-well correlations are particularly probleéimahen the adjacent wells are far apart
relative to the width of sand bodies (e.g., Bridge and Tye, 2@0hma ray logs from 266 wells
(Fig. 3) were used to assemble SW-NE dip-oriented and N\WWw8¢&-oriented sections which
span the interval from the uppermost Puskwaskau Formation througixiapgiely 500 meters of
the Wapiti Formation (Figs. 4 and 5). Measurements of outeiopg with well-to-well
correlations were used to estimate the geometry oftézbtzhannel belts. Well 07-27-068-11W6/0
(lat. 54°91’; long. 119°58’, elev. 757 m) is the reference |l@glus this study to exemplify typical
unit thicknesses and the occurrence of marker beds; thissvatiated southwest of Grande Prairie
approximately 3.5 km from the Wapiti River valley.

Outcrop and subsurface data from 550 exploration boreholes were usegstiact the first
structure contour map of the Puskwaskau-Wapiti contact as welliesiled Wapiti isopach map
(Fig. 6). Models show the sub-vertical folded strata atbegpresent day deformation margin

responsible for the rapid dipping to the west and southwest,lbasnbe syncline axis and the



location of the depocenter. Examination of a large number ofilegaland exposures suggests that
no vertical displacement related to local fault systeotars within the Wapiti beds. Field
observations also indicate that Wapiti strata dip gentljgomest (<7°) in areas east of the
confluences of Calahoo and Little Muddy Creeks with the WapieRiVownship 68, Ranges 11-
12). To the west of this area, the strata dip eastwamla8ly, dip and strike measurements taken
along Pinto Creek indicate that strata located south oh$hip 67 dip northward, whereas strata
along the Wapiti River and north of the syncline axis dip testhghwest. This is consistent with
data reported by Dawson et al. (1994b) who indicated that the akis syncline extended from
Township 58, Range 1 to Township 64, Range 6 (page 15) basetbarbBervations along the
Cutbank and Kakwa rivers near their confluences with the SiRokgr. Northward projection of

the axis suggests that the syncline may extend as Tavasship 71.

Stratigraphy

Puskwaskau-Wapiti transition

Although many previous studies have focused on detailed sediogingdland stratigraphic
analyses of the Puskwaskau Formation (e.g., Stott 1961, 196 &iMaN Caldwell 1981; Plint et
al. 1990; Leckie et al. 1994; Hu 1997; Chen and Bergman 1999; Call6t and references
therein), none provided a full description of the nature ofrtresition from the marine Puskwaskau
shales to the fluvial deposits of the Wapiti Formation. Thaissitional takes place over an interval
up to 30 m thick, and is represented by a conformable shift frainerehale to coastal and fluvial
deposits. Such interval is indicated in the literature adltmaad Member of the Puskwaskau
Formation (Stott 1963, 1967, Rosental and Walker 1987; Plint et al. 18&Kig et al. 1994). In
the study area it consists largely of organic rich shaiégsiaterbedded bioclastic tempestites in the
lower section and regressive, intensively bioturbated sandstbtiestop (Fig. 7). In particular,
facies identified within this transitional interval include ascending order: 1. offshore shale, 2.
interbedded offshore shale and sandstone with frequent biodksipestites and
rippled/hummocky cross-stratified beds, 3. shoreface sandstdoegghore deposits (horizontally
laminated, fine-to-medium grained sandstones), and 5. nonerfanual sandstone and silt
(includes trough cross-bedded and rippled channel or crevassesapisfones).

Exposures of this stratigraphic interval are located alongdidés of the Smoky River
approximately 55 km northeast of Grande Prairie, and along mBsi@surt Creek in British

Columbia, upstream from its confluence with the Wapiti Ri¥y.(6). This conformable



succession shares several similarities with the carrelaea Park Formation — Belly River Group
transitional deposits described by Power and Walker (1996) amblih and Abrahamson (1996).
For the purpose of correlation, the marine shales of the Ndeatber where sampled in order to
document and compare the faunas (i.e., foraminifera, ammgadnives/es, and vertebrates; see also
Collom, 2001 for the systematic palaeontology of the Puskwaskau Famn&tespite the presence
of fluvial/current transported organic remains (i.e., sturlgasjes, and possibly carcasses), along
with fairly common burrowing structures within silty and sandpasits, no microfossils have been

preserved within the Puskwaskau marine shale.

Wapiti Formation - unit 1

This transitional unit reflects the early progradation ofWregiti clastic wedge during the
lower-middle Campanian (Fig. 8A).Large and continuous sectiorssointerval are exposed in
British Columbia along the Wapiti River, along both sides ofSm®ky River north of Grande
Prairie, and in several isolated outcrops to the north iS#ueglle Hills — White Mountain range
area (located between Grande Prairie and Spirit Ri@@grall, unit 1Ireaches 100 m in thickness
and consists of medium- to coarse-grained tabular channelcaesisnterbedded with organic-rich
mudstone, coal seams, and minor lacustrine deposits. The lowerbpohdnit 1, and therefore of
the entire Wapiti Formation, is defined by the first laligrpersistent coal seam which occurs at the
top of the transitional and deltaic deposits which belong t@tiskwaskau Formation (Figs. 7 and
8). This coal layer has an average thickness of 1.5rsyéderaceable on gamma ray logs
throughout the entire study area, and was previously observed bo8gibky River (the “Basal
Marker Coal” of Dawson et al. 1994b). The basal coal laylétaly the result of high water table
and associated swampy conditions in a low gradient, coastalsglting.

The lower 50 meters of unit 1 are characterized by rtleik, laterally continuous coal
seams that may be grouped into a single coal zone comparage and thickness to the McKay
Coal Zone of southern Alberta (Gleddie 1949; Macdonald et al. 198% &nal. 1994; Hamblin
and Abrahamson 1996; Beaton et al. 2006). This interval correspotmgsfist major peat
accumulation within the continental sediments of the W&pimation. Well log and outcrop
analyses indicate that up to eight widespread, metertb@kseams lie within this interval
suggesting deposition in water saturated environments, sucastaloorganic-rich ponds or
marshes (see also Figs. 4 and 5). Lacustrine deposassarpreserved throughout the unit: such
deposits are finely laminated, locally varved, and areini@drganic components (including well
preserved leaves and megaplant remains, seeds, and amieelbpr@vand crevasse splay deposits

are commonly interbedded with tabular coal seams and ec@adepeat swamp deposits, and



lenticular ironstone beds. Channel and overbank deposits aretehaesatby well clustered and
sorted pebbles interbedded with large plant remains, indgcathigh-energy hydraulic regime.
Channel fill successions and crevasse splays are usudily rarige of 1-2 meters in thickness,
with isolated occurrences of up to 5 meters thick. Bentopéds are sporadic and commonly
preserved as cm-thick lenses within the overbank setting.

Paleocurrent measurements (n=65) indicate a predominantly southm@sheast flow
direction in the western edge of the study area (N10°EBiedcourt Creek and Wapiti River) and a
more west — east trend in stratigraphically younger depositsexposhe north (N75°E, i.e.,
Saddle Hills, White Mountain, Smoky River, Woking). Such datgacamparable to those reported
by Hamblin and Abrahamson (1996, figure 12) for the Basal BéllgrRand units. The stacking
pattern of alluvial deposits varies vertically from stronglggradational in the lower part of the
section to aggradational near the top of the unit. The trangdithe overlying unit 2 is easily
recognized both on well logs and in outcrop by the first appeam@inoeter to decameter-thick
sandy channel fill successions (alluvial plain), and a majéria depositional architecture from
high to low accommodation (i.e., from a floodplain-dominated succetsimmalgamated channel

fills; see Catuneanu et al. 2009, for definitions of low velsgs accommodation settings).

Wapiti Formation - unit 2

At the base of unit 2, the widespread, tabular coal seamstdf are replaced by thinner
and discontinuous coal beds and lenses (Fig. 8B). This change acteda major shift in
depositional environment, which produced a widespread, regionafipable, stratigraphic contact
between the fine, organic rich deposits of unit 1, and the $yrengsive, coarse-grained facies of
unit 2. The best outcrop occurrences of this contact areetbe&ing the Simonette River south of
its confluence with the Smoky River, as well as on théhrimaink of the Wapiti River near its
drainage into the Smoky River valley.

The lower portion of unit 2 consists of decametre-thick, finingamwpaleochannel fills
interbedded with a variety of subordinate finer grained paskeg@esentative of channel top,
levee, rooted overbank, and alluvial plain paleoenvironmentsir@haandstones commonly
display medium- to large-scale trough cross bedding and plarss loedding, large wood
fragments, and rounded intraclasts. Coal seams are discontimebpsolably originated as oxbow
lake or abandoned channel deposits. Paleocurrent measuremeritseflomer deposits of unit 2
(n=128) indicate predominant flow toward northeast (N15°E). Furthermbsurface and outcrop
data indicate that paleochannel deposits are usually istlatedaterally and vertically, and that

the paleochannel-overbank ratio is near equal, thus suggestingjamdf medium to high



accommodation. Bentonitic beds increase in number and tisskaeard the top of the unit: in
particular, a 60 cm thick altered volcanic ash referexe@ las Horizon A, represent an important
marker bed in the study area, particularly for the identificedif the upper contact of unit 2 in
subsurface data. Overall, this stratigraphic unit is 100-120 i thawvever, its thickness decreases

to 50—-60 m along dip toward the NE (see also Fig. 5).

Wapiti Formation - unit 3

Unit 3 consists of a distinctive fining-upward successiohlttally reaches a maximum
thickness of 140 meters. This unit is characterized by atianfom low to high accommodation
and another major shift in fluvial architecture and stackingepa(Fig. 9). The contact with the
underlying unit 2 is marked by sharp-based, massive, amatgdrohannel sandstones up to 35
meters thick. The nature of the basal surface is unconforraalé can be identified in subsurface
by a prominent decrease in the gamma ray response. Sandstones stacked, multi-storied,
fining-upward packages with sharp, erosive bases. Individual besed channel fills range in
thickness between 2 and 10 meters. Large wood fragment$jrgnaalasts, and ironstone nodules
are ubiquitous. These beds are devoid of coal or organic-rich muslstaaally, channel
sandstones are interbedded with silty and muddy alluvial g&gnsits which have lenticular
geometries and range from 1 to 3 kilometres in widht. Tduge$ association is interpreted to be the
product of a widespread, low sinuosity fluvial system charaetefdy relatively shallow channels.
Extensive lateral and vertical stacking of sand bodiesavilyr sporadic fine-grained deposits
suggests a low-accommodation setting. Paleocurrent measuseénoemtrough cross-bedded
sandstones indicate predominant flow toward east (N60°E). TheXjmssures of these
amalgamated channels and the lower bounding unconformity of ur@tl8cated on the eastern
bank of the Smoky River, approximately 4 km south of its conflaevith the Wapiti River, as
well as along the Wapiti River downstream from the mouthezrBCreek. Bedding geometry and
overall depositional conditions are similar to those reportechéoComrey Member (also known as
the Comrey Sandstone) of the Oldman Formation in southerntaAlfiglserth and Hamblin 1993;
Hamblin 1997a).

Conformably overlying the 30-40 meter thick basal sandy menthenito3 are fine-grained
deposits which constitute the bulk of the unit (Fig. 10). In thewstdr=, this stratigraphic interval
is marked by a significantly higher radioactivity valutsng with a significant decrease in
porosity. The upper portion of unit 3 consists primarily of interbeddestone and mudstone with
minor sandstone, and extensive coal deposits. A significanttieauirc the number and thickness

of sandstone beds occurs along with an increase in silt andlomithated inclined heterolitic strata



(IHS, sensuThomas et al. 1987). The IHS contain lateral and verticaktion surfaces typical of
fluvial point bars deposited in high-sinuosity channel syst&tisified plant remains are fairly
common within the silty intervals, as are ironstone lensdsiadules, and sideritic and
carbonaceous concretions. Floodplain deposits are rich in ogan@onents and contain abundant
rootlets, suggesting an origin related either to necloffudf meander bends or to extensive bogs
and marshes. Paleocurrent measurements from this uppealrfter¥34) indicate predominant
flows toward east, although they display a multidirectiomdigon typical of meandering systems.

Coal seams are patrticularly well developed within this upyerval of unit 3, with individual
thicknesses of up to 1.5 meters. In addition, coal bedsoanenonly associated with reddish,
decimetre-thick peat deposits, thus indicating widespreashyareas and associated marshland
vegetation. In particular, unit 3 is characterized byeto@al seams (#'s 0, 1, and 2 in ascending
order) that are easily traceable in the subsurface @igisd 10). Lastly, altered volcanic ash beds
and derived bentonitic paleosols are abundant in this intemefliding some that measure up to 3
meters in thickness. Such deposits are laterally extensdsaseful for correlation purposes. A
volcanic ash layer sampled at the Kleskun Hills Park yietf8ar/**Ar age of 73.77 + 1.46 Ma
(Eberth, in Fanti 2007). Within this unit, several regionakteasive marker beds were identified
both in outcrop and subsurface. For instance, two bentonite t&fersed here as the Horizon B
and Horizon C reach 475 and 90 cm in thickness respectively. @&;i5, and 9) and extend for
more than 100 km along strike and for 90 km along dip in the study are

Strata of unit 3 crop out extensively at the Kleskun HilkPaear the town of Hythe, along the
Bear and Spring creeks, and also along both banks of thei\Rieit south of Grande Prairie. In
addition, highly weathered exposures of this interval are foutiteismoky River valley.

Unit 3 is bounded at the top by a sharp, strongly erosive unconfdiraitgan be identified by
a prominent low gamma ray signature (Fig. 9). This face$act juxtaposes the organic mudstones
of unit 3 with the coarse-grained, cross-bedded channel andseesplay sandstones of the
overlying unit 4. Combined well-log and outcrop data indicaat ttie unconformable nature of this
stratigraphic contact is evident toward west and south, whédre@entact becomes conformable in

an east-southeast (basinward) direction.

Wapiti Formation - unit 4

Facies associations of unit 4 are dominated by fining-ups@accessions of levee, crevasse
splay, and overbank sheetflood deposits where small-scalebedssplanar and undulatory
laminated fine to very fine sand and silt, and thin orgémination are the typical sedimentary

structures (Fig. 11A). Frequently, coal seams and light geegellow altered volcanic ashes top



the overbank deposits. The lowermost sandstone bodies are 1 ter8 tiniek with erosive bases;
sedimentary structures include low-angle to horizontal lan@inatrough cross-bedding, and ripple
cross lamination. Small clay clasts, ironstone and bentonsese and large plant remains are
abundant in these beds. Sandstones interfinger locally with ongeimiciudstones and ironstone
lenses (Fig. 12). A bentonite found within the most basatestf this unit cropping out along
Pipestone Creek yielded"®r/**Ar age of 73.25 + 0.25 Ma (Eberth, in Currie et al. 2008)s &lgie
is roughly equivalent to the Bearpaw — Horseshoe Canyon transiti@mtral and southern
Alberta, at approximately 73 Ma (Eberth 2005; Eberth and Deino 2005).

Above these basal deposits, individual channel fill successiorease significantly in
thickness, commonly exceeding 25 meters. Coal beds arertagmiarally contain abundant
rootlets near their base, and are commonly associatediavithgrey, carbonaceous mudstone. In
spite of thicknesses of up to 1 meter, coal seams tenddo put within 2 to 5 km. Channel bodies
are both horizontally and vertically separated by widespriéiatbee and organic-rich mudstone
(floodplain deposits), and are locally interbedded with crevapky fine-grained sandstone and
siltstone. The stratigraphic architecture has an overgibagtional pattern, and is interpreted to
indicate conditions of medium to high accommodation. Paleocurresunegaents from three-
dimensional exposures (n=142), as well as the orientation ebvaté remains at different
fossiliferous sites (n=102) indicate a predominantly northward floection (N5°E).

The upper 40 meters of unit 4 are characterized by a thalkbearing interval referred to as
the Red Willow Coal Zone (after Dawson et al. 1994b). Withis interval, several extensive coal
seams (locally up to 2 meters thick) are interbeddedaaithonaceous, organic-rich mudstones,
fine grained overbank and floodplain deposits, and bentoniticd€rege 11). A variety of fossils
have been recovered from the mudstone deposits of this istpdiig interval, including duck-billed
and horned dinosaur remains and tracks, megaplants, and insauisen(Tanke 2004; Fanti and
Currie 2007; Currie et al. 2008). Continuous exposures of sevetass toal seams are located
along most of the Red Willow River (including outcrops in BhitColumbia), as well as along both
sides of the Wapiti River, and the Beaverlodge and CalaleeksrWidespread coal deposition and
higher water table conditions may reflect a major environmehttilin the area during the latest
Campanian, and may also be associated with high-accomorodanditions and a reduction in
clastic sediment supply. Based on palynological data, Dawsain(@994b) indicate a latest
Campanian — earliest Maastrichtian age for these bedshwhggests a correlation between the
Red Willow River coal deposits and the middle beds of tle&au Formation in the central
Alberta foothills (Srivastava 1970; Jerzykiewicz and Sweet 1988;90n and Kalkreuth 1989;
Sweet et al. 1989; Osborn 2006). Well-log data indicate th&edeNillow coal beds lie



approximately 180 meters above the Pipestone Creek bentonitebasthef unit 4. Assuming an
average sedimentation rate of 6 cm / 1000 yrs under medibight@ccommodation conditions
(Eberth and Deino 2005), the 180 meters would represent a Ar@éviaal. Since the Pipestone
Creek bentonite yielded an age of 73.25 Ma, this would stuggedower Red Willow coal seams
were deposited at approximately 70.4 Ma. The Campanian-Masitn boundary has been
recently dated as 70.6 Ma by Ogg et al. (2004), and therisrstudy supports the conclusion
presented by Dawson et al. (1994b) regarding the age of th&viled coal zone. This
stratigraphic interval is therefore likely to be coewelunit 2” of the Horseshoe Canyon Formation
(Eberth 2002) and to the Drumheller Marine Tongue of central Alf&ibson 1977; Lerbekmo
and Braman 2002; Eberth and Deino 2005). The overall thickness df, imituding the Red

Willow interval, is approximately 200 meters.

Wapiti Formation - unit 5

Unit 5 overlies gradationally unit 4, and is characterizgdear equal amounts of channel
and floodplain deposits (Fig. 11B). Sandstone beds range from 10 tonlidthickness, are planar
in overall geometry, and fine upward into silty, organic-defposits. Coal lenses and extensive
mud deposits are frequently interbedded with patchy ironstone Tealalluvial deposits of this
unit display a depositional architecture similar to thatrof 4, with alternating paleochannel
sandstones and overbank facies within a multi-storied systemever, single channel fills are
significantly smaller (2-4 meters thick) and contain predomigasiltistone and mudstone. Yellow
to light green bentonite beds are recurrent, whereas coal dep@siestricted to discontinuous,
centimetre- to decimetre-thick lenses. Several continuxusseres along the Red Willow and
Wapiti rivers, and particularly along the Pinto Creek, paeadithe collection of 103 paleocurrent
measurements for this interval. The data indicate a consgsatn toward north (N2°W)
suggesting the presence of a widespread axial drainage systaiable subsurface data for unit 5
are restricted to the area south of the Wapiti Rivestwethe Alberta Syncline axis. To the north of
these boundaries, upper Wapiti deposits have been eroded entirblgdradk is directly overlain
by Quaternary deposits.

The top of unit 5, which coincides with the top of the Wapitinfation, is characterized by a
coal rich interval, referred to as the Cutbank Coal Zestablished by Dawson et al. 1994a).
Blocky coal seams up to 2 meters thick crop out extensively #henginto Creek and the Cutbank
River where they interfinger with carbonaceous mudstone, aradlylowith highly weathered
bentonites. A distinctive palynological assemblage (Dawsah &994b) includes several

Maastrichtian taxaScollardia trapaformisandMancicorpus gibbusthe zonal index species of the



M. gibbusmiospore subzone of tl& trapaformisniospore Zone (Srivastava 1970; Braman and
Sweet 1999; Eberth 2002). This zone is widely recognized in thadizn side of the Western
Interior Basin, and correlates with magnetochrons 31n and 30r{@R®a in age; Lerbekmo and
Braman 2002; Ogg et al. 2004; Wu et al. 2007, and referencemjh&onsequently, this interval
correlates with “unit 5” of the Horseshoe Canyon Formation wisithdught to correspond to
relatively wet climatic and high accommodation conditions (Ek2002), and the Carbon and
Thompson coal seams of the Alberta plains (Gibson 1977; McCabel888). Concurrent
deposition of the Cutbank Coal Zone (Wapiti Formation), WhitenmadBattle formations across
much of central Alberta and Saskatchewan, and the coalyittepb4unit 5” of the Horseshoe
Canyon Formation in central Alberta may indicate a regionakedse in sediment supply and a

relative rising of the water table.

Wapiti — Scollard Formation transition

The lower boundary of the Scollard Formation is marked by an uorcoable, sharp
contact at the base of massive, coarse-grained amakghsandstones (Fig. 13). This boundary,
which juxtaposes fine mudstone and clay of the Cutbank Coal Zon¢hsipaleochannel sheet
sandstones of the Entrance Member (Fig. 11), is a widespezadnally mappable unconformity
which is well represented in both subsurface and outcrog d&taykiewicz and McLean 1980;
Jerzykiewicz 1985; Dawson et al. 1994b). Paleocurrent measuresispiésyy an almost
unidirectional east-west pattern (N70°E) that strongly diffensfthe south-north trend observed in
the underlying beds of unit 5. The most continuous exposures of thistamafaout in the
Cutbank River valley and in several roadcuts along Highwaye#een Grande Prairie and

Grande Cache.

Significance of marker beds and stratigraphic uncoformities

The stratigraphic units identified in the Wapiti Formatiooutoent changes in channel
stacking pattern, channel to overbank ratios, and occurremoalodind other organic-rich deposits.
Such variations likely resulted from major changes in accodation and sediment supply during
the deposition of the Wapiti Formation.

Most unit boundaries are represented by regionally mappable onoitids that commonly
juxtapose fine, low-energy type of deposits with medium- andseegnained strata indicative of
sedimentation under high-energy conditions. These subaerial uncordgsragtur (in ascending

order) at the tops of units 1, 2, 3, and 5. The charactlesé contacts has been documented in



both subsurface and outcrop (Figs. 4 and 5). Their correlatibrtivagtbetter known stratigraphic
units of central Alberta has become apparent based on theosknatigraphic framework afforded
by radioisotopic, magnetostratigraphic, and biostratigraphic 8atdn methodologies offer the best
opportunity for the basin-scale correlation of the proposed saphi subdivisions (units 1 to 5 in
this paper) of the Wapiti Formation.

The Wapiti Formation also contains numerous regionally mappablemntzeds, in
particular coal seams, coaly intervals, and bentonites. Ari@ngoal beds, the basal coal layer and
the overlying coal-rich deposits of unit 1, the coal beds @nd,2 in the fine-grained strata of unit
3, and the Red Willow and Cutbank coal zones of units 4 and &ctesgy, are potentially useful
for intraformational correlation (Fig. 5).

Three meter-thick bentonites display a uniform and continuougbdisbn over much of the
study area, and therefore they are also useful marker begfonal correlation. In ascending
order, these bentonites are known as Horizon A (upper unit 2),dddBizbasal unit 3), and
Horizon C (uppermost unit 3). Such layers are easily idengimbbutcrop and, because of their

higher radioactivity, in subsurface gamma-ray log responseslagigs. 4 and 5).

Petrography

The Late Campanian to Early Paleocene sandstones ofttbgaifoothills were derived
mostly from three types of rock: 1. intermediate acidic ashlic volcanic rocks; 2. low-grade
metamorphic rocks; and 3. sedimentary (predominantly pelitic) faekbeckmo 1963; Dodson
1971; Rahmani and Sweet 1975; Mack and Jerzykiewicz 1989; Eberthaamulifl 1993; McKay
et al. 1995). Accordingly, the Wapiti sandstones consist largeipadsitic volcanic fragments,
guartz, feldspars, and sporadic metamorphic clasts. Basiaiwmlithoclasts are as frequent as their
acidic counterparts, whereas in central and southern Alkedienents they are commonly rare or
absent (Eberth and Hamblin 1993; Eberth 2005). In thin sectige, éand unaltered feldspar
crystals (both alkali feldspar and plagioclase) are very anin@xides are relatively rare,
commonly forming hematitic granules or diagenetic, inter-graradment. Extraformational
granules, pebbles, and cobbles are rare, localized in titsadeor interbedded with sandstones.

Pending further detailed petrographic studies, the most ldalyce of sediments for the
Wapiti Formation are the Late Cretaceous volcanic complextae Canadian Cordillera and the
Rocky Mountain Morphogeographical BesefisuMonger et al. 1982; see also Lerbeckmo 1963;
Carrigy 1971; Mack and Jerzykiewicz 1988). Based on the palemtuneasurements reported

herein, as well as based on the proposed northwest — sowtre@aage systems of Eberth and



Hamblin (1993) and Eberth (2005), a minor contribution from the OmiBeltanay also be

inferred. The latter is considered the principal source ofrsas for the Campanian successions in
central and southern Alberta (Williams and Burk 1964; Rahmaniarimeckmo 1975; Monger et

al. 1988; Eberth and Hamblin 1993).

Conclusions

Outcrop and subsurface data from the Grande Prairie regi@aiedhat the non-marine
Wapiti Formation can be subdivided into five distinctive ggraphic units. Their description and
definition have been primarily based on outcrop faciesyarsalwell-log correlations and
interpretations, and fossil associations. Such units are segéraeither conformable facies
contacts (i.e., the transition from the marine Puskwaskau fiomta the fluvial deposits of unit 1;
the Red Willow coal zone that separates units 4 and 5) or kgsabunconformities of
undetermined duration (i.e., the upper contacts of units 1aad3). Measured sections combined
with subsurface data from exploration boreholes provide a robustystpdtic control for each unit
as well as for unit boundaries and major marker beds.

Unit 1 marks the transition from the underlying marine facfaélbe Puskwaskau Formation
to the Wapiti fluvial facies, and consists of progradational aggealational deposits. Units 2 and 3
consist of massive and amalgamated channel-fill depositheatbase (interpreted as a low-
accommodation setting), which grade upwards into more floodplain-dadinsticcessions
(interpreted as a high-accommodation setting). Significantly, ing interpreted as the inland
fluvial expression of the Bearpaw transgressive event absipmately 75-73 Ma. In particular,
preliminary results indicate that the maximum flooding surfdaie Bearpaw seaway lies within
fine sediments of upper unit 3. Unit 4 is dominated by channel sediraedtextensive overbank
facies, indicating accumulation under high-accommodation conditions araVemall trend of
vertical aggradation. Furthermore, this unit is capped by theViR#dw Coal zone that is age-
equivalent to the Drumheller Marine Tongue transgressive eagntell as to the Campanian-
Maastrichtian boundary (70.6 Ma; Ogg et al. 2004). Lastly, unit Sistasfssmall channel deposits,
crevasse and overbank facies that accumulated under mediurghtadsommodation conditions.
The Cutbank Coal zone marks the top of unit 5 and is considered tm#valWhitemud and Battle
formations as well as to the Carbon and Thompson coal zonesAtbtréa plains.

Data presented in this study indicate that sediment sumglgranodation, and the
orientation of the major drainage systems were subjeandisant variations during the

deposition of the Wapiti Formation. Further studies on faunahdsages, palynology, paleosols



and coal beds will test the extent of climatic influedoeing the deposition of the Wapiti

Formation.
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Figure Caption

Figure 1: Stratigraphic nomenclature for the Upper Cretaceous of Allstiwaving the proposed
subdivision of the Wapiti Formation into five stratigraphic units.

Figure 2: Geographic distribution of the Wapiti Formation outcrops in the GraraieeParea and
western British Columbia. Black dots indicate locationwell logs used in this study.

Figure 3: Location map of the Grande Prairie area showing positions of stsdiesurface
sections. Well-log (primarily gamma ray) cross sections 3&-NE dip-oriented and NW-SE
strike-oriented.

Figure 4: Gamma-ray stratigraphic cross sections illustrating the Pagitau to Wapiti transition.
Datum 1 is a marker bentonite within the marine shale of the Rkslay Formation that crops out
extensively on both flanks of the Smoky River north of Grande Praaximum Flooding
Surfaces (MFS) and flooding surfaces (FS) in the Puswkaskau kammatre identified
combining field observation and gamma ray response. The basal filepakits of the Wapiti
Formation are characterized by frequent and widespread coal sefan®d here as the Basal Coal
Zone.

Figure 5: Gamma-ray SW-NE dip-oriented (D-D’) and NW-SE strike-orierfied”) stratigraphic
sections showing major marker beds and unit contacts of uppermslsvdskau Formation and
unit 1 to 3 of the Wapiti Formation.

Figure 6: A, detailed structure map of the basal contact of the WERpitination in the Grande
Prairie region based on data from 550 well logs. Depth in md&eilisopach map of the Wapiti
Formation showing total thickness in the study area. To the soutWVaipéi is capped by the
Scollard Formation. Thickness in meters. C, simplified esgssion of the Alberta basin showing
the near vertical strata orientation in concomitance witlptasent day deformation front (modified
after Green 1972).

Figure 7: Combined outcrop and gamma-ray log showing the transition fremPtiskwaskau
Formation and the Wapiti Formation (Belcourt Creek, B.C.). @dwe of the Wapiti Formation (i.e.,
base of unit 1) is placed at the occurrence of the firstaltgoersistent coal seam. Log scale in
meters. Reference log from well 07-27-068-11W6/0.

Figure 8: A, Combined gamma-ray log, lithostratigraphy and faciesrggion of the uppermost
Puskwaskau Formation and Wapiti unit 1. Note the occurrence ldeaas in the lower section of
unit 1 as well as the abrupt leftward deflection of the garmay signal at the base of unit 2. B,
Combined gamma-ray and lithostratigraphic logs of Wapiti unit &edeurrent directions are

represented by rose diagrams. 1. Puskwaskau Formation, Belaeek (B.C.); 2. floodplain



deposits of unit 1, Wapiti River (B.C.); 3, coarse grained depagthin channel deposits of unit 1,
White Mountain (Grande Prairie); 4, massive and amalgamatetstones of basal unit 2 overlying
organic-rich, fine grained beds of unit 1, Simonette River r{@eaPrairie); 5, channel deposits in
the upper unit 2 showing a progressive reduction in available acodation, Smoky River valley
(Grande Prairie); 6, amalgamated channel sandstone of Unsisd, Red Willow River (Grande
Prairie).

Figure 9: Combined gamma-ray and lithostratigraphic logs of Wapiti unki@e the prominent
rightward shift of the gamma-ray signal and the overnaih§ upward trend. 1. massive and
amalgamated channel deposits marking the transition from unit 2tt@,uapiti River (Grande
Prairie); 2, fine grained Inclined Heterolitic StaterfsuThomas et al. 1987) overlaid by tabular
peat and coal, Kleskun Hill Park (Grande Prairie); 3, IH&lawd by peat and coal tabular seams
Kleskun Hill Park (Grande Prairie).

Figure 10 Lithostratigraphic log of unit 3 beds exposed at the Kleskun Hik Farande Prairie).
This unit is characterized by the nearly absence of sandspvieled coal seams, and an overall
increase in accommodation.

Figure 11: A, combined gamma-ray and lithostratigraphic logs of Wapiti dnithe base of the
unit is marked by an abrupt leftward gamma-ray signal deflechiote the Red Willow coal zone
in the uppermost 40 meters of unit 4. B, combined gamma-ray hodttatigraphic logs of Wapiti
unit 5. The basal contact of unit 5 is placed on top of the l&stlly persistent coal seam of the
Red Willow c.z., whereas the upper one is marked by the abruptctevith the coarse grained
deoposits of the Entrance Member (lower Scollard Formation).sGaahe top of unit 5 form the
Cutbank Coal Zone. 1. complete channel fill sequences along th&VRed River suggesting a
deposition in medium to high accommodation conditions; 2. tabuldrseam in the Red Willow
Coal Zone (Red Willow River); 3. channel base sandstones, ReWRiver (Grande Prairie); 4.
tabular, meter-thick coal seams of the Cutbank Coal Zon&y Breek (Grande Prairie).

Figure 12 A, detailed stratigraphic section of unit 4 exposures atRipestone Creek; B,
interbedded channel sandstones and floodplain deposits of basal unit 4deapdee merge
between the Pipestone Creek and the Wapiti River; C, deftasedimentary structures in the
channel sandstones.

Figure 13: A, outcrop of the Entrance Member (lower Scollard Formation-lo@enlspur
Formation) along the Highway 40 South, Smoky River Valley approxigndi@d km south of
Grande Prairie. B, lower beds of the Scollard-Coalspur Foommatar Grande Cache (Highway 40
South).
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Abstract

Bentonite beds are fairlgommon in both marine and terrestrial Upper Cretaceous
(Campanian-Maastrichtian) deposits of the Western InterianBdsvestern Canada and north-
western United States. A detailed stratigraphic, sedinagitlgeochemical (X-ray
fluorescence), and mineralogical (X-ray diffraction) stutlynwe@nty-one bentonites from the
Puskwaskau and Wapiti formations in the Grande Prairie(esest-central Alberta, Canada) is
here presented. Major and trace element concentrations fremadaltolcanic ashes document
the presence in the study area of predominantly trachy-andesitidyolitic volcanogenic
products, resulted from intense volcanic arc to within-plate jgstc activity. Concentration
values of high field strength elements (HFSE) and seléatgd ion lithophile elements (LILE)
(e.g. Nb, Zr, Th, and Y) obtained by X-ray fluorescencetspscopy strongly support the
presence of multiple volcanic sources. Integrated paleoenvirdahad geochemical criteria
for provenance determination indicate a bimodal occurrencesaf dad acid volcanic products
interpreted as reflection of source areas characterizdidfesent tectonic setting and
magmatic composition. A comparative analysis of geoch@rmampositions between Grande
Prairie bentonites and 30 known volcanic beds from centralarttesn Alberta, Manitoba and
Montana 1. documents a trend toward more acidic and alkaktéelpyolcanic products during
the late Campanian-early Maastrichtian interval, and 2jesig a well constrained stratigraphic
and geographic subdivision of the non-marine successions of tenfbEsin on the basis of
geochemical characteristic of volcanic ash beds. Furthermeoehemical “fingerprints” of
several decimeter to meter thick bentonite beds havedmegred with volcanic ash subsurface
signature in order to investigate their role as marker.Bgds multiple-approach provides a
reliable tool for basin-scale identification and correlatbnon-marine sedimentary

successions.

Keywords: Sediment provenance; Geochemistry; Bentonite; Late Coatac@/apiti

Formation; Puskwaskau Formation.



1. Introduction

Discrimination of sediment geochemistry has been use@ssitdly to determine tectonic
setting and provenance of different deposits in the study of eangpblogical areas. In particular,
geochemical techniques applied to sandstone and volcanitesesna@gsesent an essential tool in
interpreting the geological evolution of ancient clastic-domohatslimentary basins (Rahmani and
Lerbekmo, 1975; Taylor and McLennan, 1985; McLennan et al., 1990, 188&;ePand Jarvis,
1992; Fralick and Kronberg, 1997; Pearce et al., 1999; Dinelli,e1999; Zhengjun et al., 2005;
Curzi et al., 2006). Geochemical analyses have been lamelpyed to discuss sediment
provenance, depositional environmental and chemical conditions|laswerrelations between
thick stratigraphic successions over large geographic dvieak @nd Jerzykiewicz, 1988;
Pellenard et al., 2003; Armstrong-Altrin et al., 208¢hnurr et al., 2007). A growing number of
papers has dealt with the geochemical and mineralogicalotéazation of altered volcanic ash
deposits documenting how detailed analysis of such parametersravéde a powerful tool to
perform stratigraphic correlations and discern changes in pnoverd volcanogenic deposits in
both marine and terrestrial successions (Lerbekmo, 1968; Tholasl®90; Baadsgaard et al.,
1993; Cadrin et al., 1995; Bertog, 1999; Bertog and Huff, 1999; Chrj2idlid; Desmares et al.,
2002, 2007; Lerbekmo, 2002; Schnurr et al., 2007; Foreman et al., 2008) esantaper reports
a case study evidencing how the integration of differentstgta(geochemistry, mineralogy,
lithology, and subsurface signature) from bentonite beds alloaseliable chronostratigraphic and
geographic subdivision of adjacent successions within a forelaig bad 2. a powerful tool for
the identification of sediments area source in both marin@amanarine strata.

Late Campanian to Early Paleocene sediments of thee¥idsterior Basin of Canada and
northern U.S. were derived primarily from three types of roegkanic (generally andesites and
dacites), low-grade metamorphic, and sedimentary rocks (MatBexzykiewicz, 1988; Eberth and
Hamblin 1993). This foreland basin is also characterizedidy @&ommon altered volcanic ash
beds in both marine and terrestrial Late Cretaceous simtesBentonite beds have been largely
used also as chronostratigraphic markers in the WesteriotrBaisin deposits mainly as a source
for radioisotopic ages, most of which fréfir/*?Ar ratios (Obradovich and Cobban, 1975;
Williams and Baadsgaard, 1975; Goodwin and Deino, 1989; Eberth and, 2602; Obradovich,
1993; Rogers et al., 1993; Hicks et al., 1995; Hicks et al., 1999rRRawl Hendrix, 2000;
Payenberg et al., 2002; Roberts et al., 2005; Lehman et al., Z0@5%tudy reports a detailed
analysis on the compositions of twenty-one altered volashdeds from the Upper Cretaceous
(Campanian-Maastrichtian) marine Puskwaskau Formation and nameri#apiti Formation in the

Grande Prairie area (northwestern Alberta, Canada).rMafbtrace element concentrations and



diagenetic history were determined for all samples combiXiray fluorescence and X-ray
diffraction spectroscopy. Detailed outcrop stratigraphic adarentologic analyses were
integrated with subsurface data and geochemical “fingerpiimisder to evaluate whether
sufficient parameters exists for bentonites to be individudéintifiable and mappable on a regional
scale. Discrimination diagrams were used to estinmg®tiginal magma composition and tectonic
setting, and therefore compare such compositions with ageaéenti bentonites from western

Canada (Alberta and Manitoba) and northern U.S. (Montana).

2. Location and geological background

The project area encompasses approximately 15.08@kiime Grande Prairie district in
northwestern Alberta (Fig. 1) extending from the Cutbank Rivére south (Twp. 63) to the
Puskwaskau Creek in the north (Twp. 76). The region is inbigedajor rivers such as the Wapiti
and the Smoky, and several smaller drainage systems thatartble Kleskun, Mountain and Pinto
creeks; major outcrops are restricted to river bank expoancesadcuts. In this area, dark grey
marine shales of the Puskwaskau Formation (Smoky Group, B6it; Hu, 1997; Dawson et al.,
1994a) are overlaid by nonmarine deposits of the Wapiti Formatiarh consists of interbedded
fluvial sandstone and siltstone with minor mudstone and coal,ulrmidinate lacustrine deposits.
This sedimentary succession is equivalent to the uppermo§tdrkdormation, Belly River Group
(Foremost, Oldman and Dinosaur Park formations), Bearpaw Formanhd Edmonton Group
(Horseshoe Canyon, Whitemud, and Battle formations) of cemumad@uthern Alberta (Eberth,
1990, 2002, 2005; Eberth and Hamblin, 1993; Dawson et al., 1994a, b; desizgkand Norris,
1994; Eberth and Brinkman, 1997; Brinkman, 2003, Fanti, 2007), all knowheiorabundance of
fossil vertebrates. In despite these important prentiseste the Wapiti succession has been
poorly studied with the exception of few reports on the coahgiateand overall geological
description of the formation (Allan and Carr, 1946; Byrne, 1955;,9i861; Dawson et al., 1994a,

b; Fanti, 2007 and references therein).

3. Material and methods

Field studies and sampling in the Grande Prairie region teds$three summer campaigns
undertaken in 2006, 2007, and 2008. River boat prospecting coupleslwisibe mapping and
trenching were carried out in order to sample approxim&t@kg of each volcanic ash layer as
required for all laboratory procedures, including zircon sejoar&br radiometric ages (Fanti et al.,
in prep.). Modification in clay mineralogical compositions atfteo measured parameters related to

weathering processes depends on a number of variables, incitititaply, permeability, climate,



and intensity and duration of weathering. In order to minimigathering effects on geochemical
and mineralogical analyses, outcrops were excavated ampdeshio a depth of 40 cm. GPS data
were collected using the WGS 84 Datum and plotted irgiomel maps accordingly. Sampling
locations in the study area are shown in Fig. 1.

The term “bentonite” has been used in the literature avitbrtain degree of uncertainty
depending on the weight given to its origin rather than compostioce bentonite clay
mineralogy primarily results from diagenetic alteratiowvaitanic products, the ternbentonite
andaltered volcanic ashave been used interchangeably (Byrne, 1955; Grim and GL9&8&,;
Roen and Hosterman, 1982, Thomas et al., 1990). Thereforeteh@sehereafter indicate a soft,
light colored, plastic rock composed essentially of clay nalsesf the montmorillonite group and
produced by devetrification of a glassy igneous material, comynaoff or volcanic ash (Bates
and Jackson, 1987). In ascending stratigraphic order, samples disoussedtudy and respective
abbreviations are as follow: Puskwaskau (PSK), White Mou(W8M), Bear Creek (BC), Horizon
B 1 (HB1), Horizon B 2 (HB2), Kleskun Hill Bentonite (KHB)izard Hill (LH), Kleskun Hill Top
(KHT), Wapiti River Bridge (WRB), Spring Creek (SC), WayBtipestone 1 (WP1), Wapiti-
Pipestone 2 (WP2), Pipestone Creek (PC), Wapiti River)(\WBd Willow 2007 (RWO07), Red
Willow 3 (RW3), George Robinson (GR), Wapiti Bonebed (WB)t&Creek 2006 (P06), Pinto
Creek 2007 (P07), and Cutbank River (CR). Detailed informatiolocation, stratigraphic
position, thickness and field characteristics of discusseddriare presented in Table 1 and Fig.
2.

Exposures were referred to composite stratigraphic columnsgién tor determine relative
positions. High resolution subsurface geophysical data (gamnzaimegs from well logs) allowed
a detailed documentation of the geometry and lateral i@riaf the bentonitic beds.
Discrimination diagrams of Winchester and Floyd (1977) anddsd al. (1986) were used to
investigate original magma type of the bentonites: ther laference is reported below as TAS
(total alkali-silica). Incompatible trace-element ploteaRearce et al. (1984) were combined to

assign the tectonic setting of the volcanic source rocks.

3.1 XRF methods

Chemical compositions (major, minor, and trace elements) eieagned by X-ray fluorescence
spectrometry (XRF) (Philips PW 1480) on pressed powder pelletsyiog the matrix correction
methods of Franzini et al. (1972, 1975), Leoni and Saitta (1976) amd &eal. (1982). The
estimated precision and accuracy, compared with theasalyinternational reference materials,

are better than 5% for trace-elements determinatiocieepe for those at concentrations of <10 ppm



(10-15%). Detection limits are 3 ppm according to the amallytionditions. LOI (Loss on Ignition)

was determined after overnight heating at 950°C.

3.2 XRD methods

Mineralogical analyses of bentonite samples were performed byguoX-Ray Diffraction
(XRD) using a Philips PW 1710 diffractometer, Cradiation ( Alpha 1, 1.54056; Alpha 2,
1.54439; Ratio Aplha 2/1, 0.5), 40kV/30 mA, data angle range from 300%9.985, continuous

scan, step size 0.03, step time 1.45.

4. Bentonite beds: field and macroscopic characteristics

Bentonite beds from the study region were firstly reported bigdriatrd (1930) in the badland-
like outcrops of the Kleskun Hill area, north east of Grandei€réiese beds and few others along
the Wapiti River were later briefly investigated for gaaditnical and industrial purposes (Byrne,
1955; Carter, 1957; Geo-Engineering Ltd, 2005). In addition, KHB and #A€H&en processed for
“OAr/*Ar isotopic dating, providing an age of 73.77 + 1.46 and 73.22% Ma respectively
(David Eberth, pers. comm. 2005). Bentonites discussed in tiaig gary significantly both in
color (from dark grey to olive to yellow) and layer thickn@ssm 10 to 350 cm, Table 1). Volcanic
beds have sharp basal and upper contacts, and generally exthibiétargl variation in thickness.
Being deposited as volcanic ash falls, bentonite beds are foandariety of depositional
environments, ranging from shallow marine shale to alluviahpgéaies association (Fig. 2). The
vast majority of the bentonites, however, occur in associatitbnfive grained, organic-rich
overbank mudstones and clays, wet and immature paleosols, astlitezpalustral deposits. In
addition, altered ash beds are sporadically found amalgdmwétebasal channel sandtones: such
bentonites contain a resistant and pervasive carbonatic cérhese deposits are fairly common at
the merge of the Red Willow and Wapiti Rivers, and atleskun Hill. Lastly, no vertical grain
size changes in the ash beds were documented at sampliltielaig. 3). Bentonite stratigraphic
occurrence also suggests an increase in volcanic adtimitythe middle Campanian onward, with
a peak concomitant with the Bearpaw transgressive evefaict, eleven of the 21 bentonites
described below occur in th§4-73 Ma interval, whereas only eight volcanic beds are docuthente
in the broader 73-67 Ma interval.

5. Geochemistry
The geochemical and mineralogical features of samples hasriwestigated to 1) document

the composition of volcanic ashes, 2) identify the nature @npaolcanism and relative tectonic



setting, and 3) test the potential of bentonite geochenastaydiscriminating factor for the
identification of time and/or space variations along theeeashargin of the Canadian cordillera
during the late Cretaceous. The geochemical database cesn§R$ analyses of Grande Prairie
samples for major oxides and trace elements combined with tperted in the literature for age
equivalent bentonites from Alberta, Montana and Manitoba. Fgeathemical diagrams
presented below, major element concentrations were recatttdai®0% on a water free basis.
LOI values range between 23,33% and 4,85%: however, if the amashahigh value of bentonite
PSK is discarded , the range is reduced to 16,8%. Wholegamthemical compositions of altered

volcanic ash layers from the Grande Prairie area aretegbior Table 2.

5.1Major elements

XRF analyses indicate that several major oxides have a tangd of concentration. For
example, SIQW1t% ranges from 47.2 to 72.34;,8 from 13.43 to 25.63; MgO from 0.82 to 4.35;
alkali (KO+N&O) from 0.6 to 5.78. High alumina-to-silica ratio (range 58, av. 3.3) and
relatively low alkali contents indicate consistent alteratiom ash to bentonite, as also
documented by XRD analyses. Loss of alkalis and high valuégOfin cinerite compositions are
in fact strongly influenced by the progressive transformatianontmorillonite and other clay
minerals, characterized by essential Mg requiremens finicess resulted from intensive
weathering, burial diagenesis, percolating groundwater, anibpolegalized hydrothermal
activity. AFM (Irvine and Baragar, 1971) and $iK,O (Peccerillo and Taylor, 1976) plots indicate
that sixteen samples fall in the calc-alkaline sdi@dd, whereas five are tholeiitic (Fig. 4). Whole-
rock variations of Si@vs K;O/N&O ratio indicate that the bentonites described in this study hav
predominantly andesitic and dacitic compositions with relatil@iyalkali contents.

Multi-element plots of major chemical elements indicate AgD; and MgO have the lowest
degree of variability within samples, whereas the widasgttions are those of Na (0.3-2.7 wt%),
K50 (0.3-3.08 wt%), and K©3 (2.6-7.66 wt%). In addition, following Land et al. (1997) and
Christidis (1998), the intercept of a regression line on theateliwill be positive if an element is
lost and negative if it has been gained relative tmhile component. Hence Ti, Na and K have

been enriched relative to SiQvhereas Mg, Ca, P, and Fe have been depleted (Fig. 5A).

5.2Trace elements

Previous studies on altered volcanic deposits indicate thahpatible elements such as Ce,
Ga, Nb, Y, and Zr, tend to remain stable under diagenetictommsl{Thomas et al., 1990;
Christidis, 1998; 2001; Pellenard et al., 2003; Foreman et al., Z0@8F element mobility plots



on Grande Prairie bentonites show that Ba, Cr, and Rb arécagtly mobile and thus unsuitable
for chemical characterization (Fig. 5B). On the contrdrg,High field strength elements (HFSE)
such as Nb and Zr and selected large ion lithophile elenfidihs) (e.g. Th, Y) are considered to
be resistant to alteration processes: in fact, they sltibewlariation in the alteration profile and
therefore can provide useful petrological information unrelatdaté modification processes.
Considering Zr as immobile element Ba, Ce, La, Rb, Sr)Yanave been enriched, whereas Cr and
Ni have been depleted (Fig. 5B). To better define theiplesrelationship between age and
geochemical features, Th, Y, Nb, Zr, La, Ce, Ji80, and Th/kO and Zr/Nb ratios were plotted
on a stratigraphic basis (Fig. 6). Even considering the presdrecsignificant gap in the data for
the lowermost deposits of the Wapiti Formation (i.e. unitsdL2), with the sole WM bentonite
identified, the plots clearly indicates that no specificetimlated trend characterizes the analyzed
samples. Stratigraphic distribution of the bentonite beds, howedarate the presence of two
distinct peaks of explosive activity recorded in the sedinngistaccession within discrete
stratigraphic intervals representative of relatively stiore intervals (approximately 1 Ma). Such
intervals are also characterized by major oscillatairedl considered elements, oxides, and
element ratios.

The first interval, stratigraphically confined within tleever unit 3 of the Wapiti Formation
(Fanti, 2007; Fanti and Catuneanu, in prep.), includes the BT, &#d HB2 ash beds. In spite of
major differences in concentration of elements such as ;Ténd Nb, these samples have similar
Zr/Nb ratios (7.70, 3.9, and 3.58 respectively), and tbezahay represent different degrees of
fractional crystallization of a single source. Zr and Mact, are generally considered to behave
similarly in petrogenetic processes such as fractionataltizations: therefore their similar ratios in
different volcanics may indicate a common source. Nb/Y (&@arce et al., 1984) suggests
different tectonic conditions for original magma between HB1BOdVAG and syn-COLG), and
HB2 (WPG) (Fig. 7). However, such differences with atigability reflect derivation from a more
differentiated magma rather than a different tectonicrggtti

Eight bentonitic beds (KHB, LH, KHT, WRB, SC, WP1, WP2, &) are representative of
the second stratigraphic interval characterized by a gignifincrease of explosive volcanic event
preserved in the sedimentary record. Interestingly, susbsits are roughly equivalent in age to the
Bearpaw transgressive event in central and southern AllRetaarkable differences in
concentrations of single elements and oxides (particularly YC&, TiQ, and SiQ) are also
observed in the Zr/Nb ratio. With respect to this ratmitlivalues for this interval are represented
by sample WRB ( 2) and KHT ( 15). This difference in values suggests the presence of two

distinct volcanic sources, of which samples KHB, LH, SC, WRR2, and PC possibly represent



mixed products. To support this hypothesis, the Nb/Y discrimindisgram after Pearce et al.
(1984) indicates diverse tectonic setting for parental volgacks of KHB and WRB, classified
respectively as within-plate and volcanic arc/syn-colligicamite, and groups other samples of this
interval close to the boundary between VAG/syn-COLG and W 7). Similar observation

may be made for three beds from the uppermost deposits of thigé BWéamation (early
Maastrichtian), bentonites P06, P07, and CUT, particularlyiderisg the Y, Zr, TiQ
concentrations as well as the Zr/Nb and Nb/Y ratios (Figad7).

6. Parent Magma composition

The chemistry of the parent volcanic rock strongly influenicesype and composition of
derivative products (Christidis, 1998). Nevertheless, as fazake of Grande Prairie samples, the
alteration-driven introduction of selected elements mighiemce the composition of the volcanic
beds, and consequently the estimated parent rock composition.ndRERD databases and field
observations show that extensive low temperature hydration accowhpiz@igevetrification of the
original volcanic glass. As pointed out by Thomas et al. (1990imnitas conditions major oxides
(including SiQ, K;0, and NO) and trace elements (such as Ba, Rb, S, and Sreocaxpected to
have been mobilized and hence be problematic for geochemicsificktion.

Following the Winchester and Floyd (1977) classification modé(T&,*0.0001) vs Nb/Y),
the samples fall predominantly in the trachyandesitic (n=10)rtayaditic (n=6) fields, with a few
rhyodacitic/dacitic cases (Fig. 7A). Following Pearcd.gt1884), and Thomas et al. (1990),
incompatible trace elements (Nb vs Y, and Rb vs Y+Nb) weel to infer the tectonic setting of
parental volcanic rocks. In fact, increasing Zr/TiO2 andYNfatios reflect an increase in the
rhyolitic character and alkalinity respectively. Accordingligcrimination diagrams after Pearce et
al. (1984) four samples (HB2, KHT, PC, and P06) fall in ththiwiplate granites field (WPG),
whereas the remnants plot in the volcanic arc granite (i6&&), thus indicating the derivation of
products from intermediate to acid volcanism (Fig. 7B). rEti® between Nb and Y varies from
0.29 to 1.2 with the highest values of Nb represented bpleariVM, HB2, WP2, P07, and CUT.
High concentrations of this element are found in late staggmatic differentiates, and felsic
igneous rocks generally have the highest contents (D’Argeniq @084).

Following Thomas et al. 1990, multi-element diagram normalizathagOcean Ridge Granite
(ORG, Pearce et al., 1984; see also Taylor and McLennan, 488&¥ that Rb, Ba, and Th are
systematically enriched in the bentonite deposits, wheneasdZY are relatively depleted (Fig.
8A). Barium (range 110.6-2280.2; av. 810.2, ppm) and Th (range $5e83.27.38 ppm) are

enriched in all samples. The B#on, because of it radius/valence, is more concentratetsin fe



components of magmas in the later stages of crystallizatidralso substitutes for €in
plagioclase, pyroxenes and amphibole, and in the non-silicate rsiapitite and calcite. In
sedimentary rocks the concentration of Ba is also relatdtetabundance of K-feldspar, clay
minerals and hydrous Fe and Mn oxides, on to which the elemgriteredsorbed. Thorium is
generally enriched in granitic igneous products; in sedimentaiis, Th is essentially resistate in
character, as its major host minerals, such as moraaxiteircon, are highly resistant to both
chemical and physical breakdown. Values of Ba and Th in alider®rairie samples are
comparable to those reported for the Plateau Tuff in Dinddawincial Park of Southern Alberta
(Thomas et al., 1990, Fig. 12, p. 152). However, the abundaricesef elements suggests a
secondary introduction. A comparison with element concentratiote ¢flateau Tuff in southern
Alberta (Thomas et al., 1990) and four bentonite beds from theMedicine Formation of
Montana (Foreman et al., 2008), show similarities betweentidaqoi Montana samples, whereas
Plateau Tuff volcanic ash has lower values for all pataragFig. 8B). However, it must be noticed
that the Wapiti and Montana data are of different bentonitic (#dand 4 respectively), whereas

element concentrations for the Plateau Tuff reflect sanmpuif the same layer at different localities.

7. Marker beds

Outcrop descriptions were combined with subsurface geophysicgpdatana ray well log) to
document geometries and thickness variations of bentonitic beddgsbaepresent key marker bed
within the Puskwaskau and Wapiti successions (Fig. 9). Gamymagponse to altered volcanic
ashes commonly results in a prominent shift toward the righeitog curve (higher values in API
- American Petroleum Institute - units). Among samples repamtéds study, three beds represent
the final product of important volcanic events responsible of neabée volume of falling tephra.
These layers also present 1) a peculiar gamma ray signajurast lateral extent, and 3) a
distinctive geochemical and mineralogical “fingerprint”. THere, they are candidates as potential
marker beds at a regional scale. In stratigraphic ordee #reshe Puskwaskau bentonite (PSK),
Horizon B (including HB1 and HB2), and the Wapiti River Bridgmntonite (WRB). The estimated
volume of bentonitic material preserved in these laygectoise to 70 cubic kilometers, also making

these deposits of interest for their economical potential (sedPgle, 1989; 1995).

7.1 Puskwaskau bentonite (PSK)
The Puskwaskau bentonite (PSK) lies within dark, organicsiiees of the uppermost
Puskwaskau Formation (Hu, 1997; Dawson, 1994a; Leckie et al., 199%)assbciated with

shallow marine deposits characterized by high coastal infuasindicated by the presence of



frequent tempestites and bioclastic layers (Figs. 2 arfeiS¥.consists of a couplet of yellow,
sulfur rich, altered volcanic ash beds separated by ~60 stratd. The lower horizon is strongly
discontinuous on a large scale, lenticular in overall shagokisdess than 5 cm thick, whereas the
upper horizon is tabular, laterally persistent, and has amalbtléckness of 40 cm. Both beds crop
out in the eastern flank of the Smoky River between thdwmmde of Kleskun Creek and the
Puskwaskau River, approximately 50 meters below the bastdat of the Wapiti Formation (Fig.
2). Field observations and laboratory analyses show that theabiRSK volcanic ash has been
particularly subjected to alteration processes. MgOerttris 4.35 wt%, whereas®+NagO only
amount to 0.86 wt%. The combination of loss of alkalis and highmdgilization thus resulted in
the formation of Al-smectite and montmorillonite, as indicdigcKRD analysis (Fig. 10). Among
the trace elements, the PSK contains anomalously high conaergrat S (15130 ppm) and high
LOI value (23.33 wt%). Both values are greatest in orgamd-carbonate-rich sediments,
characteristics that have been documented at the sartgaalgy. Rhyodacitic-dacitic composition
is indicated from Winchester and Floyd diagrams (Fig. 7A).

The PSK bed has been traced using geophysical well logs oaeganf approximately 11,000
km?. Therefore, considering a documented average thickness of 4bistayer contains

approximately 4.5 cubic kilometers of ejected volcanic mdteria

7.2 Horizon B (HB1 and HB2)

Horizon B occurs approximately 285 meters above the base of thi¢i Aamation and crops
out extensively on the south flank of the Wapiti River, upstrgam the Bear Creek confluence
(Fig. 3). This marker bed consists of two distinct bentdretds separated by a 10 cm thick,
organic-rich, highly rooted mud layer. At the sampling Idgathe lower volcanic layer (HB1)
consists of 325 cm of light olive, structureless bentonite fréttpuent coalified roots preserved in
the uppermost 10 cm. In contrast, the upper volcanic ash (HBa)ksgyreenish gray and has an
overall thickness of 160 cm. This succession also explaingethdiar double-peaked signature in
the gamma ray response that characterizes this mark€Fige8). The presence of abundant
paleosol-related roots at the top of HB1 and in the mud lagesseparates the two bentonites
indicates a gap between the two beds, supporting a differemnt toighese deposits. HB1 and HB2
also differ in their major oxide and particularly tracersdmts concentrations. As a result,
Winchester and Floyd discrimination diagrams for original magneamposition places HB1 and
HB2 within tholeiitic and trachyandesitic fields respectivighig. 7A). Incompatible trace element
plots also indicate a volcanic arc granite origin for HB1 aitdin-plate granite derivation for HB2.
Nevertheless almost identical Zr/Nb ratios (Zrids 3.97; Zr/Nkiso= 3.58) may suggest that



these ash deposits were derived from a common magmattesiRD analyses also confirm a
different diagenetic evolution of these beds: HB1 contains Haéhahd smectite (IL<SM) along
with kaolinite and abundant K-feldspar, whereas HB2 has highectge, lacks kaolinite, and
contains minor calcite concentration (Fig. 10).

Based on the analysis of 190 well logs, Horizon B (considerinyy &8l HB2 as a single
marker) is distributed over an area of approximately 10,800 lkimas an average thickness of 4
meters indicating a remarkable volume of tephra fell in nortteme\Iberta during the volcanic
event. Considering that the lateral limits of Horizon Buarknown to date, we can estimate for the
study area a volume of volcanic ash deposited close to 54H81~36 kni; HB2~18 kni). The
only known late Cretaceous volcanic ash deposits with compamabl@me and thickness is the late
Campanian (73,5 Ma) Dorothy Bentonite that crops out in south-téttbexrta (Lerbekmo, 2002;
Pyle, 2003). However, it must be noted that the Dorothy bentevhieh locally reaches 13 m in
thickness, represents a case of secondary thickening of gieabesh fall and is preserved within
the marine Bearpaw shale (high probability of preservation)mtrast, Horizon B is associated

with alluvial plain and channel facies, where reduced praten potential can be predicted.

7.3 Wapiti River Bridge bentonite (WRB)

This dark greenish grey bentonite occurs along the right sithe &Vapiti River south of the
town of Grande Prairie. This layer measures 94 cm in thiskatthe sampling locality and crops
out approximately 350 m above the base of the Wapiti Formatiassiociation with organic rich
mudstone and coal seams up to 50 cm thick. Geochemicasasdlyable 2) yield SKAI,Os ratio
of 3.6 and a KO+Na&O value of 3.21 wt%; barium is particularly abundant (1258 ppingreas
Nb and Y contents are low (7.1 and 13.4 ppm respectivelyh Mf#pect to other samples with
comparable major oxides contents, the WRB presents signifidantlyalues of several trace
elements such as Co, Mo, Nb, Pb, Rb, S, Sr, Th, Y, afge&rTable 2); only Cr is enriched. WRB
bentonite falls in the dacite field, whereas the Nb/Y dhsicration diagram indicates volcanic arc to
syn-collisional granite composition (Fig. 7A).

The gamma ray peak that typifies WRB is the most charsiitemong the marker beds,
ranging between 170 and 185 API units. As for other marker lieggrsistence has been
documented over the entire study area, with the exception é¢iclatsadue to the presence of
erosive channel deposits. Based on an average thicknessrof WRB bentonite consists of

approximately 10 cubic kilometers of altered volcanic material.

8. Comparison with Western Interior Basin bentonites



Geochemical features of the volcanic ashes studied herecaragared to those reported in the
literature for time equivalent bentonites of central and soutAlberta (Lerbekmo, 1968, 2002;
Thomas et al., 1990), Manitoba (Cadrin et al, 1995), and Monkamarfan et al., 2008) with the
aim of testing the presence of possible time or spacioredhip (Table 3). The dataset available in
the literature, however, do not provide complete informationametelements and therefore TAS
diagrams were adopted for comparisons instead of the Zr-plbtYTo test this hypothesis, 51
bentonites (study area, n=21, central and southern Alberta, n=24amaont=4; Manitoba, n=2)
were first divided by age into three groups: pre-Bearpaw, gargaw, and post-Bearpaw (Fig.
11). Of remarkable importance, available data on, 8dbtents from this study and from Lerbekmo
(1968) clearly indicate a sequential and gradual change towarlsiiceous volcanism from the
late Campanian onward. The average,3i®6 increases from 56.6 in the Belly River Group and
lower Wapiti Formation (see Fig. 1) to 61 in the Bearpawnation and equivalent, and 63.7 in the
Edmonton Group and upper Wapiti Formation. In the latter stagiiic interval (latest Campanian-
lower Maastrichtian), Sigxontents reach values of 72.3%. Furthermore, the TAS diagnamate
that pre-Bearpaw (>74 Ma) bentonites fall predominantly in thessledend basaltic andesite
fields, whereas syn- and post-Bearpaw ash beds (<74 Ma)egienpinantly andesitic and dacitic,
along with a few rhyolites. This trend toward more acidic prtsliscassociated with a decrease in
average total alkali contents, from 3.08 wt% in pre- amdBearpaw bentonites to 2.57 wt% in
post-Bearpaw ashes. Therefore, despite the fact Grandie Beanples show a trend toward lower
SiO, values (from 61.2 wt% to 55.3 wt%) from the early Meelstian (Fig. 6), this study supports
previous observations on bentonite beds from western Alberta bghkrao (1968; see also
Lerbekmo, 2002; Thomas et al., 1990).

Cinerites were then gathered into six distinctive geographreals: 1- Montana, 2- Southern
Alberta, 3- Central Alberta, 4— Western Alberta, 5— Graidgrie, and 6— Manitoba (Figs. 12 and
13). Along the eastern margin of the Cordillera, samples framtdha and Southern Alberta are
relatively well confined to the andesitic and basalticesitit fields whereas bentonites from
central Alberta are characterized by diverse compositigiissamples representative of all
subalkaline series, with most samples falling in the basahdesite field. Cinerites from western
Alberta and the Grande Prairie area have predominantlydaffitiities; interestingly, samples
from western Alberta have lower total alkali contents tinwse from Grande Prairie region.

Lastly, the two samples reported from Manitoba fall intihealtic-andesite field and have

remarkably low alkali contents, possibly due to local ditemgprocesses.

9. Source of the Wapiti Formation bentonites



Continental-arc magmatism took place along much of the welsienth America Cordillera
during the late Cretaceous and early Tertiary. As atremitanoclastic materials or their
diagenetic derivates (bentonites, bentonitic mudstones and sagjstetrital, and volcanic rock
fragments) are extremely common within both marine andsteiaklate Cretaceous Western
Interior basin successions. Such deposits and their geochestiatigraphic, and petrographic
importance have been documented in the literature (Lerbel®68, McLean, 1971; Mack and
Jerzykiewicz, 1989; Thomas et al., 1990; Eberth and Hamblin, 1993nCadhii., 1995; Bertog
and Huff, 1999; Roberts and Hendrix, 2000; Payenberg et al., 2002h EX#05; Roberts et al.,
2005; Foreman et al., 2008). However, the occurrence of diffeocdcanic centers of late
Cretaceous age of comparable scattered composition along &8360g mountain belt led to
diverse approaches to locate potential source areas. For exaimpieas et al. (1990) indicated the
Elkhorn Mountains Volcanics complex was the most convincing soutte éflateau Tuff
(Dinosaur Park Formation, southeast Alberta) on the basisoohgmical affinities, and Lerbekmo
(2002) reconstructed the dispersal of the Dorothy Bentonite (southegria) using an isopach
map based on subsurface and surface thickness measureoraritsefiHowell Creek Intrusive area
(southern British Columbia; see also Bowerman et al., 200@eochemical characterization of the
Howell Creek suite).Bentonite layers of the Two Medicinaraiion (Montana) are commonly
referred to the Elkhorn and Adel Mountain Volcanic complexesedan sedimentological and
stratigraphic data and high resolution age control (Rogeils, 4993; Roberts and Hendrix, 2000;
Foreman et al., 2008).

At the time of the deposition of the Wapiti succession, 8ri€olumbia was subject to arc
events with the emplacement of several volcanic compléxaseng those, the Windy-Table suite,
the Fawnie Range (Nechako Plateau), and the Buck Creekl€&o(fm. 13) have ages and
compositions fro appropriate comparison with the Grande Praigeites. Rocks included in the
Windy-Table suite (northwestern British Columbia) are domigdstkic, characterized by quartz-
phyric ash flow units, and were emplaced between 81.3 and &2(&Mnd et al., 1984;
Mihalynuk and Smith, 1992; Mihalynuk, 1999). The Fawnie Range of toba#e Plateau of
central British Columbia documents late Cretaceous (74-6&ch#)nental arc activity
characterized by andesitic volcanic rocks with rare rhyolfesdman et al., 2001; Whalen et al.,
2001). Finally, the Buck Creek Complex produced a major pulselcdnism between 85 and 73
Ma (Church, 1973; Leitch et al., 1992) responsible for extrusion ofreamtl margin calc-alkaline
basaltic andesites to rhyolites (Dostal et al., 2005). Albglgeochemical data for Cretaceous
volcanic products of these volcanic complexes (including majat{race-elements), indicate that

the Nechaco Plateau and related batholites of centr&@B@Gblumbia are the best candidates as



sources for the bentonites described in this study (Friedtvedn 2001; Whalen et al., 2001,
Edwards and Bye, 2003; Dostal et al., 2005).

However, as pointed by Thomas et al. (1990), further considerationdd include
paleogeographic and palinspastic reconstructions (in order tcagstine distance between source
area and depocenter), and paleowind directions. Observatioateml jeometries of beds indicate
that the bentonite layers gradually increase in thickness dawvamwest-south west. This is
consistent with previous studies, indicating that during thedegéaceous the main wind directions
were westerly at a latitude close to 60° north. Models shggest that volcanic ashes that
originated in the westernmost regions of the Canadian Goadivould have been transported west-
east across British Columbia and Alberta, and then north-vgesitheast toward Saskatchewan and
Manitoba across the Western Interior seaway (Lloyd, 1982y El888, Thomas et al., 1990).
Approximate present-day distance between the centrasiB@olumbia volcanic complexes and
the study area is 500 km. Comparable or larger distance éxetive source areas and the
sedimentary basin during the late Cretaceous is supported bgrtiegeneous fine granulometry

(clay) of cineritic deposits preserved in both the Puskwaaka Wapiti successions.

10.Conclusions

This study represents a detailed analysis of twenty-one bezgdrom the late Cretaceous
Puskwaskau and Wapiti formations of northwestern Alberta. Althootcanic ashes examined
have been significantly altered by processes includingheedaty, percolating groundwater, and
localized hydrothermal activities, geochemical and stiapigic analyses suggest that these beds
provide useful information for comparing the Grande Prairposdits with other known successions
of the Western Interior Basin. Geochemical analyses iteltbat original magmatic composition
were largely rhyolitic to trachyandesitic; trace-elendistrimination data suggest a volcanic arc to
within-plate tectonic setting for the parent eruptive cenMoseover, the XRF data strongly
suggest the presence of multiple source areas with differggmhati compositions that resulted in
a bimodal occurrence of basic and acidic volcanic ashes. Arhermptential locations for source
eruptive centers, the Nechaco Plateau and related batlodltestral British Columbia represent
the best candidates on the base of geochemical affinitresgtof volcanic activity, and distance
from the depocenter.

Comparisons with other known bentonite beds from Alberta, MongambManitoba,
encompassing approximately 1000 km north-south of the WesterrotrBasin, do indicate the
presence of geographical variation in the geochemical cotigyosf volcanic products along the

Canadian cordillera. Similarly, from a time-related prosigechis study supports a gradual shift



toward more siliceous and alkali-depleted products from the latgp&zan onward (top of the
Belly River Group). Therefore, geochemical analyses of beetbeds of the Western Interior
Basin deposits in Canada and northern U.S. allow the idextiitof both stratigraphic and
geographic trends: such data, supported by detailed petrographideisbtapic information,

may greatly improve further studies on the evolution of therseatiary basin and on correlation
between coeval successions. Of paramount importance, sutbdoleigies are suitable for entirely
non-marine successions, as in the study case of the Late&ryas Wapiti Formation. The
correlation of such intervals within the foreland basin lifefta provide an important case study in
the analysis of foreland basins, and may shed light on l#@reships between orogenic phases
and related volcanic arc pulses, variations in basin subsidemtdepocenter migration.

Finally, three discrete bentonitic beds (PSK, Horizon B, and WER8potentially a promising
tool for regional correlation on the light of distinctive geocleicomposition and gamma-ray
response in subsurface: in particular, Horizon B may repredigimd-aand chronostratigraphic
marker horizon of regional significance. Radioisotopic datingdeailed chemical and
mineralogical analyses of these layers at different itlieslsouthward along the margin of the
cordillera offer the best prospects for successful coiwelat heir stratigraphic occurrence and
distribution suggest restricted time intervals (< 1Mantdnse eruptive activity in the Cordillera
volcanic centers, particularly in concomitance with tleafpaw seaway transgressive and

regressive phases, and in the uppermost deposits of the Wapitation (lower Maastrichtian).
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Tables:

Table 1: List of samples discussed in this study, including abbreviatieatibn, thickness, and

colour observed in the field.

Table 2: X-ray fluorescence analyses of bentonite samples from the rapperPuskwaskau

Formation and the Wapiti Formation in the Grande Praiga.ar

Table 3: Time-space variation in bentonite bed hypothesized original congrogResults indicate
a gradual shift toward more acidic products during the upper Camp@droan basaltic
andesite to rhyodacite). Data also indicate the presenceouth-sorth geographical

discriminating trends in the composition of volcanic ash beds.

Figure Caption

Figure 1: Locality map of the Grande Prairie region showing samplitas. See

Table 1 for sample abbreviations.

Figure 2: Stratigraphic distribution of bentonites in the Puskwaskau aapitiformations
and representative stratigraphic columns of the most common &ssesiations in which

the bentonites occur. B marks the occurrence of volcanic ashnbégdscolumns.

Figure 3: Field pictures of bentonite layers: A, Yellow, sulfur-ricmtmnite PSK, Puskwaskau
Formation, Smoky River; B, Carbonate cemented bentonite at taeobfise sand channel
deposits, Wapiti Formation, Red Willow River. C, Horizon B (H&81d HB2) that crop out
along the Wapiti River. D, Detail of the highly rooted, organaty mud layer overlying
HB1: note the difference in color and texture between HB1 and HB¥Vapiti Bonebed



Fig. 4:

Fig. 5:

bentonitie (WB) occurs within wet and immature paleosols beleastavertebrate bonebed.
F, Bentonite PO7 crops out along the Pinto Creek: this altere@dniol@sh is located

between coal seams up to 120 cm thick.

A, SiO-K;0 classification of samples from the Grande Pranmga §Peccerillo and
Taylor, 1976), and B, AFM (Irvine and Baragar, 1971) clasgibo diagrams.

A, projection of major elements over Si@Grande Prairie samples). B, projection of trace
elements over Zr for their evaluation of their relativebitity during devetrification

processes (Grande Prairie samples).

Fig.6: Time related variations of selected major and traceeis for Puskwaskau

Fig. 7:

Fig. 8:

Fig. 9:

and Wapiti bentonites.

A, ZrITiO - Nb/Y classification diagram after Winchester and BI¢}977) showing
original magmatic composition of the bentonites. B, Nb/Y disiciation diagram after
Pearce et al. (1984). WPG, within-plate granite; ORG, odelge granite; VAG, volcanic
arc granite; syn-COLG, syn-collision granite.

ORG-normalized multi-element diagram for A, Wapiti benti@ta shown in Table 2, and
B, comparison of element concentrations of bentonite from Gr&ndiie (this study),
southern Alberta (Plateau Tuff, Thomas et al., 1990), and Man{@wo Medicine

Formation, Foreman et al., 2008). Normalization values B&arce et al. (1984).

A, gamma ray signature of bentonite PSK (Puskwaskau Formatioriyon B (HB1 and
HB2), and Horizon C (WRB) of the Wapiti Formation. B, comparibetween the gamma
ray signature of Horizon B and an outcrop section at the samplintitjosikaowing the

distinctive double peak marked by the presence of the muddaparating HB1 and HB2.

Fig. 10: X-Ray diffraction (XRD) traces of bentonite PSK, HBIB® and WRB. K, Kaolinite; Q,

quartz; PI, plagioclase; Ca, calcite; M, montmorillonite; ilge/smectite mixed layer.

Fig. 11 A, TAS diagram (after Le Bas et al., 1986) showing diaasion of pre-, syn-, and post-

Bearpaw volcanic ashes from Alberta and Montana.



Fig. 12: TAS classification of 51 bentonites from Western Interior Bat@posits of Alberta,

Montana, and Manitoba.

Fig. 13: A, present day geographic distribution of volcanic complexes (deek) qalong the
Canadian Cordillera active during the deposition of the Puskwasid¥Vapiti formation,
and extension of the Western Interior Basin; 1, Montana; 2h8gutAlberta; 3, Central
Alberta; 4, Western Alberta; 5, Grande Prairie; 6, M#ya. B, reconstructed distribution
pattern of volcanic ash on the basis of geochemical anadyskfiypothesized main wind
directions during the Campanian-Maastrichtian (see the text $oug#iion). Black arrows

indicate main wind directions.



10

11

12

13

14

15
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17

18

19

20

21

Average

Horizon GPS Location Thickness Color (Munsell Soil Color
(WGS84 datum) (cm) Chart, 2000)

Smoky River 40 Yellow
Puskwaskau (PSK) N5529'41"; W11808'38" (2.5Y-7/6)
. . Wapiti River 15 Pale yellow
White Mountain (WM) N5458'16"; 119°33'86" (5Y-714)
Bear Creek-Wapiti River 30 Greenish gray
Bear Creek (BC) N5506'29"; W11828'16" (GLEY1-5/10GY)
. Wapiti River 325 Olive
Horizon B 1 (HB1) N5504'49"; W118%32'11" (5Y-5/2)
. Wapiti River 150 Very dark greenish gray
Horizon B 2 (HB2) N5504'49"; W118%32'11" (GLEY2-3/10G)
Kleskun Hill Bentonite Kleskun Hill 20 Olive
(KHB) N55°5'14"; W11830'38" (5Y-4/4)
. . Kleskun Hill 40 Olive
Lizard Hill (LH) N55°5'33"; 11830'28" (5Y-4/4)
. Kleskun Hill 35 Olive
Kleskun Hill Top (KHT) N5504'28"; W118%46'28" (5Y-5/3)
. . HW40South - Wapiti Bridge 96 Dark greenish gray
Wapiti River Bridge (WRB)  N5525'33"; W11830'27" (GLEY1-4/10Y)
. Spring Creek - Wapiti River 35 Light olive gray
Spring Creek (SC) N5504'32"; W118%56'08" (5Y-6/2)
L Wapiti River 20 Olive gray
Wapiti Pipestone 1 (WP1) N5503'02"; W11906'47" (5Y-4/2)
L Wapiti River 25 Olive
Wapiti Pipestone 2 (WP2) N55902'39"; W11906'14" (5Y-5/2)
. Pipestone Creek 20 Pale yellow
Pipestone Creek (PC) N5502'84"; W11906'16" (5Y-7/4)
L Wapiti River 15 Gray
Wapiti River (WR) N5504'48"; W118%59'16" (5Y-5/1)
. Red Willow River 20 Greenish gray
Red Willow 2007 (RWO07) N5503'27"; W11922'31" (GLEY1-5/10GY)
. Red Willow River 20 Light greenish gray
Red Willow 3 (RW3) N55903'27"; W11922'31" (GLEY1-7/5G7)
. Red Willow River 10 Greenish gray
George Robinson (GR) N5502'54"; W119%59'19" (GLEY1-5/5G)
. Wapiti River 15 Pale yellow
Wapiti Bonebed (WB) N5458'16"; W11933'86" (5Y-7/4)
. Pinto Creek 5 Greenish gray
Pinto Creek 2006 (P06) N5456'86"; W11927'34" (GLEY1-5/5G)
. Pinto Creek 15 Pale yellow
Pinto Creek 2007 (P0O7) N5450'32"; W11923'30" (5Y-714)
. Cutbank River 20 Dark gray
Cutbank River (CR) N5431'36"; W118%56'43" (5Y-4/1)
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TAS

Basalt
Basaltic
andesite

Andesite
Dacite
Rhyolite

N°
Samples

Pre-Bearpaw Bearpaw  Post-Bearpaw
Age >74 MY  74<Age<73 Age<73

1 0 0

3 1 2

9 4 6

2 7 11

0 2 1

15 14 20

Geographic Area

Southern

Central

NW

Grande

Montana Alberta Alberta Alberta Prairie Manitoba
TAS
Basalt 0 0 1 0 0 0
Basaltic
andesite 0 1 5 0 0 2
Andesite 3 3 3 3 8 0
Dacite 1 1 1 5 11 0
Rhyolite 0 0 1 0 2 0
N°
Samples 4 5 11 8 21 2

Table 3
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ABSTRACT

Excellent outcrop exposures and high-resolution subcrop data hiodescription and
confident tracing of four stratigraphic discontinuities in thé/fabn-marine strata of the
Campanian-Maastrichtian Wapiti Formation (Western Intedoglénd basin, Alberta, Canada).
The framework identifies four unconformity-bounded depositional sese(A-D), based on
sequence stratigraphic methodology, well-log patterns, facegsas, and fossil associations. In
ascending order, sequence A records the transition from thdyingenarine facies of the
Puskwaskau Formation into the Wapiti fluvial facies, and consisgongly progradational and
aggradational stacking patterns. Sequences B and C showar giatiern of basal amalgamated
channel-fill deposits that grade upwards into floodplain-dominstieda. Finally, sequence D is
dominated by channelized sediments and extensive overbank fatiaggradational stacking
patterns suggest deposition under high accommodation. Maximum floadiiages are interpreted
within fine graded deposits in the upper portions of sequencel © aThey are tied to regionally
extensive coals that accumulated more than 200 km awaytfre coeval shoreline. Stratigraphic
discontinuities described in this report effectively subdivide-marine strata of the Wapiti
Formation in regionally mappable, tectonically controlled depositisequences as well as genetic
units that reflect major changes in relative base levels@ Heroughgoing subaerial
unconformities delimit alluvial successions that accumulated wudkupstreamanddownstream
controls on accommodation. The construction of a high-resolutidigstzhic framework in the
fully non-marine facies of the Wapiti Formation enables tladyais of fluvial architecture and

depositional processes within the evolving context of the LagtaGrous Alberta foreland basin.

Key words: Fluvial sequence stratigraphy, Wapiti Formation, coal seamximum flooding

surface, subaerial unconformities.



1. INTRODUCTION

The application of the concepts of sequence stratigraphy tomadne successions is one of
the more controversial and less documented topics in curratiysiphic research. Since the
relationships between fluvial beds in the proximal secticans#dimentary basin and correlative
paralic deposits are often unclear, widely accepted segratigraphic models are applied with
particular care in strictly alluvial successions. Néweless, after the development of the initial
sequence stratigraphic models (Posamentier and Vail, 1988; Miall; Schumm, 1993; Marriott,
1999; Posamentier and Allen, 1999), in recent years severias Wwave dealt with the applicability
of such approaches to the alluvial setting on the basis bfthebretical and empirical approaches
(Wood et al., 1993; Shanley and McCabe, 1998; Posamentier, 2001; &atwiel., 2003;
Catuneanu, 2006). Among the most frequently discussed topifE) dhe competing effects of
major controlling factors (i.e., tectonism, base-level asailh, and climate) in the different
portions of the basin, and (2) the identification and correlatidime significant sequence
stratigraphic surfaces. Although unconformity-bounded units have lomgreeegnized in non-
marine strata, sequence stratigraphic principles have pppéadacross a limited geographic
extent (Eberth and Hamblin, 1993; Schumm, 1993; Shanley and McC3#2k,Hamblin and
Abrahamson, 1996; Hamblin, 1997a, b; Rogers, 1998; Catuneanu and ®88eCatuneanu and
Sweet, 1999; Miall and Arush, 2001).

The Late Cretaceous deposits of the Wapiti Formation (vesdtad Alberta, Canada) represent
an ideal study case to investigate how concepts of sequestbgraphy may be applied to non-
marine successions. The Wapiti wedge represents approximately om the middle
Campanian to the early Maastrichtian) of strictly aliideposition in the proximal section of the
Albertan segment of the Western Interior Basin (WIBHi®ents originated in the rising Canadian
Cordillera to the west, whereas the deposition in the mastargin was influenced by second-order
(and shorter "8 to 5"-order) transgressive-regressive cycles. Thrusting, ithexsc loading and
load-induced foreland subsidence resulted in the accumulateothafk clastic prism that reaches a
thickness of 1300 meters at its western edge. Differeréstafgregional uplift (or rebound) and
increase in subsidence resulted in the formation of regionahtorenable boundaries between

sequences preserved in the Wapiti and equivalent formations.

2. STUDY AREA
The Wapiti Formation crops out extensively in west-centraéAtb(Fig. 1), covering more
than 75,000 square kilometres between latitudes 53° and 57°Nyregitities 112° and 121°W,

from the Edmonton region in the south (central Alberta) to TunRildge in the northwest (British



Columbia). In the Smoky River area and farther west indBriColumbia the Wapiti succession is
entirely exposed along major and minor river valleys. A denssusface database related to oil and
gas exploration exists and provides a robust framework for s@jaligranalysis. Data presented in
this study refer primarily to the Grande Prairie area, betviatitude 54° and 55°N, and longitude
118° and 121°W. In addition, subsurface data were collectedtfrefioothill region between
Grande Prairie and Red Deer (lat. 52°N, long. 113°W) in doddocument the lateral continuity of

discussed sequences.

2.1. Geology and stratigraphy

The Wapiti Formation consists of interbedded fluvial sandstdistpgae, and mudstone,
with subordinate coal and lacustrine sediments that formsiwaal-thinning wedge. A recent
stratigraphic revision of the Wapiti Formation in the Granieri@ region resulted in the
identification of five lithostratigraphic units, whose study dedcription have been based on well-
log signatures, lithofacies analysis, sedimentology, petpbgrgalynology, and fossil association
(Fanti and Catuneanu, in prep.). Newly defined units consmigpity of fining-upward sequences
bounded by subaerial unconformities of undetermined duration. In addiisonete coal horizons —
Basal, unit 3, Red Willow, and Cutbank coal zones — comtdensive tabular coals that represent a
powerful tool for regional correlations. The stratigraphic irdéstudied in this paper is equivalent
to the entire Belly River to Battle succession of cergral southern Alberta (Eberth, 1990, 2002,
2005; Eberth and Hamblin, 1992; Dawson et al., 1994a, b; Brinkm&n E2$8; Catuneanu et al.,
2000), and to the Brazeau and lower Coalspur formations southesmtdfithe Alberta Syncline
(Rahmani and Lerbekmo, 1975; Dawson at al., 1989, Osborn et al., 2006)

In the central and southern section of the basin, the maeagaw Formation marks the
top and the base of the two major clastic wedges, the Belgr and Edmonton Groups.
Differently, in the Wapiti Formation the Bearpaw shalesabsent; furthermore, the lacustrine
deposits of the Whitemud and Battle formations which cap dmedBton Group in the Alberta
plains are difficult do identify either in outcrop and wetis. The Entrance Member (help the
reader find this on a figure 2) represents the upper boundary Wfapii Formation and is
equivalent to the Entrance conglomerate of the central ftso#tslwell as to resistant sand units at
the base of the Scollard and Coalspur formations (JerzykiewitkalLean, 1980; Jerzykiewicz,
1985a, b; Mack and Jerzykiewicz, 1989; Dawson et al., 1994a).

The table of formations in Fig. 2 summarize currently propesedaccepted
lithostratigraphic nomenclatures applied to Western InterigsirBdeposits of Alberta and Montana

for the Campanian-Maastrichtian interval.



2.2. Tectonic setting

The Wapiti Formation and coeval Belly River and Edmonton groups, uinopuessty
represent a phase of great sediment supply to the forelaind Bescent studies on reciprocal
sequence architecture of marine and non-marine Campanialetec@&ze successions of the
Western Interior Basin indicate that the foreland batsatigraphy is characterized by third-order
cyclicity developed in response to opposite flexural tectorabsden foredeep and forebulge
settings separated by a hinge zone of facies transitiomtfEded Hambliln, 1993; Catuneanu et al.,
1997; Catuneanu and Sweet, 1999; Catuneanu et al., 2000). Partialdemtystrike (i.e.,
northwest-southeast) diachroneity of orogenic processes alon@uiaeli@n Cordillera and
remarkable differences in crustal shortening from the nortitretgouth (in the order of 50 and 150
km respectively) determined different timing and amplitudiesdural subsidence and an overall
south-eastward sediment transport (Cant and Stockmal, 1989; Bhdrifamblin, 1993) (Fig. 3).
Price (1994), indicate that the net basement subsidence rammes-6 km in the southwest, to 2-3
km in the northeast, and to one fifth of that amount north dfl 3&titude. This latitude coincides
with the northern section of the study area in the GrandedPregion and also would roughly
represent the hypothetical Late Cretaceous hinge line posittbe erea. In addition, the
simultaneous orogenic pulse in the Cordillera and reactivatitred®?eace River Arch in the
Maastrichtian (Gleddie, 1949; Chen and Bergman, 1999) largelyitnateti to the south-eastward
plunge of the Wapiti wedge along both sides of the AlberteclBe (Fig. 4).

Overall, well known clastic successions of southern Alb@eg Belly River and Edmonton
groups) and their formations are defined B\aBd 4" order sequences that record base level
oscillations, tectonically induced changes in sediment supplglandtic variations (Bhattacharya
and Posamentier, 1994; Catuneanu and Sweet, 1999; Catunean2a&ialEberth, 2002).
Furthermore, cryptic sequence boundaries within non-marine succdsai@been commonly
identified, among the others, by major changes in depositieoahgtries, petrography, and
lithostratigraphy (Eberth and Hamblin, 1993; Hamblin and Abrahani$@&; Hamblin 1997a, b;
Chen and Bergman, 1999; Chen et al., 2005).

3. DATA AND METHODS
The data for this paper were primarily collected by medimetailed outcrop facies analyses
of Wapiti beds coupled with dense well log coverage in thed&#®rairie area (west-central
Alberta). Data from 640 exploration boreholes were used to atséem sections encompassing the

stratigraphic interval from the uppermost Puskwaskau Formtitfongh approximately 600 meters



of the Wapiti Formation. Gamma ray curves provided the masirate representation of lithology,
sequence stratigraphic boundaries, and major marker lapetsor® were SW-NE dip-oriented and
NW-SE strike-oriented and correlation was accomplished ligrpanatching stratigraphic surfaces
and marker beds (such as coal and bentonite beds). To suppaitdatrelation of Wapiti beds,
cross-sections in the Grande Prairie area were tieditighe cross-section oriented along strike
toward the Red Deer area, south of Edmonton, where the Bearpane shales are well
represented in both outcrop and subsurface. Well 07-27-068-11W6 {l&t1'5fbng. 119° 58’) is
the reference log used in this study to document the occuméstratigraphic unconformities and
marker beds in the Grande Prairie area; wells 15-27-047-7W5 abic-Q43-3W5 are reference log
for the identification of the Oldman, Dinosaur Park, Beargawl, Horseshoe Canyon formations
contacts in central Alberta (after Chen et al., 2005).

Detailed discussion of the lithostratigraphy, coal zones, apdtatigraphic surfaces
(including subaerial unconformity and maximum flooding surfacespeovided in Dawson et al.,
(1994a), Fanti (in prep.), and Fanti and Catuneanu (in prepyndbadiical assemblages are
supplemented by published information from Srivastava (1970),kievagz and Sweet (1988),
Sweet et al. (1989), and Dawson et al. (1994a). RadioisotopipeggEnted in stratigraphic charts
are from Rogers et al. (1993), Eberth and Deino (2005), E&8@5b), Fanti (2007), Mumpy and
Catueanu (2007), and Currie et al. (2008).

The sequence stratigraphic interpretation of the clastic depdshe Wapiti Formation is
based on detailed description of facies associations aasveh the nature of the contacts that
separate them. Sequence stratigraphic nomenclature anddienmgyi adopted in this paper follows
Galloway (1989), Catuneanu and Sweet (1999) and Catuneanu (2002, 2006).

3. SEQUENCE STRATIGRAPHIC BACKGROUND

It is widely held that that fluvial systems feel thduehce of marine base-level changes
only a limited distance upstream from the coeval shorelihis. distance varies according to
different models and generally ranges between 30 and 300 kmé@lediall., 1992; Schumm,
1993; Posamentier, 2001; Amorosi and Colalongo, 2005). Critical fantbusle overall alluvial
plain gradient and tectonic context. Blum and Tornqvist (2000) exteth@elimit further upstream
(up to 400 km upstream) by referring to the extent of coastal onlagdrangressive events for
low-gradient landscapes. The landward limit of base-level comtréiLivial behaviour separates
two distinct domains in the basin: one dominatedipstreancontrols and the other dominated by
downstreancontrols (Catuneanu, 2006). The importance of distinguishing thessrdowithin the

foreland basin is of paramount importance: where fluvial procegsegyradation and incision are



unaffected by base level shifts, low- and high-accommodatgiersg tract (or succession)
terminology is preferred to lowstand — transgresssive — laigsystems tract (Olsen et al., 1995;
Dahle et al., 1997; Catuneanu and Sweet, 1999; Catuneanu and ER0Oo Moreover, Wapiti
stratigraphic architecture and distribution of major sequence boesdadicate that bothpstream
anddownstreantontrols alternatively influenced the alluvial deposition .

In addition, regionally extensive coals that accumulatbiwglluvial setting exhibits all the
characteristics essential to a sequence boundary (seew&al1989): (1) they are lithologically
distinctive and can be traced or correlate locally anabnedlly (primarily by their geochemical and
lithotipic profile); (2) they have a time significance, recagdisochronous emplacement of similar
depositional setting and are also potentially datable; andq&)beds document gaps in the supply
and deposition of clastic sediments. In addition, peat and coanatation and preservation can
only occur under maintenance of water table at adequate lexktsibstantial vegetation cover,
parameters that are both directly controlled by climaticatians. Consequently, following
Hamilton and Tadros (1994), such deposits may indicate non-ntaniredatives of marine
maximum flooding surfaces, and consequently can be refersstjaence boundariesefisu
Galloway, 1989). Relationships between flooding surfaces ardetretopment of coals, as well as
the potential of regionally extensive coal beds in intrabasoraelation are largely documented in
the literature in both proximal and distal section of flugidtems (Flores, 1984; Nurkowski and
Rahmani, 1984; Jervey, 1988; Posamentier and Vail, 1988; Posameatiel 888; Shanley et al.,
1992; Bustin and Smith, 1993; Tibert and Gibling, 1999; Wadswogh,&@002; Zdravkov et al.,
2006). With respect to more proximal sections of the alluvahpmajor raising of base level
would concomitantly elevate the groundwater table producing more mirarhed conditions, with
the development of wet soils, swamp, marshes, and lacustrii®nments (Tye and Kosters,
1986; Shanley and McCabe, 1994).

4. SUBAERIAL UNCONFORMITIES IN THE WAPITI FORMATION
Non-marine sequence boundaries associated with subaerial undtiefoare typically
placed at the base of extensive, amalgamated fluvialrehdodies which record prolonged
deposition under low accommodation and sediment bypass. Theil éedgrassion can be
represented by correlative mature paleosols or by the occaroémaximum amalgamation of
fluvial sand sheet (Posamentier and Allen, 1993; Olsen, ét4I5; Catuneanu, 2002, 2006). Such
surfaces are also associated with undetermined timeagapisequently mark abrupt basinward

shifts of facies.



This study documents four subaerial unconformities (SU) in the tiWgrmation using
outcrop and well logs. The origin of the unconformities is aaset with tectonically induced
factors, particularly episodes of isostatic uplift during orogepiescence stages. In ascending
order, upper contacts of unit 1, 2, 3, andgénguFanti and Catuneanu, in prep.) represent mappable
subaerial unconformities recording a gap in the stratigrapbmrd. Such interruptions in the

continuity of depositional sequences serve in this study as tlepaksequence boundaries

4.1. Transition between unit 1 and 2 — SUL.

The lower unconformity observed within the Wapiti succession niagkgansition from
unit 1 and unit 2, and occurs at approximately 120 meter abovaskeobthe Wapiti Formation
(Fig. 5). This sharp and strongly erosive contact juxtapasesgyfained, coastal plain deposits of
unit 1 and coarse, alluvial sandstones of unit 2 (Fig. 6B). Dspafaunit 1 reflect medium to high
accommodation conditions, and include organic-rich mudstones awspks, widespread tabular
coal seams, and relatively thin (< 1.5 meters) channel ®ar&ss In contrast, overlying beds of unit
2 consists of fining upward channel sandstones up to 30 meteatiddkclude a variety of
interbedded finer deposits that represent channel top, chaarghrand levee, and overbank
paleoenvironments. Coal beds are rare and discontinuous, ussaltyaded to wet and immature
paleosols. This contact is easily recognized in well log bipeky, low gamma response and is also
associated with an increase in matrix porosity Best expssirthis unconformity are located

along the Smoky and Simonette Rivers, east of Grande Prairie

4.2. Transition between unit 2 and 3 — SU2.

This erosive-based unit boundary occurs at approximately 220 rabtars the base of the
Wapiti Formation and is well exposed along the Smoky Rivdrad@Srande Prairie, south of its
merge with the Wapiti River. The boundary consists of massid amalgamated channel
sandstones overlying fine grained alluvial plain facias,(overbank, crevasse splays, channel
margin, and paleosols) (Figs. 5 and 6C). This sandy intesrdaiminated by decametre-thick,
channel remnants with sheet-like to lenticular geomeitiesaches an overall thickness of 40
meters and suggests deposition under very low accommodation con¢kigprdD). Paleocurrent
patterns change across units 2 and 3. Measurements indidateestsriented flows in unit 3
(between SU2 and SU3), whereas other Wapiti deposits dispklynast uniform south-north
pattern. In fact, a south-north pattern for sediment transjportaould reflect a trend normal to the
progradation of the flexural hingeline during the Campanian-Mahs#n interval, thus indicating

upstream controbn sediment dispersal patterns (Fig. 3). In contrast, temss oriented sediment



transportation would be justified only by a nearby major depocesiarthe case of the inland

Bearpaw seaway and consequent downstream control.

4.3. Transition between unit 3 and 4 - SU3.

The top of unit 3 marks an abrupt transition from high to low accomtioodzonditions as
well as a major shift in the channel-overbank ratio. Umst&haracterized by fine-grained deposits
that accumulated on an aggrading coastal plain. Sandslesited in meandering channels and
are interbedded with widespread coal beds and peatdesatloped paleosols, and bentonites,
together indicating high-accommodation conditions. In constraatastbove the unconformity are
fluvial facies dominated by ripple-laminated, tabular sandstaed a stacked-paleochannel
architecture which record an abrupt decrease in accommodgigpi6E). In subsurface, this
unconformity correlates to a blocky, low gamma ray response tbatsoat approximately 360
meters above the base of the Wapiti Formation. As for thaticanbetween unit 2 and 3,
paleocurrent measurement indicate a shift in the flowtsnpatfrom a west-east trend below the
unconformity to a north-west predominant flow above the contact.eBpssures of this
unconformity are located at the Kleskun Hill Park (north ea&rahde Prairie) and along the
Wapiti River.

4.4. Transition between unit 5 and the Entrance Member (lowela8t&ormation) — SU5.

The contact between the Cutbank coal zone at the top of unit 5eandettlying Entrance
Member (Scollard Formation, Dawson et al., 1994a), is comnabrypt and easy to define in both
outcrop and subsurface. Exposures of this contact display fine-gyraimggnic-rich, coal bearing
strata of unit 5 cut by massive, highly cemented, browni$ighogrey, coarse grained sandstone
beds referred to the Entrance Member (Fig. 6F). Paleatunmeasurements from tabular and
trough cross-stratified structures indicate predominant north-eddiaws in unit 5 deposits,
whereas Entrance beds display a N70W flows direction.

This upper boundary of the Wapiti Formation crops out along both ft#rtke Cutbank
River and in several roadcuts along the Highway 40 South bat@eande Prairie and Grande
Cache.

5. WAPITI COALS AS SEQUENCE BOUNDARIES
Within the Wapiti Formation, four discrete stratigraphic inds\are characterized by
regionally extensive, meter-thick coal beds, whose occurteas®een largely documented in both

outcrop and subsurface: in ascending order, the major coal bearia@re: the Basal coals (unit



1), the coal seams of unit 3, and the Red Willow and Cutbaalkzones, respectively, at the top of
units 4 and 5.

The basal coals are comparable in age and thickness to theya&hZone of the
Foremost Formation (basal Belly River Group; Gleddie, 1949; Harahtl Abrahamson, 1996;
Beaton et al., 2006). Palynological studies carried out by Dawsdn(€994a) indicate that this
coaly interval contains a middle-late Campanian assemblagilisavithin theAquilapollinites
trialatus Zone (Sweet et al., 1989). Consequently, coals are coevathgitower Belly River
Group as well as lower Brazeau Formation. Basal coal lepadssent the first major coal and peat
accumulation within coastal plain sediments of the W#joitmation.

The occurrence of the zonal index spe&8esllardia trapaformisandMancicorpus gibbus
(early Maastrichtian) indicate that the Cutbank coalappeoximately coeval to the Carbon and
Thompson coal zones of the Alberta plains (Gibson, 1977; McCabe E3&9), as well as to the
Whitemud and Battle formations (Srivastava, 1970; Dawson, &i%4a, b; Braman and Sweet,
1999; Eberth, 2002), thus suggesting a tectonically influenckattien in sediment supply and a
major environmental shift on a basin scale.

In contast, radioisotopic, paleontological, and palynological plat@de evidences that coal
beds of unit 3 and the Red Willow coal zone represent inland expmesf maximum flooding

surfaces and therefore are also interpreted as gengtiers®e boundariesénsuGalloway, 1989).

5.1 Unit 3 coals

Fine-grained deposits of unit 3 are characterized by the recwer of three tabular, meter-
thick coal beds overlying well-developed reddish peat dep@sgs7A). Coals are frequently
interbedded with bentonites, organic-rich mudstones, and amaaolyncapped by widespread and
heavily rooted paleosols. The pronounced change in fluvial ecttnie from amalgamated sand
sheet to meandering channel system suggest that upp8raatitmulated under increasing
accommodation concomitant with the coeval Bearpaw transgeesgent. In addition, a bentonite
layer occurs within the coal-bearing interval yielded®m/*°Ar age of 73.77 + 1.46 My (David
Eberth, pers. comm. 2006). This age is consistent with tHeNfiBage reported by Obradovich
(1993) for the maximum transgression of the Bearpaw Seawantral Alberta Baculites
compressugone, Gill and Cobban, 1973). In the Edmonton area, the trankiacies separating
the Bearpaw shales and the overlying beds of the HorseshoerClaoymation are characterized by
two widespread coal zones, the Basal and the Drumhelérzones, separated by the lower and
upper Bearpaw Marine Tongue (Chen et al., 2005). Coal deposisioitecefrom the gradual and

repeated shifting of facies between the Bearpaw masimgues and the Horseshoe Canyon non-



marine deposits: such interval is characterized by dt fieasmajor flooding surfaces, of which the
lowermost represent the Bearpaw maximum flooding surface andecaiaced across most of the
WIB, including west-central Alberta. The deposits that docurtieninitial Bearpaw transgression
are represented by conformable succession associated witteveddpment in all parts of the
basin, including equivalent deposits in northern U.S. (Catunealn &097; Chen et al., 2005;
Hanczaryk and Gallaher, 2007).

The sequences of coal bearing strata that are assowi#tiettie Bearpaw T-R cycle are
illustrated in Fig. 8. The first flooding surface of the Beav Sea has been chosen as reference
datum, and also marks the MFS of which coal seams of unét tBi@ inland correlative expression.
This cross section also illustrates the occurrence of widadmoals associated with regressive
transitional deposits that correlate with the lowermost ésfrge Canyon Formation beds and coal
zone. Coal distribution, as well as regional nomenclaturalrdiifees, reflects different timing of

the south-eastward withdrawal of the inland Bearpaw sealoag the eastern margin of the basin.

5.2 Red Willow Coal Zone

The Red Willow coals occur in the upper 40 meters of unitddame conformably overlain
by fine-grained alluvial facies of unit 5 which is essehtibarren of coal. Coal beds are up to 1.5
meter thick and commonly interbedded with dark grey carbanscaudstone (Fig. 7B). With
minor exceptions, seams tend to pinch out over relatively stisédince and document deposition
under high accommodation conditions associated with significanttrexiic sediment supply.
Palynological, magnetostratigraphic, paleontological, and ssedotogical data indicate that the
Campanian-Maastrichtian boundary, (70.6 My, Odin and Lamauggl@L; Ogg et al. 2004) lies
within coals occurring at the top of unit 4, referred &sRled Willow coal zone (Srivastava, 1970;
Dawson et al., 1994a; Fanti and Catuneanu, in prep.). Conseqtieggly beds are also equivalent
in age to Unit 2 of the Horseshoe Canyon Formation (Eberth, 20@Rpaaticularly to the
Drumheller Marine TongueB@culites grandigzone, Gill and Cobban, 1973) that has been recently
assessed an age of 70.4 My (Gibson, 1977; Lerbekmo and Brad@ay,0gg et al., 2004; Eberth
and Deino, 2005; Wu et al., 2007). Similar for coals of unilugjdl-body stacking patterns
together with an inferred phase of high water table conditioggest a strong influence of base-

level oscillation associated with the Drumheller Marine Tortgaiesgression in central Alberta.

6. DISCUSSION
Based on the recognition of regionally mappable subaerial uncotigsrhis study reveals

that the Wapiti Formation consists of four unconformity-bounded deposiseqaknces (A-D). In



ascending order, Sequence A marks the transition from the undemigrine facies of the
Puskwaskau Formation to the Wapiti fluvial beds, and consistsooigty progradational to
aggradational (high accommodation) deposits and is bounded at tne $il. Sequences B and C
consist of amalgamated channel-fill deposits at the baseaitoemmodation), which grade
upwards into more floodplain-dominated successions (high accommgdadtieir upper contacts
are SU2 and SU3, respectively. Sequence D is dominateltbloyels and extensive overbank
facies, indicating high accommodation and vertical aggradaticnsequence is bounded at top by
SU4. Subaerial unconformities that bound these sequences are eustiedded in the study area as
well as in the strike oriented section along the foothillorgBUL1, 2, and 4 become conformable
facies contacts only in the most distal section of the bdgferently, SU3 is difficult to trace east
of the Smoky River valley. Regionally extensive coals of 8r@hd uppermost unit 4 represent
conformable facies contact correlative to the Bearpaw Fasmatid Drumheller Marine Tongue
MFS respectively. Therefore, it is possible to refer thetigraphic interval between such deposits
as a genetic stratigraphic sequence (Galloway, 1989).tmsgnificant problems related to the
application of this model (i.e., the occurrence of subaer@dnfiormities within the sequence, the
rate of diachroneity along Dip and Strike, Posamentier alehAL999; Catuneanu, 2006), the
basin-wide extent of maximum flooding surfaces in both marine amighental strata of the
sedimentary basin represents a powerful tool for long distancsatmns.

The conformable transition from the marine shales of the Plkslaugormation to the
fluvial facies of the Wapiti Formation consists of regnessleltaic deposits that pass gradationally
upward into the coaly facies of the Basal coal zone. This sequghares many similarities with the
Lea Park/Pakowki — Belly River transition in central and lseut Alberta at approximately 79.1
My (Hamblin and Abrahamson, 1996; Gordon, 2000; Eberth, 2005). Itiaddhe Basal coal
zone is similar in depositional setting and age to the Mc@m} Zone. The uppermost Lea Park
Formation, Belly River Group (Foremost, Oldman and Dinosaur fionsgtand the Bearpaw
Formation of central Alberta are here interpreted as latitre to uppermost Puskwaskau
Formation and Wapiti lithostratigraphic units 1, 2, and 3. Paatigt) the widespread amalgamated
channel at the base of unit 3 are tentatively correlaittdtiae Clagett cyclothem maximum
regressive surface at the base of the Dinosaur Park Fom(@6.4 My,Baculites scottzone,
Caldwell et al., 1993). The top of this biozone also marks the boubhdtwgen middle and upper
Campanian at 76.2 My (Kauffman et al., 1993; Obradovich, 1993).

The MFS of the Bearpaw Formation (73.4 My, Obradovich, 1B88ulites compressus
zone, Gill and Cobban, 1973) lies within the fine-grained flulegosits in the upper portion of

unit 3, that show an overall trend from very low to high accomnmaabnditions. Regionally



extensive coals have been assessed an age of 73.77Myl.4iGspite a significant error margin,
this age is supported by a sec8M¥/>*Ar age of 73.25 + 0.25 My from the lowermost beds of
overlying unit 4 (Eberth, in Currie et al., 2008). The idecuifion of deposits correlative to the
Bearpaw MFS within the Wapiti Formation (coal beds of unitr8)icate that a conformable facies
contact can be used for the formal subdivision of the BellyrRind Edmonton clastic prisms in
central and north-western Alberta.

The well known formations of the Edmonton Group (i.e., HorseshagddaWhitemud,
and Battle formations) are equivalent to Wapiti unit 4 anddal-bearing zones restricted to the
more distal section (particularly coals #0-10 within the Helvee Canyon Formation) are here
interpreted as expression of MFS during high-stand conditions. Wa#pdti deposits, such
conditions are expressed by overall high accommodation conditionyetseunit 4 channel
architecture. Particularly, coal seam #10 of the Horseshogdd Formation is associated with the
Drumheller Marine Tongue transgressive event and its MFS {{.4&berth and Deino, 2005;
Baculites grandizone, Gill and Cobban, 1973). In the Wapiti Formation, the RédWw\toals are
correlative with the Drumheller Marine Tongue, also markirggCampanian-Maastrichtian
boundary (70.6 My). Wapiti unit 5 shows an upward increase in aleagecommodation that
culminate with the Cutbank Coal zone, coeval with theydddastrichtian Carbon-Thompson coals
of central Alberta and most likely with the Whitemud and IBdtirmations.

The Wapiti Formation is capped by the Entrance Memberedltlver Scollard Formation
(~67 My), which distribution has been largely documented fierdint sections of the WIB. Figure
9 illustrates the proposed correlation between sequences glgmithin the Wapiti succession and
correlative deposits of central and southern Alberta.

Discussed lithostratigraphic units and depositional sequendgis tie Wapiti Formation
were described and documented in their lateral variatsimg several geological approaches,
including detailed facies analysis, petrography, palynologitélpaleontological associations,
radioisotopic ages, geophysical well log signature, and segstmatigraphic approaches.
Therefore we propose to consider the Wapiti succession esup,@aising the previously

recognized Wapiti Formation (McLearn, 1919) to Group status.

7. CONCLUSIONS
The along strike structural flexuration of the Alberta forelbasin resulted in an overall
south-eastward plunge of the basin in west-central Albgr¢aspace created from this process was
filled by marine deposits to the southeast (Bearpaw Formatranjitional strata in the Edmonton

area (Bearpaw-Horseshoe Canyon transition), and by non-maritzeisttiae Grande Prairie



region. In this proximal area, base-level oscillations eel&b the Bearpaw Seaway transgression
resulted in: (1) a shift frorapstreanto downstreantontrol in the fluvial architecture and
deposition; (2) significant increase in accommodation couplddhigher water table conditions;
and (3) reorganization of the fluvial drainage system fraroweerall northward directed trend to an
eastward directed system. Remarkably, according to pale@gddg maps for the Bearpaw time
(Dawson et al., 1994b), Wapiti coals deposited approximately 256al&nd from the reconstructed
shoreline in the Edmonton region and therefore represent atoaseto support the utility of
regionally extensive coal seams as stratigraphic markkis sfudy shows the coal seams to mark
regionally significant maximum flooding surfaces that candxtto marine transgressions.

As pointed out by Eberth (2002), although changes in sediment sappbynmodation,
base-level oscillation, and climate may result in draanatriations within and between units, the
co-occurrence of the expression of such parameters atrasoat® suggests strong genetic
correlations. This study indicates that previously identifidob&tratigraphic units in the
Campanian-Maastrichtian Wapiti Formation of western-ceAlladrta also provide fundamental

information for a sequence stratigraphic interpretation of thpit\clastic system. Particularly,

1. Facies analysis, palynological and subsurface data doctonenégionally mappable
subaerial unconformity that delimit unconformity bounded depositi@talences (Sequences A-
D). Overall they consist of fining upward alluvial deposits ctiarézed by amalgamated channel-
fill beds at the base (low accommodation) which grade upwatadsriore floodplain-dominated

successions (medium- to high-accommodation).

2. The maximum flooding surface of the Bearpaw seaway,hnikia reference marine unit
in central and southern Alberta, lies within the fine-grainadidl deposits in the upper portion of
Sequence C (lithostratigraphic unit 3). Within Sequence D, theVR#dw Coal zone is age-
equivalent to the Drumheller Marine Tongue transgressive eammshtmarks another maximum
flooding surface within the fluvial deposits of the Wapiti Formatibimerefore, this study supports

the utility of regional coals as conformable genetic sequence beesmdanon-marine successions.

3. The identification of regionally mappable lithostratmrig units and time significant
sequence boundaries within the Wapiti succession, whose desteaptl extent is consistent across

all data types and analyses, support to elevation of Wrpitiation to Group status.
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Figure Caption:

Figure 1: Regional map of the study area showing outlineedi\thpiti Formation and correlative

middle Campanian to early Maastrichtian successiotiwirhlberta foreland basin.

Figure 2: Selected Campanian and Maastrichtian lithogtagtnies in the Western Interior Basin.

Sources: Alaska and west-central Adhdranti, 2007, Currie et al., 2008; central-southern
Alberta, Eberth and Deino, 2005, Eberth, 20@Bnp and Catuneanu, 2007; north-
western Montana, Rogers et al., 1993.

Figure 3: Foredeep position during consecutive time slice afdig Campanian — late
Maastrichtian interval in the evolution of the Albertadland system (modified after
Catuneanu, 2004). Arrows indicate main direction of load $b@t.early Campanian;
MC, middle Campanian; LC, late Campanian; EM, early Madwian; LM, late
Maastrichtian.

Figure 4: Along-strike stratigraphic cross-section in thieeftia foothills region documenting the
south-eastward plunge of the foreland basin. A, present ddy oijotwver and middle
Campanian succession. B, reconstructed middle Campanikndbges of pre- and syn-
Bearpaw successions. The proximal and distal sections of shredifer in thickness of
almost 200 meters that accumulated in the eastern margtly mosng the tectonically
induced Bearpaw transgressive event.

Figure 5: A, cross-section (gamma-ray) showing the contastka the marine Puskwaskau
Formation and the fluvial Wapiti Formation. The basal Wdjatis are characterized by
the regionally extended Basal coal and Basal Coal Zonehgeext for discussion). SU1
marks the contact between lithostratigraphic unit 1 and 2. Déislesdndicate bentonites.
B, cross-section (gamma-ray) illustrating lateral continoftSU1 and SU2 from the
Grande Prairie region to central Alberta. Widesprea@dlgamated channel sandstone
occur at the base of unit 2 and 3. Predominant paleocurrertiaticeare represented by
rose diagrams. Dashed line indicates bentonites.

Figure 6: A, normal regressive deltaic deposits at the Pasiau-Wapiti transition (Belcourt
Creek, British Columbia); B, SU 1, Simonette River. C,Z$moky River; D,



amalgamated channel at the base of unit 3 (sequence @ifj Riger; E, SU 3, Wapiti
River; F, SU 4 and the contact between coaly facié¥agbiti unit 5 and coarse grained
deposits of the Entrance Mbr., Athabasca River, courtesisafBonach.

Figure 7: A, tabular coal seams of unit 3 cropping out at teekkin Hill Park (north-east of
Grande Prairie). Dated bentonitic layer occurs approximatehgters below coal #1. B, a
couplet of coal seams in the Red Willow Coal Zone interbeddkbdight coloured
carbonaceous mudstone (Pinto Creek).

Figure 8: Cross-section illustrating the stratigraphic aetue of major coal zones and coal seams
with respect to the second order Bearpaw trangressive &lenfirst flooding surface
recognized in the Bearpeaw Formation (73.4 My) is usedattgsaphic datum. Coal
seams of unit 3 are interpreted as expression of the BeMp&8ywhereas coal zones in
the Horseshoe Canyon Formation developed in respon&eaialér flooding event during
the Bearpaw high stand phase.

Figure 9: Proposed style of reciprocal stratigraphies of Cegéaceous successions in the Western
Canadian Sedimentary Basin. White areas indicate magirccl@edges, grey areas
represent marine sedimentation (modified after Mumpy andn@atu, 2007). 1,

Baculites McLearniMFS of the Lea Park Formation;Raculites scottilower boundary
of the Bearpaw cycle; Baculites compressuBearpaw MFS; 4, Drumheller Marine

Tongue MFS, 73.4 My. Black boxes indicate major coal zones.
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Abstract

This study reports on a new microvertebrate locality fronCdm@panian~<74 My) fluvial
beds of the Wapiti Formation in the Grande Prairie area (@eggtal Alberta, Canada). This
locality represents deposition on a low-gradient, waterlogdedall plain approximately 300 km
to the north west of the Bearpaw Sea. Detailed sedimental@nalyses suggest an environment
characterized by an high-sinuosity channel system responsibdedespread oxbow lakes, bogs
and marshes. A total of 260 identifiable elements wemvered from three distinct sites at the
Kleskun Hill park, documenting a diverse terrestrial anshfr@ater palaeocommunity. The
recovered fossils include those from hatchling- to nestlingdshadrosaurid dinosaurs, indicating
the presence of a nesting ground in the area. This is thefidence for dinosaur nesting site in the
Wapiti Formation and simultaneously an extremely rare evalehbigh-latitude dinosaur nesting,
the northernmost in North America to date. A large numbezashtof the small theropadoodon
are associated with baby hadrosaurids in the site supportinghamoaffinity of this taxon as well
as a previously proposed predator-prey association. Other dinasaless common at the locality
and include large and small theropods (i.e. tyrannosdsaigrornitholestesRichardoestesia
Paronychodonand dromaeosaurid) and five ornithischian taxa. Fish, squaidle, and mammal
elements were also identified. Collectively, the vertebfassil assemblage from the locality allows
palaeocommunity reconstruction in the Wapiti Formation. The itapoe of the data collected
from the new locality is twofold: first of all they represéme first comprehensive report from a
geographically significant area located between the aefipded fossil localities of southern
Alberta and the high-latitude localities of Alaska. Furthememdre reconstructed vertebrate fauna
support latitudinal gradient of vertebrate distribution along tlestérn Interior region during the

Late Cretaceous.

Keywords: Wapiti Formation, palaeoecology, palaeocommunity, microverebréssil,

Campanian, dinosaur nesting.



1. Introduction

Microvertebrate localities from both marine and non-mariposiés are a powerful tool for
the study of palaeoecology and palaeobiogeography. They represgnsaurce of information on
local biota and are useful in addressing a variety of questigraaeoecology (Sankey 2008a).
This study is a preliminary report on a new Campanian microflossility from the Wapiti
Formation beds exposed at the Kleskun Hill park (Grande Peag& north western Alberta,
Canada), and the first attempt to document the terretgtxialin the formation during the maximum
transgression of the Bearpaw Seaway in the Late Cretaddighsresolution sedimentological data
and an analysis of the heterogeneous fauna were combinehtateshe local biodiversity and the
relative abundance of selected groups of vertebrates. Inrsg, aa focused primarily on faunal
composition and comparison, and address implications on environneitakfthat characterized
the fauna also on the light of the proposed north-south biozonati@ntebrate taxa during the
Campanian in western North America (Brinkman, 1990; Eb&880; Brinkman et al., 2004, 2007;
Eberth and Brinkman, 1997; Ryan et al., 1998; Fiorillo and Gan@o@0; Lehman, 2001; Sankey,
2001, 2008a; Baszio, 2008; Wilson, 2008).

This paper consists of three parts: 1) a detailed descrigtsmatigraphic,
sedimentological, and palaeocological signatures at the Kleskug)Hh statement of the diversity
of the vertebrate assemblage recovered; and 3) a discossiba implication of this locality on

latitudinal gradient of vertebrate distribution in the Véestinterior during the Late Cretaceous.

2. Geographical and Geological setting

The Kleskun Hill park area is located approximately 25 km nortleéd3rande Prairie
(north western Alberta) on the left side of the Smoky R{i#g. 1). Discontinuous badlands
exposures, the most northern occurrence of this peculiar geomorpholsiiperta (Byrne, 1955),
rise up to 100 metres above surrounding plains over an aresof18he Kleskun Hill badlands
have been considered for years as the richest fosdityocathe Grande Prairie area: hundreds of
disarticulated hadrosaur bones and other dinosaur remains coiletitedl940’s were referred to
an unknown locality within the area (Tanke, 2004). However, tottatcality has been neither
mapped nor documented and a description of squamate jaws by &diriiel) is the sole
published work on the Kleskun Hill fossils.

The first geological report on the Kleskun Hill was made dgmand Carr (1946) who
tentatively correlated the exposures to the lower Edmonton Eomsoutheast to the area.
However, data from geophysical well logs of exploration boreholdicate that strata exposed at

Kleskun Hill Park lie approximately 340 metres above the ba#ge Wapiti Formation, within a



lithostratigraphic unit characterized by medium to high accodation conditions, decimetre-to-
metre thick bentonitic layers, and well developed, tabuldrsszans (Fanti, 2007). This unit is
considered an inland equivalent of the Bearpaw shale alatamid southern Alberta, rather than
that of the lower Edmonton Group (i.e. Horseshoe Formation). Supptrigngprrelation is a 20
cm thick, olive volcanic ash layer located in the lowestsection of strata exposed in the park
(Fig. 2) which yielded af’Ar/**Ar age of 73.77 + 1.46 My (Eberth, in Fanti, 2007). Thisiage
roughly equivalent to the maximum transgression of the Bearpame$éa central and southern
Alberta Baculites compressumne, 73.4 My; Obradovich, 1993). Therefore, the Kleskun Hill
palaeofauna is a rare terrestrial fossil assemblagedrsimatigraphic interval represented by
marine deposition elsewhere in western Canada and norterwéstited States. Furthermore, the
Wapiti fossil record is geographically important, as thaliocis between the deposits of southern
Alberta and the high-latitude fossil localities of Alask#e(present day distance is in the range of
400 km north and 3200 km south respectively).

Palaeogeographic reconstruction for the late Campanian of Noréri¢a place the
southern Alberta localities (Belly River Group) at about 58°Negualatitude, the Grande Prairie
localities at approximately 65°N palaeolatitude (Scotese, 199ikrBan, 2003), and the Alaskan
localities between 75° and 85°N latitude (Smith and Briden, 19@@jef et al., 1983; Witte et al.,
1987). Therefore, in this study the Kleskun Hill park assemb$ageerred as high latitude.

3. Materials, methods, and institutional abbreviations

For this study, the Kleskun outcrops were prospected from 2004 toti6€8ed to the
identification of three restricted areas where erosivegages and surface hydraulic transportation
had concentrated vertebrate remains. These spots willdseerbto in the text and figures as Site
A, B, and C. Detailed outcrop analyses resulted in a composis-section of the study area (S-S,
Fig. 2) that permitted to document reciprocal stratigraptécimence of fossiliferous sites. Colours
used for sedimentological descriptions follow the Munsell Soib@oChart.

Following discovery of fossils from the surface of the outceop,nf area was excavated in
2004 at Site B by the field crew of Royal Tyrrell Museum d&Pantology (Drumheller, Alberta,
Canada). Sandy and silty sediments to the depth of 40 cencobected for screen washing (sieves
of 1 mm). With about 90% of the collected matrix screemetisarted, 29 specimens have been
identified. In addition to this, surface collection at SiteBAand C yielded 231 identifiable
specimens (for a total amount of 260 specimens), primaritpploe teeth and hadrosaurid

postcranial and teeth fragments.



The collected specimens were primarily identified and coetpaith those from the well-
described Campanian-Maastrichtian vertebrate fossiirdgages in southern Alberta (Brinkman,
1990; Currie et al., 1990; Brinkman and Neuman, 2001; Eberth 2081; Sankey et al., 2002).
Identification of hadrosaurid elements, particularly of juveaihd baby-sized individuals, is based
on comparisons withlypacrosaurus stebingetHorner and Currie, 1994)Jaiasaura peeblesorum
(Horner, 1999), and hadrosauridae indet. from the Horseshoe Canyanefajla 1998) and
Dinosaur Park formations (Tanke and Brett-Surman, 2001) ofrtalbend the Fruitland Formation
(Hall, 1993) of New Mexico. Identification and terminology béttheropod teeth follow Currie et
al. (1990), Baszio (1997a), and Fanti and Therrien (2007).

Institutional abbreviationUALVP, University of Alberta Laboratory of Vertebratel&sontology,

Edmonton, Alberta, Canada; TMP, Royal Tyrrell Museum ofd&aitology, Drumheller, Alberta,

Canada.

Other abbreviationsBW, tooth basal width; FABL, fore-aft basal length; TGbébth crown height.

4. Sedimentology

Fluvial deposits exposed at the Kleskun Hill represent a mettitimgh sinuosity channel
system within an alluvial plain and comprise predominantlgrbedded mudstone, siltstone, and
minor sandstone. Sedimentological analyses and facies agswiatlicate that, overall, the
depositional environment was a low-energy, swampy alluvial atesre a series of light coloured
bentonitic sandstones, organic rich-mudstones, coal seams, thdmie and ironstone beds
accumulated under medium to high accommodation conditions (Fig. 2).

The presence of three discrete and laterally persistenbedalpermitted to reliably refer
different outcrops and fossiliferous sites to a compositegtrghic column; significant variations
in geometries, lithology, and palaeocurrents within observed idchieeerolitic strata (IHSensu
Thomas et al., 1987) allowed to identify two overlapping interivathe exposed strata.

The lower interval (zone 1) is characterized by <1-4 mehiek fining-upward sequences
of silt and mud with minor fine grained sandstone. Trenches thrivugjve outcrops show dips of
bedding planes between 20° and 35° suggesting a significant compblatetad accretion. IHS
consist of brownish silt and grey, organic rich mud forming a graladgthms within individual
inclined units (Fig. 3A). Vertical accretion on top of Ii¥Slocumented by oxbow and back swamp
deposits that include brown and green mudstones interbeddedeatidnd immature paleosols,
bentonitic horizons, and thin ironstone lenses (Fig. 3B). Gypssritstgd and carbonaceous

concretions and nodules are recurrently associated with bigiired sediments of this interval.



Lastly, channel fill deposits of zone 1 are capped by reddesthheeizons, 40 cm thick on average,
that gradually change into tabular coal seams up to a rhetketlhat deep gently westward with an
angle of 10-11°. Such layers have been traced at the Kléskyoark over an area of
approximately 40 kias well as in several well logs in the Grande Rra&gion, thus supporting
the presence of high-water table and swampy environments gast area. Vertebrate remains
described herein were primarily recovered from fine, oxgainh deposits of zone 1.

The overlying interval (zone 2) consists of up-to 7 metre& finiing-upward sequences of
low angle (5-10°) interbedded sand and silt. Sporadic pebbles anmirem®dules occur at the
base of inclined beds (Fig. 3C). Sandstones are light greglour, fine grained, and characterized
by a pervasive carbonate cement. Mud component is nearly abpskergstricted to discontinuous
lenses. Fining-upward deposits are often cut by channel-bassafids and locally topped by 10-15
cm thick, discontinuous ironstone layers. In spite the fact thafisd plant and wood remains are
ubiquitous within this interval, zone 2 lacks organic-rich bedggzalls, as well as peat and coal,
suggesting higher drainage conditions and minor distance fronstitie @hannel belt. To date, few
and poorly preserved vertebrate remains have been recovarethis interval.

The transition from zone 1 to zone 2 is interpreted as afsimfthighly vegetated, swampy
and bog-rich environments characterized by permanent high-tabterconditions to the active
channel belt within the alluvial plain. Differences in lithofaand clinoform geometries observed in
zone 1 and 2 may also reflect local variations in simeosity, and pattern of the channel system
and consequent extension of oxbows and back swamp areas. Pataganeasurements (n=25)
taken either parallel or perpendicular to that of clinofofos both zone 1 and 2 indicate
predominant flows direction toward the northeast (average oreaSurements N60°E). However,
a certain degree of variability observed is consisterit avitigh-sinuosity fluvial system.

Lastly, the top of the exposed interval at the Kleskuhisiiharked by a 35 cm thick,
laminated, carbonate cemented sandstone that also denotesstirg gay prairie level
morphology. The subaerial, strongly erosive nature of its basgdct and the coarser grain size of

the sandstone suggest a crevasse splay origin.

5. Palaeopedology

The presence in the study area of distinctive paleosoéd=leatures provides useful
information on soil acidity, precipitations, and water saturaft@dotype are associated with
specific environments (Fastowsky and McSweeney, 1987; Retalladk 1987; Retallack, 1994,
2001; Schaetzl and Anderson, 2005) and therefore may provide a relabte investigate local

environmental and climatic conditions preserved within the Klesklinéposits. Pedotypes



features observed in the study area include well developgdipposits, tabular coal seams,
ironstone layers, bentonitic heavily rooted soils, as welldesisic, calcitic, and gypsic concretions,
and discontinuous siliceous/tuffaceous horizons.

The presence of several decimetre-thick peat levels watme 1 indicate a water-saturated
environment with persistent high moisture content, such as beg,ocharacterized by acidic
conditions. Peat results from decomposition of significant ammfumtganic matter (usually plant
remains) that accumulated under swamp, marsh, or other Kindgetation that can tolerate
permanent waterlogged grourtdigtosol Retallack, 2001). The presence of extensive vegetation
and still water is also indicated by abundant plant remaitiérvthe peat layers (including coalified
roots, seeds, leaves, and amber), overlaying well developéda&ams, and laminar calcitic
concretions generated by flocculation processes. Tabular, desithiek ironstone deposits, also
support the presence of widespread bogs in the area and siginifinounts of percolating water
under tropical or sub-tropical climatic regimes. Acid soil condgiare also responsible for higher
Fe concentrations and therefore for the formation of observedditdnodules and ironstone
layers. The presence of siliceous nodules and tuffaceous ttonsreithin the uppermost portion
of channel fill deposits of zone 1, probably reflects interssgviation processes of volcanic ash
soils over a period of weathering under humid climatic camthtiPodzols Schaetzl and Anderson,
2005). In support of this hypothesis, similar processes observedamgypical of environments
characterized by very humid to temperate moist climaté, Wwager table, and associated with
coniferous or mixed forests. However, such processes radighhi grey coloured horizons deep in
the ground, whereas at the Kleskun Hill chert accumulatedapghinin concretions that represent
casts of roots and cavities. Large, bidimensional (3-5 cpdwgwy crystals and concretions are fairly
common within the silty intervals of zone 1 and 2; their abnoéauggests paleosol development
with possible wet-dry cycles, strongly connected with periodsabpged subaerial exposure
(Retallack, 2001; Schaetzl and Anderson, 2005). However, susfalsrgre most likely related to
digenetic processes influenced by sulphur-rich percolating wateby intense bacterial activity
within organic rich bogs (Phillips and Bustin, 1996), as also deated by high sulfur contents

within the sediments (more than 600 ppm on average).

6. Vertebrate palaeontology

Dinosaur elements represent nearly 87% (n=225) of the 260 fodkisi@d from the
Kleskun Hill Park and consist predominantly of hadrosaur and thereptd (includingfroodon
tyrannosauridsSaurornitholestesRichardoestesigParonychodondromaeosaurids, and a bird),

and hadrosaur postcranial elements (Fig. 4). The remainiogrsgpes include elements from fishes,



squamates, turtles, ankylosaurids, ceratopsids, pachycephalosaugidsammals, all
characteristic components of Campanian terrestrial asagetin western North America (Ryan et
al., 1998; Brinkman, 2008; DeMar and Breithaupt, 2008, and refertreres).

6.1. Fish

Three different taxa of fish have been collected framBj each represented by a single
type of element: an esocoid dentary (TMP 2004.23.7), three batost scales (TMP 2004.23.6),
and a holostean B scale (TMP 2004.23.8; Fig.7). The esocoidybataC-shaped tooth bases as
in those collected from the Campanian of southern Albemthjsamost similar t®©ldmanesosp.
in that there are only one or two rows of teeth (Brinkman 198i@k@an and Neuman, 2002). As
in Oldmanesoxthe tooth row is single in the posterior part of the dgr{téig. 7, A-D). The scales
of holostean A are identified by a peg-and-socket joint, thameh cover, and absence of tab-like
extension (Brinkman 1990) (Fig. 7, E-G). The holostean B ¢E#&e H) differs from those of a
holostean A in that it has multiple tubercles on the enathsiieace (Brinkman, 1990). The fish
elements are virtually indistinguishable from those descriitzed the Campanian of southern
Alberta (Brinkman, 1990; Brinkman and Neuman, 2002) (Fig. 7, A-M)

6.2. Non-dinosaurian reptiles

A possible turtle carapace fragment was collected fraen/S(Fig. 7), but the weathering
on the surface precludes possibility of identifying the elemefutrtber taxonomic level.

Squamate remains are relatively abundant and well-preser&ig A, consisting of
articulated skulls and several isolated cranial and postdrelements. Specimens were recovered
exclusively from a discrete bentonitic paleosoil that ocauthe organic-rich deposits of zone 1.
Interestingly, squamate remains from the Cretaceous of Nondriéa are more commonly found
in significantly dryer environments (Gao and Fox, 1991, 1996; Nydam, R3@@m et al., 2007).
These noteworthy squamate materials merit detailed systesesatription elsewhere and are

currently under study.

6.3. Theropoda
6.3.1. Troodontidae

The most abundant theropod teeth recovered from site A are iglé@tsTroodonhaving
relatively large, strongly-hooked denticles, and recurved cr@kigs5, A-F). A few specimens
have wear facets (Schubert and Ungar, 2005) and spalled suhatestend from the apex of the

teeth.Troodonteeth from the Kleskun Hill park are indistinguishable frattmer Troodonteeth



described from deposits of Wyoming (Lance Formation), MontanatigJRdier Formation),
Alberta (Belly River Group, and Horseshoe Canyon Formation), sask# (Prince Creek
Formation) (Russell, 1948; Brouwers et al., 1987; Currie, 1987; Gairak, 1990; Fiorillo and
Currie, 1994; Baszio, 1997a; Holtz et al., 1998; Ryan et al., 120%e$ et al., 2002, Fiorillo,
2008; Sankey, 2008b). Based on variation in dental morphology alodgrted series ifroodon
(Currie, 1987), the Kleskun Hill specimens encompass the ¢oditle series, including
premaxillary, posterior maxillary, and posterior dentary téetbodonhas been reported from
other stratigraphic levels and fossil localities of thepiWd@ormation in the Grande Prairie region
(Tanke 2004, Currie et al., 2008) supporting a wide distribution ®takion; however, the relative

abundance ofroodonteeth is remarkably high at the Kleskun Hill micrositesq%d).

6.3.2. Dromaeosauridae
Three teeth are identified &awurornitholestesp. (Fig. 5, H-L) based on elongate and
hooked shaped denticles, size differences between anteripoatatior serrations and strong labio-

lingual compression (Currie et al., 1990, Baszio, 1997a; Sarnlay 2002).

6.3.3. Dromaeosauridae indet.

Although only the anterior carina has been preserved, UALVP 50640ditinctive in that
denticles vary greatly in size along the crown, from 25 per millimetre, curve slightly distally
toward the tip of the tooth, and have sharp ridges of enamel tlemgidline (Fig. 5, G). Blood
grooves ¢ensuFanti and Therrien, 2007, figure 3B) are absent or restriotdte base of the
denticles, being shallow and poorly defined. Both denticlesbloati grooves are oriented
perpendicular to the longitudinal axis of the tooth. Therefore, seclUALVP 50640.01 is

assigned the taxonomic status Dromaeosauridae indet.

6.3.4. Family unknown

One incomplete tooth (UALVP 48815) is identifiedReronychodorsp. (Fig. 5, P). This
specimen is the first unequivocal record of this taxon fromWheiti Formation and is the most
northern occurrence to date. The non-serrated tooth hactiaeeeteristic longitudinal ridges on
both lingual and labial sides, and an elongated and slightlyligpecaved overall shape (FABL,
2.3 mm; BW, 1.1 mm; TCH, 3.9 mm). The flattened and idgegual surface becomes broader

anteriorly toward the base of the tooth.

6.3.5. Tyrannosauridae



Fragments of tyrannosaurid teeth are commonly encounterddhe &leskun Hill
microvertebrate fossil sites as well as in other fast@k in the Grande Prairie area. Denticles are
wider labially-lingually than they are long proximodistally andwc2-2.5 per millimetre in the
posterior carina and 3-3.5 per millimetre in the anterier @ig. 5, Q-S). Blood grooves are small
and restricted to the base of denticles. The most coenfgleth (UALVP 48773.2007.6) lacks the
basal-most portion and would have exceeded 10 cm in height whepiete (FABL, 34.5 mm;

BW, 30 mm; TCH 95 mm). The number of denticles per millimetn the anterior and posterior
carinae is 2.5 and 2 respectively. In cross sectiorntptith is compressed labio-lingually. It is
similar in size and overall morphological characteristicthbse of tyrannosaurids from the

Campanian and Maastrichtian successions of southern A{Bégtsb, T).

6.3.6. Theropoda incertae sedis

A single small theropod tooth from the site B (TMP 2004.93.83ssgned to
Richardoestesia gilmoré&iased on the minute denticles on the anterior carina arshtall
denticles on the posterior carina (Currie et al., 1990; Saetkaly, 2002). The tooth lacks the top of
the crown, but the morphology is identical to those found in thep@aian deposits of southern
Alberta in that it is labiolingually compressed with a modéyatecurved posterior carina, and it is

relatively small compared to other theropod teeth (Fiyl-8)).

6.4. Bird

A small, unserrated tooth from the site B (TMP 2004.93.#)eistified as that of a bird (Fig.
5, U-Z). The tooth is short and lacks denticles, but its posterargin is blade-like and shows an
incipient carina. The crown is more compressed labiolinguadlyg tn other theropod teeth from the
same locality. It has a few wrinkles on the lingual surfzaxllel to the anterior margin of the
tooth. It also differs from the bird teeth from the Bellyd® Group (Campanian), southern Alberta
described by Sankey et al. (2002) in that the tooth crown recsiigbly posteriorly (Hope, 2002).
However, the crown tip is still anterior to the posteriorgimanf the tooth and the crown base

expands anteroposteriorly as in other bird teeth (Sankey et al., 2002)

6.5. Hadrosauridae
More than half of hadrosaurid elements collected at teekgin Hill consist of adult-sized
teeth and teeth fragments, tendons, and poorly preserved padtbrargs. Teeth are worn on the

occlusal surfaces and have a medial carina on the lisgualce.



Other hadrosaurid specimens include three dentary fragmesttgreserved teeth, dorsal
and caudal centra, a partially preserved pedal phalanxnamayaal and are all referable to
hatchling- to nestling-sized hadrosaurs (Fig. 6). The dentagynents (Fig. 6, L-Q) have pitted
surfaces on both sides, and the alveoli (4-5 mm in width) gonekwith size of the teeth. The
better preserved baby tooth (UALVP 48748) has a crown height altid @fi7 and 4.5 mm
respectively, which roughly compares to the largest too#tm@mbryonidypacrosaurus
stebingeri(4 mm in width; Horner and Currie, 1994). As in other juvehddrosaurid teeth, the
tooth is compressed labiolingually relatively to those tyfpgcal hadrosaurid adult. It has the
crown-root angle greater than 145 degrees as in lambeosatioresi et al., 2004). The tooth has
a straight median carina as in hadrosaurines and some laankiaes, and an accessory ridge
independent from the median carina on the enameled sidesase lambeosaurine teeth (Horner
et al., 2004). Teeth of embryonic or hatchling individwdlslypacrosaurus stebinge¢Horner and
Currie, 1994) and Hadrosauridae indet. (Ryan et al., 1998) laelctiessory lingual ridge observed
in the Kleskun Hill specimens. Furthermore, the enamel euasirregular and tiny denticles
(papillag after Horner, 1992) toward the apex of the tooth. Otleth t@e roughly comparable to
UALVP 48748 in size (Fig. 6, A-C).

The baby-sized hadrosaurid vertebrae consist of a single derdgaim (UALVP 48816)
and four caudal centra (UALVP 48751.01, 48751.02, 50636.03 and 50636.09) (EI4L&P
48816 reaches 10 mm in transverse central width, UALVP 4875170mim wide, and UALVP
50636.09 is a distal caudal centrum with 4 mm in width, as vdadbeateeth are. All the specimens
have smooth sutural surfaces on the dorsal side for the nezlralfe neural canal is relatively
broad, being about two thirds of the centrum width. As in other haulids, immature or mature
individuals, the dorsal centrum (UALVP 48816) is hexagonal when demeeriorly or
posteriorly, and bears ventral keels. The caudal centra\APA8751.01 and 48751.02) are
vertically low and transversely wide relative to tho$adult hadrosaurids. Ventrally, contact with
a haemal arch is not clear. UALVP 48751.01 retains a notochotdahich has previously been
observed for baby hadrosaurid vertebrae from the Horseshoe Camyoatien (Ryan et al. 1998).
The pedal ungual (UALVP 48817; 9 mm in length) is relativelyovarand elongate compared to
those in adult hadrosaurids, and is less constricted at te€Figs6, T-U).

The baby hadrosaurid materials from the Kleskun Hill compatewith those of
Hypacrosaurus stebingefiom the Oldman and Two Medicine formations (Horner and €urri
1994) and Hadrosauridae indet. from the Horseshoe Canyon FormatamdRsl., 1998). The
baby-sized hadrosaurid materials are either not worn or witbrmabrasion, whereas wear is

evident in the adult hadrosaurid elements. The simples agsarngpto associate the specimens to a



single hadrosaurid taxon. The accessory ridge parallel imélkan carina and the relatively large
crown-root angle (Horner et al., 2004) further suggest that Hreseom a lambeosaurine

hadrosaur.

6.6.Ceratopsidae

Four ceratopsian teeth were recovered from micrositie d&leskun Hill park. Three of
them (UALVP 50636.08, 50636.10, and 50636.11) are referred to aduitimals based on size,
overall shape, and denticulate ridge (Fig. 8, A). SpecidwinVP 50636.08 represents a tooth
from a juvenile. It is significantly smaller than otheratopsian teeth from the locality (FABL, 2
mm; TCH, 3 mm)and is convex in both dorsoventral and mesibdistas. It contains a sharp,
unserrated central ridge as well as less developed seyaitdigrs and denticles (Fig. 8, B).
Ceratopsian remains are often recovered within the fldejposits of the Wapiti Formation, usually
preserved in large-scale bonebeds. Currently, all identifisnsapsian specimens from the
formation are referred to two speciesaichyrhinosaurugTanke, 2004; Fanti and Currie, 2007,
Currie et al., 2007, 2008). Therefore the teeth from thekgle Hill park are tentatively referred to
Pachyrhinosaurusp.

6.7. Ankylosauridae

Two ankylosaurid teeh (UALVP 48747 and TMP 2004.23.9) were recovenectifie site A
and B respectively. The teeth are weathered to the ektrthe enamel surface is almost entirely
gone (Fig. 8, C).

6.8. Hypsilophodontidae

A pachycephalosaur tooth (TMP 2004.93.1) were collected from SiteeBbase is
thickened, and a robust median ridge supports the spade-shapendstowinultiple denticles and
ridges (Fig. 8, D-G). Tentatively identified as a hypsilophodantrnithischian isolated tooth from
the site B (TMP 2004.93.5) is heavily worn and weatheredn BEvough identification of such an
incomplete element is difficult, the labiolingually flattened kowith multiple ridges extending to
the base of the crown is most likely a non-hadrosaurid ornithopzel o6the tooth assumes an

animal similar in size witfParksosaurusnd immaturd hescelosauru@~ig. 8, H-L).

6.9. Mammals
Two isolated mammal teeth were collected from sit®fe is a multituberculate’ FTMP
2004.23.2; Fig. 7, S-T). As Bhulsanbataaland others (Clemens and Kielan-Jaworowska, 1978),



the premolar is plesiomorphic in having two roots. Its posterolinmarais reduced by
anterolingual expansion of thé. he four cusps are largely conical and weakly ridged on thei
anterior and posterior slopes longitudinally. Of the three cusfisedabial side, the anteriormost is
the smallest and more lingual than the posterior two. Astrersely wide, anteroposteriorly narrow
basin sits between the anteriormost labial cusp and thealiegsp. The second labial cusp is
highest, followed by the posteriormost labial cusp and then biyntneal cusp. Based on these
characteristics, the premolar most closely resemblesti@molodon but the specimen lacks the
posterior lingual cusp. In addition, the only lingual cusp is digglaelatively more posteriorly, the
anteriormost labial cusp is the smallest, and the posteskirlabial cusp is relatively larger and
higher than in previously known speciesGifmolodon The tooth is tentatively assigned here to
Cimolodonsp.

The second specimen is a double-rooted right lower molar of aprgpresumably RW
(TMP 2004.23.1; Fig. 7, U-Z). The molar is relatively shoaeteroposteriorly than in typical
marsupial molars such as that-térpeotheriumand characterized by the trigonid twice as tall as
the talonid as in Mof Didelphodon coy{Fox and Naylor, 1986). The roots are approximately 1.5
times deeper than height of the trigonid. The molar has siyldves around its anterior and
posterior margins. The metaconid is more anterior than the proth@and reduced in size to the
shortest cusp in the trigonid. Both the protoconid and paracomiori@nted slightly posteriorly
than the metaconid. The triangle formed by the protoconidagurid, and paraconid has an acute
angle at the protoconid, comparabldidelphodonsp., more acute thdodelphis and wider than
Didelphodon coy(Fox and Naylor, 1986). The talonid basin is slightly narrower vensgly than
the trigonid, and approximately as long anteroposteriorly as ganid. The styler cups A, B, and
C are nearly equal in size and form the labial margth@talonid basin. The styler cusp D is
larger, at the posterolabial corner of the talonid. It vasdristae extending toward the hypoconid,
and also connects to the posterior styler shelf. The hypowotrahsversely wide, and the
prehypoconid crista extends anterolabially, separating a pockie¢ éingual side between the
protoconid and the hypoconid from the talonid basin. Uikadon the molar is less than twice
anteroposteriorly long as wide across the protoconid (Lillegrah@69). UnlikePediomysthe
styler cusps sit closer to the trigonid, forming an anteroposielimited talonid basin as in
Didelphodon(Lillegraven, 1969; Fox and Naylor, 1986). The molar morphology niosely
resembles that didelphodon and thus it is tentatively referreddidelphodonsp. The molar is

about half the size of the previously describedelphodonmolars.

7. Discussion



The vertebrate diversity recovered from the Kleskun Hi#issihdicates that the locality is a
multidominant, high diversity microsite (following the classifiion and nomenclature proposed by
Eberth et al., 2007). The site originated in a channel/overwatiknd palaeoenvironment
characterized by wet and humid climatic conditions. The ®vdimosaur taxa identified outnumber
other vertebrates and represent 54.6% of the overall diversitirosaurid bones and teeth are
46.9% of all the recovered elements and together with theropibd82e4%) constitute the bulk of
the collection, with eight taxa represented. Of paramoupbitance, elements identified as baby
and hatchling individuals represent the 18.9% of all hadrosamndderial; these well preserved
fossils were subject to negligible pre-burial transportastmongly supporting the presence of a
nesting ground nearby. In addition, the pattern of distributionfterdint taxa appears to be
intimately linked to different depositional environments observeddrKleskun Hill outcrops. For
instance, Site A is characterized by organic-rich ctayrmud, and bentonitic paleosols deposited
under high- and still-water table conditions suggesting permanantgyvand bogs-like
environments. Multidominant microsites are often interpretgzbasdeposition reworked
assemblages (Brinkman et al., 2007; Eberth et al., 2007; Rogkeksdwell, 2007). However,
sedimentological and palaeontological features observed & Sitggest accumulation in low-
sedimentation-rate palaeoenvironments unaffected by relevant hgdrankportation or
reworking processes (Bown and Kraus, 1981; Eberth et al., 2007). mhesns of depositional
system the site is referred to a wetland/bog/marginal-patakoenvironment.

Using the same classification criteria adopted for SitsitAs B and C can be referred to
high-diversity multidominant and monodominant microsites respectfi#y 9). Site B is
dominated by fish remains (37.9%), with frequent theropod (13a8%bhadrosaur (13.8%)
elements, whereas site C is characterized by abundanhdgaurs teeth (78.9%). Depositional
setting distinguishes site B and C from site A. Both sits8 C occur within sandy, well-drained,
channel-lag and overbank deposits characterized by high-energigaiittant pre-burial
reworking and abrasion, as indicated by the poor preservatiartebvate remains. In addition,
elements collected within this interval are: 1) genedaliger than those recovered at Site A; and 2)
mainly come from large-sized animals (i.e. full grown tyramanos, ceratopsian, and hadrosaurs).
Consequently, the taxa represented in those sites are nesadyerepresentative of the Kleskun
Hill park area and may include elements mobilized by hydrgubcesses within the active channel

belt of the alluvial plain.

7.1 Possible explanation for abundance of Troodon



Hadrosaurids and small theropodsopdon SaurornitholestesParonychodopand
Dromaeosauridae indet.) represent 76.4% of all the specimmensSite A. Particularly, hatchling-
to nestling-sized hadrosaurids occur at 10.9% (baby hadrosaurids doedlinéd% of all
hadrosaurian elements), afidbodonoccupies 16.7%. Ryan et al. (1998) suggested a non-random
association between baby hadrosauridsTanddonin a microvertebrate fossil locality in the
Horseshoe Canyon Formation of southern Alberta (latest Campagealy Maastrichtian), where
other dinosaur taxa are uncommon. Barring the small samplefsizeodonand baby hadrosaurs,
their relative abundance may be congruent with Ryan etialdm§ and possibly expands this
distribution of the baby hadrosaurigteodonassociation northwards. Ryan et al. (1998) explained
the association with the hypothesis thetodonhunted on either young or small sized dinosaurs, at
least as a part of their diet. However, the high abundanuwetiofoaby hadrosaurids aiidoodonin
Site A alone does not constitute evidence of the predatgragssciation in the locality. Whether
or not feeding on hatchling and young hadrosaurs, the abundance lahentgdods at Site A is
probably reflection of relatively large number of small-bddieedators in the area. The small and
agile carnivores would have been more successful in agyyaralustrine, and highly vegetated
environment inaccessible to larger carnivores such as tyraniussaur

Beside feeding strategy ®foodon the genus seems to show latitudinal gradient in its
relative abundance within local theropod faufaeodonis increasingly more common northward,
with 6% occurrence rate in the Judith River Formation of Ma{&urrie and Fiorillo, 1994),
31.2% in the northern section of the Wapiti Formation (F200,7; this paper) and 65% in the
Prince Creek Formation of Alaska (Fiorillo and Gangloff, 2@@6rillo, 2006). Sankey (2001)
rejected the previous assignment of the theropod te@ttotmonsp. from the Aguja Formation of
Texas, and suggested tAabodonwas a member of the northern dinosaur assemblages. The
unusual abundance ©foodonin the Kleskun Hill locality may not accurately refléstreal
abundance in the region because it may assume local environfaetded, such as food source,
that favoured assemblingoodon Another confounding problem is that compared localities are not
necessarily contemporaneous to each other. Although thesesauggest that the higinoodon
occurrence in the north may be partly exaggerated, it issiple thaffTroodonwas more common

in northern regions (Baszio, 1997a, b; Fiorillo and Gangloff, 2000).

8. Faunal comparison
In spite of the taxonomical diversity preserved at the KleskuntHéllimited sample size
precludes a detailed and extensive statistic comparisae®ethe local fauna and fossil

association reported elsewhere in western Canada and tleel Stéites. However, the



microvertebrate fossil assemblage at the Kleskun Hillikyagpresents 92% of the total vertebrate
diversity recovered from the Wapiti Formation to date. Ris teason, specimens described in this
paper allow a preliminary reconstruction of the palaeocommunguch an important temporal
and geographical context (Fig. 10).

Three fish taxa are recognized from the Kleskun Hill: ac@s Oldmanesoxsp.) and
holosteans A and B. They are virtually indistinguishable fragir tounterparts in the Belly River
Group (Campanian) of southern Alberta (Brinkman, 1990; Brinkman and &ew@a02) and
represent the northernmost record of this association. Haho&teantinued to occur into
Maastrichtian deposits in southern Alberta (Horseshoe CanyoSatidrd formations, Edmonton
Group), although Oldmanesox and holostean B seem to be absentGroup (Eberth et al., 2001).

Discovery of squamates and a possible turtle from the Kleskuis Beographically
significant because there has been no report of their occuiretieehigh-latitude and polar Late
Cretaceous terrestrial localities, including the Prinaee€~ormation of Alaska (Buffetaut, 2004;
Godefroit et al., 2008). Squamates are also interestinggsaatiically since their post-Bearpaw to
early Maastrichtian record is scarce in North Americagq@nd Fox,1996). Sternberg (1951) also
reported a teiid squamate jaw from the vicinity of thesKien Hill park. In addition, Tanke (2004)
mentions occurrences of salamander and choristoderan reptilesver, such specimens were not
relocated in any collection and therefore the presencdashaader and choristoderan from the
locality are yet to be confirmed.

All the dinosaur taxa are known from the Campanian-Maastnichtigs of southern
Alberta (the Belly River Group and Edmonton Group: Brinkman, 199€jeCet al., 1991) and,
except forParonychodonRichardoestesigand the bird, also from the Prince Creek Formation of
Alaska (Rich et al., 1997; Fiorillo and Gangloff, 2000; Gangiofil., 2003). Notably, the
occurrence oParonychodorandRichardoestesiare the northernmost records of these enigmatic
genera.

Because most taxa are only identified to the higher taxonlenets (i.e. Tyrannosauridae,
Verociraptorinae, Ankylosauridae, Hypsilophodontidae, Lambeosaurinateydeghalosauridae,
ParonychodonSaurornitholestesandTroodor), it would not be surprising if the dinosaur
assemblages in Alaska, northern Alberta, and southern Allliéfdeed at species or generic level,
as predicted by the hypothesis of dinosaur provincialism in welsenth America during the
Campanian and Maastrichtian (Lehman, 2001). The current datettie Wapiti Formation support
a wide distribution of all dinosaur families and subfamiliesdssed in this paper along the
Western Interior during the Campanian and Maastrichtigmyadih this does not necessarily refute

the hypothesis of provincialism.



The mammals are tentatively identified@solodonsp. andidelphodonsp. respectively
and are the northernmost occurrence for the genera. In part@idelphodonsp. from the
Kleskun Hill is most similar t@®idelphodonsp. from the Scabby Bute of southern Alberta (St.
Mary River Formation, Edmonton Group: Fox and Naylor, 1986) based @acute triangle
formed by the trigonid cusps, suggesting a close phylogeedditonship. Discovery of both a
multituberculate and a marsupial is not surprising, because thammals were already reported
from Alberta (Lillegraven, 1969; Fox, 2005) and from the Prinme Formation (Santonian-
Maastrichtian) of Alaska (Clemens and Nels, 1993; Fioaitild Gangloff, 2000). Pending
taxonomic assignment of the Alaskan fossils, the Kleskun plitisnens are potentially important
for mammal palaeobiogeography during the Late Cretaceous of Nioethica.

According to the most recently compiled dinosaur and otherbrateefaunal lists (Tanke,
1988, 2004; Currie, 1989a; Ryan and Russell, 2001; Weishampel et4).a2@0in the light of
recent dinosaur discoveries in the Grande Prairie area @rahCurrie, 2007; Currie et al., 2008;
this paper) more than thirty-five species are currently kneam the Wapiti Formation. Amongst
these taxa, the ceratopsian dinod2achyrhinosaurus lakustgCurrie et al., 2008) is the only
diagnostic vertebrate taxon described from the formation. €etial. (2008) also confirmed that a
second ceratopsian bonebed above the Campanian-Maastrichtian goanldanVapiti Formation

yielded a chelydrid turtle neural plate, a varanid squanetelwa, and crocodile scutes.

9. Nesting of Hadrosaurids

Hatchling- to nestling-sized hadrosaurid elements from thgkkite Hill park indicate that
hadrosaurids nested in the area in the late CampadrMy). An high-latitude record of dinosaur
nesting is extremely rare. Recently, Godefroit et al. (208&)nted eggshell fragments and juvenile
hadrosaur elements from a latest Cretaceous locality inemor8iberia. In North America, G.
Nelms, in Carpenter (1999) mentiorisdmontosaurusp. bones” from the Prince Creek Formation
of Ocean Point, Alaska, in the global survey of baby dinosaardecHowever, the supposed
Alaskan babyEdmontosaurusas neither been described nor illustrated since Nglersonal
communication to Carpenter (1999). In addition, the presengdmbntosauruss yet to be
confirmed from Alaska (Bell and Snively, 2008). Therefore rémort on the Alaskan baby
dinosaur material is considered not reliable in this study Kléskun Hill locality is currently the
northernmost published record of a dinosaur nesting ground in North @&anpending proper
assessment of the Alaskan material.

The hypothesized hadrosaurid nesting site at the Kleskun Hildsraportant in a

palaeoecological perspective. Previously, hadrosaurid nestéasy(referring to localities where



eggshells or embryonic elements have been reported) seepredei@ntially occur in dry, upland
regions (Horner 1982; Horner and Currie 1994). Carpenter (1982; 1992), ailld Ei887; 1989)
reported eggshells and baby or juvenile hadrosaurid specimensidowtland settings (the
Lance and Hell Creek formations and the Judith River Foomatespectively). In Alberta, Nadon
(1993) noted common occurrence of eggshells from the anastofhogalddeposits of the St.

Mary River Formation, Ryan et al. (1998) described hatchitmgestling-sized hadrosaurid
elements from the Horseshoe Canyon Formation, and Tanke at®Bmneian (2001) also reported
hatchling- to nestling-sized hadrosaurid elements and eggéioetithe low-land Dinosaur Park
Formation of southern Alberta. Coupled with these previous fisdihg Kleskun Hill hadrosaurid
materials provide further evidences that hadrosaurids alsednedbw-land settings. Nadon (1993)
proposed that ornithopods preferentially selected wetland hadtédeal reproductive site where a
soft substrate and flooded conditions would have deterred langgaras. The implications are
that hadrosaurids seem to have had various strategiestingisite selection, and that the fossil
record of nesting sites is taphonomically biased againsiavdgnd environment as weak acidity
in groundwater would have generally enhanced dissolution of eggahdlisoorly ossified
elements unless buffered.

In addition to hadrosaurids, small ceratopsian elements implgéhatiopsians either nested
in the region or had not migrated over long distance from the nesten@Currie, 1989b; Clemens
and Nelms, 1993; Fiorillo and Gangloff, 2001). Interestingly, postdraManents ascribed to
juvenile and subadult hadrosaurs have been collected from neavbl strata cropping out along
the Wapiti River south of Grande Prairie (see also Tanke, 200ithefmore, Currie et al. (2008)
report of an almost complete ontogenetic seri®athyrhinosaurus lakustdincluding juvenile,
subadult, and adult individual) from the densely packed Pipestonk Gwae bed which has been
dated 73.27 £ 0.25 My. Palaeogegraphic reconstruction for the&edime (Dawson et al., 1994)
place the Grande Prairie area in the order of 250-300 kilometwes the shoreline, located
approximately to the north and to the west of Edmonton. Sedimentolodei@ and
palaeoenvironmental reconstruction presented in this study support amsiwxtdow-land
environment (referring to the low and relatively level grounchefregion, in contrast with adjacent

higher country), genetically related to the maximum transgrephase of the Bearpaw Sea

10. Conclusion
The Kleskun Hill park vertebrate fauna represents the figst-tiversity multidominant
assemblage from the Late Cretaceous of north western Carredtauna is also stratigraphically

important being the only locality that provides a glimpse oWvarde terrestrial vertebrate fauna in



western North America during the Bearpaw Sea transgeeesint about 74 My. At the Kleskun
Hill Park, site A best represents the vertebrate diyeo$ the formation because of the larger
sample size. The site is characterized by relative abuadsdiicoodonteeth and hatchling- to
nestling-sized hadrosaur elements. The latter suggests sempeeof an hadrosaurid nesting
ground in the nearby lowland area within the alluvial plaircdntrast sites B and C, both with a
smaller sample size, preserve a reworked assemblage dedninyapre-burial fluvial transportation.
The Kleskun Hill vertebrate fauna preserves many taxa thabarmon in Campanian terrestrial
vertebrate faunas in southern Alberta. The locality mdmsiorthernmost distribution of
ParonychodorandRichardoestesiaAdditionally, three fish taxa (holosteans A and B, and an
escoidOldmanesosp.), squamates, and bird have not been reported from Atadkze.
Multituberculates and marsupials have been reported fronritheeRCreek Formation of Alaska
(Clemens and Nels, 1993), but it is not clear if the KleskunR4itk taxaCimolodonsp. and
Didelphodonsp.) are identical to their counterparts in the Campawiigouthern Alberta and
Alaska. An impeding task is more sampling at the Kleskun Hdl@ssessment of new material
from the Alaskan localities which may further resultasting the hypothesis of dinosaur
provinciality (Lehman, 2001). Although the sample size remsnmall, the preliminary account of
the vertebrate diversity demonstrates that the GrandedPmgjion promise to be a key area in both

stratigraphic and palaeobiogeographic contexts during the Lat@c€oeis of North America.
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Figure captions

Fig. 1. A, reference map of Alberta (Canada) showing the extensionhefCampanian-
Maastrichtian Wapiti FormatiorB, location of the study area northeast of Grande Prairie.
Sites A, B, and C are located within the Kleskun Hill penéa. Contour lines elevation data

are expressed in metres. S-S’, cross section shown ireR2gur

Fig. 2. Composite stratigraphic section showing the stratigraygturrence of sites A, B, and C
as well as the only dated bentonite from the Kleskun Hill igcaPaleocurrent directions
are represented by rose diagrams close to the beds in whisbdingentary structures were
observed.

Fig. 3. Exposures of the Campanian fluvial deposits of the Wrpitnation at the Kleskun Hill



Park. A, interbedded light coloured silt and organich-rich mudstones (IHS) cdpped
couplet of tabular reddish peat and cdalheavily rooted paleosol formed by interbedded
dark grey, organic-rich mudstone and whitish, carbonaceous mudstonengverl$5 cm
thick coal bedC, the transition from muddy, organic-rich deposits of zone 1 to amgrly
silty and sandy channel facies of zone 2 (see text for discusBiosije A.E, site B.F, site

C (see also Figure 1).

Fig. 4. Microvertebrate specimens (n=260) from the Kleskunldtillity, Wapiti Formation.
Dinosaur elements comprise the 86.5% of recovered elementisylaaly hadrosaurid and

theropod elements), and squamates and fishes are largelsergpc

Fig. 5. Miscellaneous theropod and bird teeth from KleskuhRdilk, Grande Prairie, Alberta.
A-B, Troodonposterior premaxillary or anterior maxillary tooth (TMP 2004.23A3)detail
of posterior denticles3, entire specimen (lingual and labial), Troodonposterior dentary
tooth, UALVP 48750 (labial and lingualR-E, Troodonpremaxillary tooth, UALVP 48755
(labial): D, detail of denticlesC-entire specimenF, Troodon UALVP 48753, anterior
maxillary tooth (lingual and labial}5, Dromaeosauridae indet. tooth, detail of the posterior
carina, UALVP 50640.01H-L, Saurornitholestesgooth, TMP 2004.23.4H, detail of
posterior denticled;, entire specimen (labial and lingudl), detail of anterior denticle®-
O, Richardoestesiatooth, TMP 2004.93.3M, detail of posterior denticledy, entire
specimenQ, detail of anterior denticle®, Paronychodoriooth, UALVP 48815 (labial and
lingual). Q, Tyrannosauroid tooth, UALVP 50641.01 (anteridr). Tyrannosauroid tooth,
UALVP 48760, detail of denticles§, Tyrannosauroid premaxillary tooth, UALVP 50641.02
(lingual). T, Tyrannosauroid tooth, (?dentary), UALVP 48773 (labial and linguag, bird
tooth, TMP 2004.93.4J, basal sectiori/-Z, entire specimen (lingual and labial).

Fig. 6. Baby and juvenile hadrosaurid elements from KleskliiPHik, Grande Prairie, Alberta.
A-C, baby teeth (lingual)A, UALVP 50636.018, UALVP 48748,C, UALVP 50636.02.
D, dorsal centrum, UALVP 48816, caudal centrum, UALVP 50636.08-H, caudal
centrum, UALVP 48751.01, in anterioF)( dorsal ) and ventral KI) views. |, caudal
centrum, UALVP 48751.02 (anterior), caudal centrum, UALVP 50636.09 (anteridr).
M, maxillary fragment, UALVP 50636.04 (lingual and laterdhO, jaw fragment, UALVP
50636.05 (lingual and lateraR-Q, jaw fragment, UALVP 50636.06 (lingual and ventral).



Fig. 7.

Fig. 8.

Fig. 9.

R-S, UALVP 50636.09.T-U, pedal ungula, UALVP 50636.07 (lateral and anteridf,).
distal end of ulna, UALVP 50636.02, caudal vertebra, UALVP 50637 (anterior).

Miscellaneous elements from sites A andAHD, esocoid dentary, TMP 2004.23.7, in
medial @), lateral B), dorsal C), and ventral viewslY). E-G, Holostean A scale&, TMP
2004.93.2 (dorsal and ventraF), TMP 2004.23.8 (dorsal and ventrah, TMP 2004.93.5
(dorsal and ventralH, Holostean B scale, TMP 2004.23.8 (dorsal and ventrdl)amiid
centrum UALVP 50638.01, (anterior and dors&hM , amiid centrum UALVP 50638.02
(anterior and dorsaljN, possible turtle shell fragment, UALVP 487%2-P, Cimolodonsp.
tooth TMP 2004.23.2 (occlusal and labial view§)-S, Didelphodonsp. tooth, TMP

2004.23.1 (lingual, labial, and occlusal views).

Miscellaneous ornithischian elements from sites@® C.A, Pachyrhinosaurusp. tooth,
UALVP 48752 (lingual). B, baby ceratopsian tooth, UALVP 50636.10 (lingudD),
ankylosaurid tooth, UALVP 48747 (labialp-G, Pachycephalosaurid teetB-E, TMP
2004.93.1A (lingual and labial)F-G, TMP 2004.93.1B (lingual and labialH-L,
hypsilophodont tooth, TMP 2004.23.5 (lateral, labial, and lingual).

Relative distribution of Kleskun Hill taxa at tinege fossiliferous sites. See the text for

discussion.

Fig. 10. Reconstruction of the late Campanian vertebrate falutilaeoWapiti Formation near

Grande Prairie, Alberta, based on the taxa from the Klesklifodality and correlative

beds discussed in the text. Drawing by Lukas Panzarin.
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ABSTRACT:

New material of borioteiioidean lizards (Squamata: Scincom{fptia northern Alberta, Canada,
represent the first and northernmost record of multipleudatied skull elements from the
Cretaceous of North America. Specimens were recoveredtfroffuvial beds of the Wapiti
Formation (Campanian) within a bentonitic paleosol exposed &lidls&un Hill Park, east of the
town of Grande Prairie. Such beds accumulated during the maxiransgression of the Bearpaw
Seaway (73-74 My), thus providing crucial information on lizatdh&s during a time interval
represented in most of coeval North American depositsdrinm strata. Cranial material ascribed
to Socognathus unicuspigve the occasion for a revision of the taxon with resgeosteologically
better knowrPolyglyphanodon sternberfjiom the Late Cretaceous of Utah as well as a
comparison with several lizards reported from coevalasstthMongolia. Furthermore, a new
scincomorphan lizardleskunsaurus grandeprairiensigen. et sp. nov., is described. B8th
unicuspisandKleskunsaurus grandprairiensgen. et sp. nov. are assigned to Chamopsiidae taxon
nov. that also includeShamopsLeptochamopsand several other morphologically similar taxa

from the Cretaceous of North America.

Introduction

Unlike the well-preserved skulls and skeletons of Late Ceetas lizards from Mongolia
(see Gilmore, 1943a; Sulimski, 1972, 1975; Alifanov, 2000), the vasrityapf Late Cretaceous
lizards from North America are represented by isolatechehts, particularly dentaries and
maxillae (see particularly Gilmore, 1928; Estes, 1983; Gad-ard1996; Nydam; 2000). The lone
North American exceptions are the large-bodrety/glyphanodon sternbergivhich is known from
several skeletons and skulls (Gilmore 1940, 1942) and the sfal@glyphanodon gazini
(Gilmore, 1943b); both taxa were recovered from the same lpoalihe Maastrichtian of central
Utah. In some cases, attempts have been made to refawetements (e.g., parietals,
osteoderms) to these jaw-based morphotaxa (see Estes, 1988)refagsls are typically based on
similarities in relative abundance in a particular ldgadind/or similarities in size, but remain
tentative and, even in the most carefully argued casiésegtesent potential chimaeras. Because
most of the North American Cretaceous lizard taxa aredgas®arily on isolated jaw elements
(e.g., jaw-based morphotaxa), they are limited when it sdmenaking comparisons with either
better-preserved fossil taxa or members of the modern fauaa.96y the North American fossil

record of lizards from the Cretaceous is a highly diversenalsiage that includes scincomorphans,



anguimorphans, and possibly some rare iguanians (Estes, 1983; Gaaxah896; Nydam, 2000;
Nydam et al., 2007).

Among the scincomorphans from the Cretaceous of North Amegda@Borioteiioidea.
This diverse group of teiid-like lizards includeslyglyphandorand related taxa (e.@eneteius,
Dicothodon, BicuspidgriNydam et al., 2007 ;hamopsand like taxa (the “chamopsiines” of
Denton and O’Neil, 1995), as well as the “macrocephalosairare “polyglpyhanodontines”
(sensu Sulimski, 1975) from Asia (Nydam et al., 2007). In theartamic study of the lizards from
the Cretaceous-aged sediments of western Canada, Gao afi®#exdescribed numerous taxa of
“teiids” (= borioteiioids) effectively expanding the number ofatan North America from four to
eleven genera, all diagnosed on the basis of isolateth@arial. Among these taxa$®cognathus
unicuspiswhich is described from isolated dentaries and maxilla® the Oldman Formation
(Campanian) of southeastern Alberta, Canada.

Herein we describe several specimens of articulatedairmaterial oSocognathus
unicuspisand a new taxon of lizard from the late Campanian WBpitnation of west-central
Alberta. These specimens are unique in that they reprémenorthernmost occurrence of fossil
lizards in North America, but more importantly they arefits record of articulated skull elements

of small-bodied lizards from the Cretaceous of North America.

Anatomical abbreviations—C, centrumD, dentary;F, frontal;HA, haemal archMS,
intramandibular septund, jugal;La.Fac., lacrimal articulation facetyin, mandible (individual
elements indiscernibleMx, maxilla; Mx.Fac., maxillary articulation facetya.Fa, nasal
articulation facetP, parietal;PD, postdentary (individual elements indiscernibR);palatine;

Pmx, premaxilla;PrF, prefrontal;PsF, postfrontal;ScQ, scleral ossiclestb, tooth base.

Institutional Abbreviations—TMP, Royal Tyrrell Museum of Paleontology, Drumheller, Alberta,
CanadaUALVP, University of Alberta Laboratory for Vertebrate Paleontoldggmonton,
Canada.

Locality, sedimentology and stratigraphy

Specimens described in this study were found within a gredr@skpnitic paleosol at the
Kleskun Hill Park, approximately 25 km east of Grande Prairést-central Alberta (Fig. 1).
Fluvial deposits exposed in the area belong to the Late Coetm(€ampanian-Maastrichtian)
Wapiti Formation, and consist primarily of interbedded, orgait siltstone and mudstone,

extensive coal seams and light-grey bentonitic sandstonkes @id Carr, 1946; Dawson et al.,



1994, Fanti, 2007, Fanti and Miyashita, in press). Yellow torgseealtered volcanic ash beds are
fairly common within this stratigraphic interval, and represereliable tool for dating exposures at
the fossil site: a bentonite bed at approximately 10 me&dosvithe layer where specimens were
recovered yielded alfAr/*°Ar of 73.77 + 1.46 My (D. Eberth, pers. comm., in Fanti, 260J; 2).
Consequently, Kleskun Hill fluvial deposits are nearly edaivain age to the maximum
transgression of the Bearpaw SeawBgqulites compressumne, 73.4 Ma, Obradovich, 1993), a

reference marine unit in central and southern Alberta.

Paleoenvironmental interpretation

Detailed sedimentological analyses at the Kleskun Hik Palicate a paleoenvironment
characterized by high-sinuosity, low energy, meandering flsystem associated with widespread
ponds and oxbow lakes where fine, organic-rich deposits accumulatstudneld. Well-developed
peat and coal beds also indicate luxuriant vegetation well-adepéesemi-permanent high water
table as well as well developed, acidic soils (Fig. Ricified roots, tuffaceous concretions, and
shattered plant and vertebrate remains are ubiquitous whithiiossiliferous layer. It ranges in
thickness between 60 and 75 cm and is light green to olieelaur. The predominantly bentonitic
composition and the high mobilization of silica is probably aotitbn of intense lisciviation
processes of a well developed volcanic ash soil (and assodeiigdgfication) under high water
table conditions in a humid, tropical environment. During this proceganic remains such as
roots, plant remains and bone fragments, acted as nuclei foethtopment of extremely fine,
guartz-rich nodules and concretions. As a result, specimensva@sdthin this layer are not only
in pristine conditions but also in their original three-dimensishape.

In addition, examination of the muddy channel fill deposits iratiea also led to the
discovery of a complex microfossil assemblage that to datede dinosaurs, birds, fresh water
fishes and amphibians, and mammals, all previously repodeddquivalent non-marine deposits
of the Belly River and Edmonton groups of Alberta. (Tanke, 2004; BadtMiyashita, in press).
Interestingly, the site is exclusively dominated by reldfigenall sized terrestrial taxa (i.e.
amphibians, squamates, small theropod dinosaurs, and mammigis)date haven't been
recovered elsewhere in the area, supporting a geograplriestificted ecological niche as well as a

strong connection between environment and specialized paleofauna.

Materials and methods
For the osteological description, light micrographs of the gral@pecimens were taken

using a Nikon COOLPIX 4500 digital camera mounted to a dissegticroscope. Scanning



electron micrographs (SEM) were taken on a JEOL 6301 scarlectgp@ microscope (1 kV, 44
mm working distance). Line images were created using Adalstrdtor CS3 to trace micrographs.

Osteological terminology follows that of Oelrich (1956) exaeipére noted.

SYSTEMATIC PALAEONTOLOGY
REPTILIA Linnaeus, 1758
SQUAMATA Oppel, 1811

SCINCOMORPHA Camp, 1923

cf. Borioteiioidea Nydam et al., 2007

Chamopsiidae new taxon

Etymology—Named forChamops segnislarsh, 1892, the earliest described member of the
clade.

Type species—-Chamops segnis

Referred taxa—Gerontoseps irvinensiGao and Fox, 199Glyptogenys ornat&ao and
Fox, 1991 Harmondontosaurus emeryenslgdam, 2002Haptosphenus placoddsstes, 1964;
Leptochamops dentinticulat@lmore, 19281.. trinax Gao and Fox, 199Meniscognathus
altmaniEstes, 1964Meniscognathus molybrochords/dam and Voci, 200/ ocognathus
unicuspisGao and Fox, 199 Btypodontosaurus mellet€&ao and Fox, 199@;rippenaculus eatoni
Nydam and Voci, 2007.

Diagnosis—Borioteiioidean lizards that differ from the Asiavigcrocephalosaurus
gilmorei, M. chulsanensis, Cherminsaurus kozlowskii, Darchansaures)estd other North
American Bicuspidon numerosus, B. hatzegiensis, Dicothodon moorei, D. dfeliajaensis,
Polyglyphanodon sternbefgborioteiioids in having a long, massive mandibular symphysis
extending posteriorly 4-5 tooth positions and forms the superior aribmiargins of the
anteriormost portion of the Meckelian groove. Further diffezmfthe aforementioned taxa and
Macrocephalosaurus gilmorei, M. chulsanensis, Cherminsaurus kozlowakiih@hsaurus estesi,
andErdenetesaurus robinsonaeteeth tending to be massive with a mid-shaft swe(libgrrel-
shaped”), tooth crowns tending to have mesial and distal acgegiges often forming cusps, teeth
widely spread along the tooth row. Further differs fl®rmumerosus, B. hatzegiensis, D. moorei,
D. cifelli, D. bajaensisandPo. sternbergin tooth crowns lacking transverse orientation or

mediolateral expansion. Differs froRrototeius stagerin lacking an intramandibular septum below



the posterior half of the dentary tooth row and in havinthteethe anteriormost portion of the
dentary tooth row that are not procumbent to only very weakiguonbent.

Remarks—This new taxon is erected as a replacement for Chamopsieraerband
O’Neil, 1995. Denton and O’Neil (1995) erected Chamopsiinaesabfamily of Teiidae (see
Nydam et al., 2007) that includ€&hamops segniseptochamops denticulatugleniscognathus
altmaniEstes, 1964, all from the Western Interior of North Ame@calPrototeius stagerbDenton
and O’Neil, 1995 from New Jersey. Because the taxa frorigetern Interior are only known
from isolated jaws (except possilily segnisbut see below), four of the six diagnostic characters
for Chamopsiinae (temporal bones not reduced, retroarticular priac&ing well developed
medial flange, parietal foramen present, parietal lortgar wide) can only be confirmed fer.
stageri Estes (1964) tentatively referred a frontal and a aufietm the Lance Formation ©.
segnis However, since there are several lizard taxa known frenhanhce Formation and such a
referral, though not necessarily incorrect, means thattibatharacters of this parietal (presence of
parietal foramen, parietal longer than wide) are equetijative forChamopsAlso, the complete
mandible ofChamopssketched by Estes (1983) is not based on known postdentary faaeda
cannot be used to determine the actual condition of the m&trdar process. The character
concerning the separation of the surangular and the coronoié byl &is additionally problematic
as all of the specimens of chamopsiid taxa from the WeBttarior that we have studied possess
an IMS than does not extend posteriorly past the midpoint obttile tow. Many of these tax& (
segnis, L. denticulatus, L. thrinax, So. unicuspis, Sp. simplegr@ita, Ge. irvinensis, M. altmani
andSt. melleteshave a groove on the ventral surface of the subdentalfsh#éiie tongue-in-
groove articulation with the splenial. €1 segnisandGe. irvingensighe posterolateral portion of
this groove deepens to accommodate the anteromedial pro¢bkescofonoid. The result of this
deepening is a distinct, ventrally directed bony flange. Taigye likely separated the surangular
from the anteromedial process of the coronoid, but not the Medeetitage from the mandibular
neurovascular bundl®rototeiushas been described to possess an IMS (Denton and O’Neil, 1995)
but it is not clear if this feature is equivalent to thadka forming the lateral border of the splenial
articulation.Prototeiusalso lacks the hypertrophied symphyseal region of the mandible aad do
possess procumbent anterior teeth of the dentary. As sudb nat includedPrototeiusin the
Chamopsiidae at this time. It is unclear what relationshipehetiveerPrototeiusand the North

American Borioteiioidea.

Socognathus unicuspao and Fox, 1996
(Figs. 3-5)



Holotype—UALVP 29739, incomplete left dentary.

Referred specimens—UALVP 29910-26611, incomplete tooth-bearing maxillae; UALVP
29732, 29736, 29740, 29743-29745, and TMP 82.24.57, incomplete tooth bearingsdentari

Type Locality and Horizon—Railway Grade locality, Oldman Formation, Campanian;
southeastern Alberta (see Gao and Fox, 1996).

New Material, Locality, and Horizon—UALVP 50958 (KH.2007.039), rostral portion of
skull preserving the anterior portions of the right and left maxidind the right and left dentaries,
and a partial ?palatine; UALVP 50963, partial skeleton pvesgfragmentary cranial elements
and the centra of two caudal vertebrae; UALVP 50961, anterigopart a right maxilla. Wapiti
Formation, Kleskun Hill Park locality, approximately 25 km noattteof Grande Prairie, Alberta,
Canada.

Revised Diagnosis- Late Cretaceous borioteiioid differing from other chamopsiids i
marginal teeth not crowded along tooth row, but variable inispand orientation; teeth tall, with
straight mesial and distal sides, somewhat compressed nsésilgdaind recurved; tooth crowns
mediolaterally concavo-convex, unicuspid with cusp pointed, irtlsoenewhat posterolingually.
Differs further fromGerontoseps irvingensia having moderately strong mesial carina and weaker
distal carina (i.e., non-symmetrical) curving lingually frapical cusp; tooth attachment
subpleurodont, with lateral parapet low, about one-third tooth hé&iffers further from
Stypodontosaurus melleteshaving tooth crowns more acutely pointed, not spatulatéer®if
further fromSphenosiagon simpléx teeth set at an oblique angle to the long axis of the ja
Differs further fromChamopsandLeptochamops interior alveolar foramen of maxilla opens
more anteriorly; articulation surface for palatine signiiityadeeper and anteriorly more extensive.

Remarks—The diagnosis oBocognathus unicuspisovided by Gao and Fox (1996)
included the form of the massive mandibular symphysis, whigdt@gnized herein to be a feature
diagnostic of the more inclusive Chamopsiidae. Additionally, GaoFex (1996:28) noted that the
features of the maxilla “supplement those of the dentitionstindjuishingSocognathufrom
ChamopsandLeptochamop$ We agree with their assessment and have included fisatsges in
the diagnosis. We have additionally added to the diagnosgp#uific differences distinguishing
Socognathus from other chamopsiids with unicuspid teeth GegontosepsSphenosiagarand

Stypodontosaurgs

DESCRIPTION OF NEW MATERIAL



Skull Elements-UALVP 50958 (Figs. 3, 4) is the incomplete rostral portion dful slt
preserves partial right and left maxillae, partial righd left dentaries, and a partial left ?palatine.
The left maxilla is broken into two pieces and is missing rabste dorsal process, the
premaxillary process, and the posterior, or jugal, processtobkie-bearing portion of the maxilla
has 10 complete, or nearly complete, teeth; four on the antexgment and six on the posterior
fragment. The supradental is only exposed on the posterior fragimelorsal view the supradental
shelf is mediolaterally broad and has two distinct fossae afteriormost of the fossae is
anteroposteriorly elongate and bounded posteriorly by a semicibmrgrridge. The more
posterior fossa is a narrow depression just medial to thearenof the dorsal process. This
depression is most likely the anterior portion of the groovéhimarticulation of the jugal. Medial
and parallel to supradental shelf is a bone, or possibly twespthra are possibly the remnants of
the palate (most likely palatine based on position relatitieetanaxilla).

Opposite of the left maxilla and anterior and inferior to2palatal bones is the partially
preserved right maxilla. The right maxilla only preservesttioth-bearing portion of the element
and is missing the premaxillary, posterior, and much of theatlprocesses. There are 10 tooth
spaces preserved that contain five complete and five Igagih. The remnant of the dorsal process
just superior to the tooth row is pierced by 3-4 labial foranthm@amiddle two of which are
conjoined and form a “figure-8” outline.

The left dentary lies just inferior to the left maxilla asilightly posterior to what would have
been its original position relative to the maxilla. Only theghysial and the anterior portion of the
lateral parapet of the left dentary are preserved anedtie of the left maxilla overlap and obscure
much of the lateral parapet. The symphysial surfaceedfihdentary is separated into ventral and
dorsal surfaces by the continuation of the Meckelian grodwve véntral surface is narrow and
smooth and the dorsal surface obscured by matrix, but it ipossitell that it is continuous with
the subdental shelf. The subdental shelf is partially exposed postetive symphysis. It is tall
(approximately 1/2 tooth height) anteriorly and quickly tapersapiasty in conjunction with the
presence of the articulation facet for the splenial. Tteedhsurface of the anterior portion of the
left dentary is pierced by a series of small, closelgspganental foramina. Based on the position
the articulation facet on the dentary, the splenial extendedanh to the mandibular symphysis.
The right dentary is inferior and medial to the right maxilowever, the right dentary is heavily
damaged and no useful morphological details are preserved.

The maxillary teeth are large and have strongly conveallabifaces such that the apex of
each tooth is directed inferomedially. In lateral viewdhmvns are weakly trifid with a tall central

apex and lower mesial and distal expansions of the carimaeidal view the outline of the crown



traces a weal/-shape. The lingual surfaces of the teeth are mostly olesbyrmatrix, but two of
the teeth on the right maxilla have been exposed sufficiemtge the lingual surfaces in apical
view. The central portion of the lingual surface of the crdiwat is continuous with the apex is
medially expanded to form a central ridge. On either didiei®ridge are shallow fossae associated
with the mesial and distal expansions of the crown. The too#s balsiolingually wide and
mesiodistally compressed. The bases of the teeth are fiotesiify exposed to determine if
resorption pits are present.

UALVP 50960 is a skull fragment preserving a nearly complete@xéla, fragments of the
left maxilla and dentary, as well as the centra of twtebeae. The nasal process of the premaxilla
is broken near its base, but it was apparently narrow aytriar in cross-section. The lateral
processes of the premaxilla are short and robust. The exterfaalesaf the element is smooth.
There are three teeth preserved on the maxilla and spaaas &dditional four teeth. The median
tooth is complete and it is tall, columnar, sharply pointed,th@dabial surface of the crown is
curved lingually near the tip. On the left side the distal&friie medial flange of the premaxillary
process of the maxilla is still in articulation with ghesterior surface of the left lateral process of
the premaxilla, but we are unable to determine if reachesdisivie process. The internal surface
of the premaxilla is not exposed.

Of the left maxilla only the aforementioned portion of the @®iltary process and three
teeth are still present. The teeth are poorly presebegdire morphologically similar to those of
UALVP 50958. The medial surface of the anteriormost portion oletthélentary is visible. The
subdental shelf is prominent, but not tall. The subdental guttariew and shallow. There are
seven partial teeth preserved on the dentary. The anteriavfrtbsse teeth is broken, but was
clearly procumbent. The exposed lingual surfaces of the twapbestrved teeth are straight,
smooth, and columnar. The crowns of all of the teeth arengissi

UALVP 50961 is the anterior portion of a right maxilla. Thetat surface is smooth and
pierced by two labial foramina that open anterolaterally. prieenaxillary process is mediolaterally
broad and had forked. The medial and anterior projections of ¢éneagillary process are broken at
their bases. The dorsal process rises steeply and at itis blasesmall opening of the anterior
superior alveolar foramen. There is a single tooth preservedonto the anterior margin of the
dorsal process. The tooth is massive, laterally convex;aaattd posteriorly about 45 degrees. The
lateral parapet forms a prominent, inferiorly directeddkadjacent to the tooth.

Postcranial Elements¥here are several fragmentary remains of post craniakelisnso-
preserved in many of the blocks that also contains cral@alents. The most noteworthy of these

postcranial elements are on specimen UALVP 50963 and includetiaidated caudal vertebrae



and an associated haemal arch that preserved on a bitbokivat appears to be a fragment of a
dentary preserving the anterior portion of the tooth row and pyssitarticulated splenial. Both of
the vertebrae are exposed in lateral view (Fig. 6A, B)emwth has a long centrum and a cross-
sectional view (Fib. 6C) shows a low neural arch. No neuransverse processes are discernable.
The haemal arch (Fig. 6A, C) is poorly preserved and othemvisemarkable. These specimens
represent the first postcranial elements that can be corjideferred to a known taxon of

chamopsiid lizard.

SCINCOMORPHA Camp, 1923
Cf. Chamopsiidae

Taxon indet.

Kleskunsaurugenus nov.
(Figs. 7-8)

Etymology—For Kleskun Hill Park, where the type and only known specieSovasl.
Type species— Kleskunsaurus grandeprairiensg. nov, see below.
Type Locality and Horizon—Kleskun Hill locality (see above).

Diagnosis—As for type and only known species.

Kleskunsaurus grandeprairienssg. nov.

Etymology—For the town of Grande Prairie, Alberta located near the lycality.

Holotype—UALVP 50959.

Diagnosis—Differs from ChamopsGerontosepsGlyptogenysHaptosphenus
LeptochamopsSphenosiagarStypodontosauruis having teeth much less robust. Differs from
Mensicognathu teeth more widely spaced and not mediolaterally compreBsféers from
Gilmoreteiius CherminsaurusDarchansaurusn having posterior articulation of nasals onto
frontal separated by a median frontal ridge such that e orm two distinct tabs that overlap
the frontal (shared witRolyglyphanodon sternbergiDiffers further fromP. sternbergin having
frontal with posterolateral expansion (not restricted by enlagpgstirontal).

Remarks—referral to Chamopsiidae is likely, but treated as tevetgending the recovery

of a more complete mandibular ramus.



DESCRIPTION

Skull Elements-UALVP 50659 is a incomplete skull of a small lizard presertirggpartial
remains of the bones bordering the left orbit, portions of tlie agd left maxillae, and right and
left dentaries.

Frontal: the frontal has a nearly complete nasal process, buherisft margin of the rest
of the element is preserved. The nasal process is naoogy,dnd pointed anteriorly. A median
septum separates the articular facets for the right anddsétls. The dorsal surface of the
remaining portion of the frontal is too eroded to determintewhis smooth or ornamented. The
anterior half of the medial border of the orbit is formed tgyftbntal process of the prefrontal as it
articulates with the frontal. The lateral margin of fitmatal forms the posterior half of the medial
border of the orbit and turns laterally to form part of the grast border of the orbit. The posterior
margin of the frontal is poorly preserved and the articulatiatisthe parietal and postfrontal are
not discernible.

Prefrontal: the prefrontal is large, poorly preserved, trisargials exposed), and forms most
of the anterior border of the orbit. The central portion of ther@médl is massive and is missing
much of its cortical bone covering. The prefrontal contactpdséerior margin of the dorsal
process of the maxilla, but the prefrontal is nearly horizaviben in life it was almost certainly
more vertical in orientation. The lacrimal is missing #mel prefrontal is not sufficiently exposed to
determine the shape and position of the lacrimal foramen.

Jugal: the jugal has a well-preserved maxillary procesghbuemporal process is poorly
preserved and incomplete. The maxillary process is expandedlydarshthe lateral surface has
articulation facets for the maxilla and presumably thertzadr The maxillary facet is long,
triangular, tapers posteriorly, and involves most of theillaax process. The lacrimal facet is
small, triangular and just superior the maxillary facehatanterior end of the maxillary process.
The temporal process extends posterodorsally towards the presumizoh mdshe frontal-
postfrontal articulation. The element is too poorly preservedavige any addition morphological
details (e.g., presence/morphology of quadratojugal process).

Maxilla: only the posterior portion of the maxilla is preserveditreeside and the right is
the better of the two. The posterior process of the masillanig and narrow, extending posteriorly
to nearly the midpoint of the orbit. The dorsal process is brokemdsievidently tall. Four labial
foramina are present just superior to the lateral parapetpidserved portion of the maxilla bears
approximately nine closely spaced, columnar, teeth with subpleuratdacthment. No tooth

crowns are preserved.



Dentary: the lateral surface of the left dentary is exppasé¢he block, but it is missing the
anteriormost and posteriormost ends. The preserved portionighsaad strongly laterally
convex. The broken shafts of some of the dentary teethsabéevin cross-section. The teeth are

closely spaced and have narrow shafts. As with the laattiere are no preserved tooth crowns.

DISCUSSION AND CONCLUSIONS

Lizard-bearing horizons have been reported from various latadcerus-aged alluvial
deposits in western North America: such layers share asstldentical lithological and
paleoecological signature, representing primarily overbankeeasse splays originated within a
meandering fluvial setting (Sternberg, 1951; Prothero and H€86; Gao and Fox, 1991, 1996;
Denton and O’Neill, 1995; Nydam, 2002; Nydam and Cifelli, 2002&alyliam et al., 2007). As a
conseqguence of these relatively high-energy depositional enveérdsnresponsible also for pre-
burial transportation and deterioration of skeletal remaing, lewalities almost exclusively
preserve fragmentary and disarticulated microvertebrasgsoBurthermore, sedimentological
analyses also support humid climatic conditions and environmentsct@ed by high-water
table conditions and permanent waterlogged areas (such as porstgsnand small lakes).
Similar conditions characterize the Early Cretaceous dispafsihe Tetori Group of Japan where
six distinct lizard taxa have been recovered from a e¢g@tsubaerial swamp environment subject
to short periods of flooding (Evans and Manabe, 2008). These conditmnsmarkably different
from those observed in age-equivalent deposits of Mongolidfa€okhta, Barun Goyot, and
Nemegt formations: Gao and Fox, 1991; Sulimsky, 1975; Norell and188a; Alifanov, 2000,
and references therein) characterized by diverse flavidisand-storm originated deposits as well
as dryer climatic conditions. Recently, lizard eggs fradid were also recovered from densely
vegetated areas marginal to a carbonaceous, tidally mefuelagoon (Shukla and Srivastava,
2008). Similar environmental conditions have been reconstructhd irower Cretaceous locality
of Pietraroia (Italy), where an extremely fine-grainedstone preserved articulated specimens as
well as soft tissues (Evans et al., 2004, 2006). The bentpalgosol at the Kleskun Hill locality in
which lizard articulated specimens were recovered nmagsent a new source for vertebrate
microfossils elsewhere. These peculiar lithologies areadily identifiable and traceable in the
field, 2) amongst the finest-grained terrestrial sedimé)tsriginated through relatively rapid
ashfall and not by fluvial transportation (thus avoiding pre-bu@asiportation or disarticulation),
and 4) datable using consolidate radioisotopic techniques (eitd& dr Ar/Ar methodologies).

Lizard remains in western North America are typicadlyrfd in vertebrate microfossil sites

characterized by high-diversity, multidominant assemblaggss(Eberth et al., 2007), where they



are commonly outnumbered either in absolute diversity or recogpemiimens. Significantly, in

the case of the Kleskun Hill locality, lizards remains repnt 8% of all recovered specimens and
21% of identified taxa (Fanti and Miyashita, in press). Suathes, coupled with environmental
evidences of a suitable habitat (i.e. abundant vegetatidrpadebsols and permanent fresh water),
confirm the uniqueness of this locality.

The two skulls recovered from the Kleskun Hill Park are &amt additions to a growing
record of the newly recognized Chamopsiidae. Additionally, thlesks also represent the second
recorded exampld?plyglyphanodon sternbergndParaglyphanodon utahensise the first) of
articulated cranial material that includes both upperawdr dental arcades of lizards from the
Late Cretaceous of North America. As such, they represemijae insight into the small
vertebrate, and in particular, small squamate divedsiting the Late Cretaceous of North America.
These specimens are all the more important as they reptiesarirthernmost record of any lizards
from North America’s Late Cretaceous. Thecognathus unicuspgpecimens provides the
opportunity for revision of this taxon and more meaningful compatsosteologically well-
understoodPolyglyphanodon sternberfiiom the Late Cretaceous of Utah, as welGdmoreteius
(=Macrocephalosaurykanger 1999, Darchansaurus, Erdenetesaurasid Cherminsaurugrom

the Late Cretaceous of Mongolia.
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FIGURE CAPTIONS

FIGURE 1.A, map of the province of Alberta showing the extension of tla@itWFormation and
the Kleskun Hill Park site, north-west of Grande PraBiesimplified stratigraphic column
showing the occurrence of the Kleskun Hill site within the Wadtgterior Basin successions of
Alberta (marine units in grey).

FIGURE 2. Detailed litholog of the Kleskun Hill Park showihg bccurrence of the fossiliferous
bentonitc paleosoil. The composite cross-section shows the red¢iposdi#on of the dated volcanic
ash bed and the fossiliferous layer. Dashed lines indicateuseddor correlation.

FIGURE 3.Socognathus unicuspig ALVP 50958, Left side of partial skuld, light micrograph.

B, line drawing of sameC, exploded view isolating all visible elements. Scale baats 2 mm.
FIGURE 4.Socognathus unicuspig ALVP 50958 same as fig 3\, right side.B, SEM of left side
in oblique inferior viewC, detalil of anterior teeth of maxill®, detail of posterior teeth of maxilla.
All scale bars equall mm.

FIGURE 5. Socognathus unicuspi&-D, UALVP 50960, rostralmost portion of cranium. Anterior
view of premaxilla irA, light micrograph andB, line drawing of same. Superior view of
premaxilla and anteriormost premaxillaednlight micrograph an®, line drawing of samee-F,
UALVP 50961, anteriormost right maxill&, light micrograph of lateral view arf line drawing

of same. Scale bar equals 2 mm.

FIGURE 6.Socognathus unicuspig ALVP 50963, multi-element block with postcranial elements.
A-C, two caudal vertebrae in articulationAn ventral viewB, oblique lateral view, an@, cross-
sectional view.D, detail of haemal arch. Scale bars equal 1 mm.

FIGURE 7.Kleskunsaurus grandeprairiengien. et sp. nov. UALVP 50959, partial skéil. SEM
of left side.B, line drawing of sameC, exploded view isolating visible portion of each element.
Scale equals 2 mm.

FIGURE 8.Kleskunsaurus grandeprairiengigen. et sp. nov. UALVP 50959, partial skiéil. light
micrograph of right sideB, line drawing of sameC, exploded view isolating visible portion of

each element. Scale bar equals 2 mm.
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Sedimentology, Geochemistry, Stratigraphy, and Sequence Stratigraphy

Outcrop and subsurface data from the Grande Prairie region ircerdstd Alberta indicate that
the Wapiti Formation can be subdivided into five regionally mappéthlestratigraphic units
accumulated during Campanian-Maastrichtian time. These unitepagated by both conformable
facies contacts and subaerial unconformities of undetermined duiatiascending order, units 1,
2 and the basal deposits of unit 3 represent different sthgesnajor progradation of the Wapiti
clastic prism during the middle Campanian, followed by aopgeof increasing accommodation and
sediment starvation represented by fine grained deposits of thepgrpef unit 3. A second phase
of reduced accommodation and increasing sediment supply is mpesy units 4 and 5, which
are both capped at their tops by a widespread coal zone (the Red/ \Afill Cutbank Coal Zones,
respectively).

Volcanic ash beds are frequently interbedded with fluvial depositeeofVapiti Formation.
Their stratigraphic occurrence and distribution suggest restricte intervals (< 1Ma) of intense
eruptive activity in the Cordillera volcanic centers, paittidy in concomitance with the Bearpaw
seaway transgressive and regressive phases, and in the uppkpussts of the Wapiti Formation
(lower Maastrichtian). Geochemical analyses suggest thermmef multiple source areas with
different tectonic setting and magmatic composition that resuitadpeculiar bimodal occurrence
of basic and acidic volcanic ashes. The presence of regiadéysive volcanic ash bed that can
be confidentially traced in both outcrop and subsurface provide exceltdstfor intra- and inter-
formational correlations.

From a sequence stratigraphic point of view, the Wapiti Féomatonsists of four
unconformity-bounded depositional sequences: in ascending order, sequeades The transition
from the underlying marine facies of the Puskwaskau Formation té/#pati fluvial facies, and
consists of strongly progradational and aggradational (high accomormdd¢posits. Sequences 2
and 3 consist of amalgamated channel-fill deposits at the(lms@ccommodation), which grade
upwards into more floodplain-dominated successions (high accommodaBeqguence 4 is
dominated by channel sediments and extensive overbank facies, mglicagh accommodation
and an overall trend of vertical aggradation. Furthermoreidthdification of maximum flooding
surfaces (MFS) associated to regionally extensive coalaticaimulated at more the 200 km from
the coeval shoreline, support the utility of coal seams agdigestetigraphic sequence boundaries
in non-marine successions.

With respect to the timing of deposition and overall stratigraphititecture, the proposed
subdivisions of the Wapiti Formation share many similaritiek #ie well-studied Belly River and

Edmonton Groups of central and southern Alberta. Differences ileaply in the proximal



deposits not affected by coastal, estuarine or paralic depositivrdl&'om base level oscillations.
Tectono-sedimentary relationships in the northern section of thell€adind adjacent basins were
characterized by intermittent thrust loading of the basin malgng, periods of isostatic rebound,
subsequent cannibalization, and widespread southwestward dispdimaideep sediments. Major
shifts from lower to higher sinuosity fluvial systems as wasllithe intercalation of fine and coarse
fluvial sediments also suggest variations of the deposit®logk within the basin. During active
loading and thrusting, coarse clastics accumulated in the fgreshekthus, sedimentation of finer
grained facies, as well as intervals of sediment stamvatiharacterize the distal section of the

basin.

Paleontology

Investigating the paleontological resources of the Wapiti Fiomas essential because this
succession represents a long interval of continuous terrestdahentation that records a critical
time period in dinosaur and other vertebrate evolution (including manaraphibians, and birds).
In the last decade, field activities in the Grande Rraigion have resulted in the discoveries of
several important fossil localities, some among the ricleest found in Alberta and North
America. These include ceratopsian-dominated bonebeds, dinosauorskelsblated teeth and
bones ascribed to tyrannosaurs, troodontids and ankylosaurs, microvertsibea, trackway
localities, insects in amber, and megaplant fossils. Oficpéat relevance are 1) hatchling- to
nestling-sized hadrosaur elements danmdodonteeth suggesting the presence of a hadrosaurid
nesting ground (the northernmost occurrence known to date) in lowlaasl &ithin the alluvial
plain and predator-prey association between juvenile hadrosaurid§raodon 2) articulated
cranial material of and a new taxon of scincomorph liz&tdskunsaurus grandeprairein¥ithat
represent the northernmost occurrence of fossil lizards in Martérica; 3) a new species of the
horned dinosauPachyrhinosaurughat presents anatomical characters, including larger body siz
and nasal bosses that contact the supraorbital bosses, that suggasbe identified as closely
related taPachyrhinosaurus canadengiseviously reported from Alaska and southern Alberta.

With an uninterrupted latest Cretaceous terrestrial reched Wapiti Formation offers a
unique look into the mode and tempo of the evolution of a variety of Faxthermore, the Wapiti
fossil record is geographically important, as the localithesveen the mid-latitude deposits of
southern Alberta and the high-latitude fossil localities of kdasAs such, further paleontological
studies on the Wapiti Formation will reveal the nature eftthnsitional faunas between southern
Alberta and Alaska, which can shed light into migratory, evahatiy, and biogeographic aspects of

vertebrate distribution in North America at the end of thet&eous.
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In the last decade, field activities in the Grande Pragggon have resulted in the discoveries
of several important fossil localities, some among theesttever found in Alberta and North
America. These include ceratopsian-dominated bonebeds, dinosauprskelsblated teeth and
bones ascribed to tyrannosaurs, troodontids and ankylosaurs, microvertsibea, trackway
localities, insects in amber, and megaplant fossils. In gipitaese discoveries, there have been
relatively few reports (Allan and Carr, 1946; Stott, 1961; Davetaa., 1994; Tanke, 2004, 2006;
Currie et al., in press), and the geological and palaeontoldgipaktance of the Wapiti Formation
remains virtually unknown. Among tens of important fossiliferous libes, two vast and rich
ceratopsian bonebeds play the most important role in the Wapitigfion paleontological record.

Known since 1975, the Pipestone Crd&chyrhinosaurusonebed (Fig. 1) is 800 meters
upstream from its confluence with the Wapiti River, and is thas 25 km SW of the city of
Grande Prairie. With more than 99% of the recovered matsiibed to ceratopsian dinosaurs
and an extremely high abundance of well preserved bones (up to 200 slperestuare meter),
this fossil assemblage represents the richest ceratopsianeldoaeér found in North America
(Tanke, 2006; Currie et al., in press). Caused by an unknown catastemgmt, it preserves a
monospecific taphocenosis, and thus is similar to several favgeed dinosaur bonebeds from
southern Alberta. Even though only 52 square meters of the bonebeddemvexcavated to date,
exploration borehole cores show the bonebed extends for at least 70 lirtss r(Geo-
Engineering, 2005; Graber and Hunt, 2006). At the excavation siteptinee layer is more than 50
meters wide, suggesting the bonebed covers more than 3,500 squene fritet bonebed has also
been identified 120 metres downstream on the opposite side of Pip€samie so this estimate is
in fact conservative. If we assume that there are 150 bonexypare metre on average, and that
there are 288 skeletal elements in a ceratopsid dinosaun éRgh 2001), we obtain an estimate of
1800 individuals involved in the depositional event. Bone density wihsingle bonebed varies
greatly (Eberth and Getty, 2005), but even reducing the avesas@ hones per square meter, we
still obtain the impressive value of more than 600 individuals. Warovay to estimate the number
of ceratopsian individuals is to take the number of skulls (17 aKulls according to Currie et al.,
in press) excavated in 52 square metres, and extrapolate to tteebwhebed area. This produces
an estimate of more than 1,000 individuals for the bonebed. Althoughaticaand subsequent
analysis is the only way to reliably establish a minimum numbendi¥iduals, our estimates do
suggest that an impressive number of dead animals are m@pkgethe Pipestone Creek bonebed.
Age/size distribution of the animals in the bonebed is just oredfievidence that suggests that the

death of these animals was catastrophic, rather thamatii{Currie et al., in press).



Large amounts of coalified plant fragments within the bonebedx@tPipestone Creek, and
the almost complete disarticulation of skeletal remainsghvbften have trampling traces, indicate
a complex taphonomic pre-burial history that included subaerial exposuewet, pond-like
environment, transportation and final burial of highly reworked elesnéntaddition, orientation
measurements on fossil elements (>15 cm) within a sectiorheofbbnebed (n=102) show
significant multi-modal distribution indicating consistent syn-déjmosal hydraulic reworking at
the site. Because of the complex taphonomic history at thensiteyay never know the genesis of
the catastrophic event..

A composite geological section, obtained by combining data frombfanehole cores (PC1 -
4) and sedimentological analysis at the site, revealstiba®ipestone Creek bonebed lies within a
2.5 to 4 metre thick, laterally continuous, carbonaceous, dark gmggnic-fragment-rich siltstone
layer (Fig. 2). Vertical facies alternation is typicéllevee to overbank deposits, with interbedded
fining upward sequences bounded by sharp erosional surfaces. At thetheposktrbank deposits
are paleosols, interbedded amber-rich coal seams, and igbft,gfeen to yellow bentonites.
Carbonaceous nodules as well as clay lenses are also prdseisanie stratigraphic architecture,
with a more significant sandstone composition, can be observeelvéral outcrops downstream
along Pipestone Creek and along nearby sections of the Wapdi. Riadrosaur and isolated
ceratopsian remains have been collected near the motitte afreek. Thick, low-angle ripples
within the sandstone layers underlying the bonebed indicate a high-ametiggnment and a high
sediment supply: paleocurrent measurements (n=23) indicate a fleatiatir from southwest to
northeast (N35°E). This is also compatible with the progredsiia&ening of the fossiliferous
siltstone layer and concomitant pinching out of the basal sandstwasd the north. A volcanic ash
located 28 meters above the bonebed level yielded an age of 7@8.25 My (Eberth in Currie et
al., in press), roughly equivalent to the maximum transgres$itre Bearpaw Sea in central and
southern AlbertaRaculites compressune). Measured sections combined with palynological and
radiometric data suggest that this section of the Wapiti Riomaas an average sediment
accumulation rate between 7.5 and 9 cm / 1000 yrs, compatitiiea condition of increasing
accommodation (TST or HST) that has also been observed in the Keoveeshoe Canyon
Formation in central Alberta (Eberth, 2002). This interpretaoconsistent with the presence of
large bonebeds and isolated fossil remains in overbank settwgsl Femains recovered from the
site have been identified as a new specidsaghyrhinosaurugCurrie et al., in press).

The Wapiti River bonebed occurs on top of a widespread, slumped expostire north side
of the Wapiti River, approximately 32 km upstream from the moutRipéstone Creek. This site

has been known locally for many years, and has been visited bygeaesations of school classes



(Bert Hunt, pers. comm., 2007). Most of a skull (TMP 2001.11.1) weevated in 2001 by a field
party from the Royal Tyrrell Museum of Palaeontology. Althoughas collected from high on the
wall of the slumped area, it was uncertain whether the specmas recovered from thia situ
layer, or was in a large slump block. A nine square metr@avexion was undertaken by a
University of Alberta field party in 2007, who also traced the bodetiehe same level for 107
linear metres. So far, a minimum number of eight individuals baea identified by the recovery
of partial adult skulls (in the collections of the Tyrrell Musn and the University of Alberta) that
include their nasal bosses. Although it is conceivable thatetiiee face of the bonebed has
slumped below its original level in the bedrock, it now seermagentikely that the bone from this
level has slumped little, if any. Weathering and erogik@cesses are particularly intense on the
slope surface, and larger fossil remains, including skulisysldownhill onto the floodplain of the
Wapiti River. Fragmentary and well preserved but small dinasanains litter the slope surface.
Excavation revealed a lower density of bone than recovered iRiplestone Creek bonebed (Fig.
3A), and there seems to be 30 to 50 bones per square metre. Teatralrichgments of ribs and
ossified tendons are mixed with partial skulls (including thedss®uts, bosses and circumorbital
regions of mature animals), vertebrae and limb elementsra®vbone fragments recovered are
smaller on average than those from the Pipestone Creek bonepgelsting there was a different
pre-burial history. Although all identifiable bones are ceratopsieeth of a tyrannosaur and
Troodonhave also been recovered from the quarry. Finally, specinodiasted preserve an almost
undistorted three-dimensional shape indicating that the bonebe@ssgaaflected by load or shape
deformation than the Pipestone Creek bonebed. Most of the laoges, including the nasal
bosses, are encased within ironstone nodules, whereas smaller aonigs found in either the
poorly consolidated mudstones or within the ironstone nodules.

The Wapiti River bonebed (Fig. 3B) is associated with a sterdi but less than half a meter
thick, organic-rich mudstone layer with abundant ironstone noduléss bt top of a 150 cm thick
organic-fragment-rich, dark grey silt with laminar traetstructures. In addition, well developed
“wet” and immature paleosols in close association with coslele, thin ironstone layers, and minor
clay lenses are frequently interbedded above and below the borigibedntinuous sandstone
layers and the massive presence of overbank facies sugdepgbsitional environment similar to
the one described for the Pipestone Creek bonebed. A 15 cmlidjiitkgreen volcanic ash has
been sampled 180 cm below the bonebed layer, and is now beingsswcesing standard
radiometric dating techniques. The presence of the palynoriéoglehouseia edmontonicatathe
deposits overlying the bonebed has been used for dating becauseestricted age range (from
70.5 to 71.8 Ma). However, it should be noted that the stratigraphige of this species may



extend from the upper Bearpaw Formation to the top of the HorseshoenClaogmation, which
would give it a time range between roughly 67 and 74 My (Dennis&mnapers. comm., 2007).
Geophysical data from three gas wells close to the WapiterRsite and outcrop
measurements have been used to produce composite geological suiwimg that the bonebed
is approximately 605 metres above the base of the Wapiti Hormdierefore, the Wapiti River
bonebed is higher than the Red Willow Coal Zone. In contrast, thst®ieeCreek bonebed is
about 435 metres above the base of the Wapiti Formation, well bee Red Willow Coal Zone
(Dawson et al., 1994). Although both bonebeds occur within thick inteo¥adserbank deposits
that accumulated under high accommodation conditions, they are wlifferdat the Wapiti River
site anomalously lacks sandstone deposits below the fossilifepeisfor no less than 5 meters.
The Red Willow Coal Zone in the area marks a major environmsital which is also supported
by the presence of extremely abundant organic material andevellopped paleosols within fluvial
deposits higher in the section above the coal zone. Palynologitalfdm the coal seams to
indicate a latest Campanian to early Maastrichtian agev¢bn et al., 1994). This is consistent with
changes in the depositional style observed in the transition &etweits 1 and 2 within the
Horseshoe Canyon Formation, reflective of tbeumheller Marine Tonguetransgressive event at
70.5 My (Eberth, 2002; Eberth and Deino, 2005). Despite the fact thaltifuele of the Wapiti
River Bonebed is 100 meters higher than the Pipestone Creek Bpoehgibsite cross sections
suggest that the bonebeds are in fact separated by about 170aheteks The depositional style
suggests a medium to high vertical aggradation rate. Usingesiagee sediment accumulation rate
of 6 cm / 1000 yrs, the 170 meters would represent 2.83 My. This wouldssubgethe Wapiti
River bonebed is approximately 70.4 million years old, which would ntaddassils it contains
coeval with the type species dfachyrhinosaurus canadensisom southern Alberta. Not
surprisingly, the specimens in the Wapiti River bonebed haatomuical characters, including
larger body size and nasal bosses that contact the supraorbitas,btiet suggest it can be
identified asPachyrhinosaurus canadensrather than as tHeachyrhinosauruspecies represented

at the Pipestone Creek bonebed (Currie et al., in press).
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Figure Caption:

Fig. 1. Section of the Pachyrhinosaurus n. sp. bonebed at Pipestmie (&fter Currie et al., in
press).

Fig. 2. Stratigraphic columns for the bonreholes associatedivéitRipestone Creek Bonebed.

Fig. 3. A, quarry map of the Wapiti River Bonebed, showingdize and distribution of bone
excavated in the test excavation by the University of Albert2007. B, stratigraphic

column of the beds in the vicinity of the Wapiti River Boagb
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The Wapiti Formation, which outcrops extensively in northwesternrisnd northeastern
British Columbia, is a sedimentary succession that represémt interval from lower Campanian
to upper Maastrichtian. As such, it is temporally equivalerthe Belly River Group (Foremost,
Oldman, and Dinosaur Park formations), the Bearpaw Formation, rendEdmonton Group
(Horseshoe Canyon, Whitemud, and Battle formations) of southern atrdl g&lberta, all known
for their abundance of fossil vertebrates and high diversity of aimdaxa. Moreover, because of
its great temporal extent, the Wapiti Formation is contemporanegithisseveral late Cretaceous
deposits elsewhere in North America: the Prince Creek Faomg@ilaska), Mesa Verde Formation
(Wyoming), the Two Medicine and Judith River formations of Montd&ha&e Creek and North
Horn formations of Utah, and the Fruitland, Kirtland, and Ojo Aldormations of New Mexico
(Denver Fowler, personal communication, 2007). Lacking any matepositional event, the
Wapiti Formation plays a unique role in the western margin of thest&h Interior seaway
stratigraphic evolution as well as in dinosaur dispersal and patgaigraphy. However, despite
these important premises, the Wapiti Formation has been orilgllyastudied because of factors
such as remoteness, vast extent of outcrops, vegetation andayperational costs.

The study area to date encompasses approximately 22,000 square kmande @rairie
County in north-western Alberta. In the absence of any previous stodidse stratigraphy and
sedimentology of this succession, several approaches (includingiseimtigraphy, geophysics,
geochemistry, facies analysis, and palynology) were combinextdier to document the entire
Wapiti succession in detail, and to correlate regional units ¢oeggivalent deposits elsewhere.
Data collected from 548 well logs, combined with outcrop invattig at more than 80 different
localities, result in a preliminary analysis of approxima&®) meters of the Wapiti Formation. In
addition, fourteen bentonites, some up to 97 cm thick, have beenesln®ik sub-units are
identified and correlated with age equivalent deposits of aleatrd southern Alberta, and Alaska.
Analysis of the units 1, 3, 4, and 5 resulted from both subsugadeoutcrop data, whereas
description of units 2A and 2B reflects mostly gamma-ray wellihterpretation. Finally, to better
characterize the identification of different units, well 07-27-Q&8V6 was chosen as the reference
for this study (Figure 1).

Unit 1: the basal unit reflects the early basinward prodi@af the Wapiti clastic prism in
the lower Campanian. The transition from the underlying maruskwaskau Formation (Smoky
Group) is marked by a gradual coarsening up sequence with up to 3Ghmehoreface deposits
at the top. Exposures along the Smoky River north-west of Gfaradee represent the complete
transition from offshore to shoreface deposits, and currently représe reference area for the

base of the Wapiti Formation. A thick coal layer that outcrdpsgathe Smoky River has been



identified in well logs in the entire study area, and marks tise b& the overlying coastal plain
facies. Fine to medium-grained flood plain deposits with isdlatkannel sandstones and
persistently thick coal seams indicate medium to high accommad&tcies analysis suggests that
sediments were deposited in water-saturated environments, sogypag-rich marshes or ponds.
The total thickness of unit 1 at the reference well log locelify20 meters.

Unit 2A: the transition from unit 1 to the overlying unit 2Anmrked by the first appearance
of large channel sandstone deposits within alluvial plain fatiesonsists of major and minor
fluvial distributaries (the individual channel-fill sequenceges in thickness from 5 to 15 meters),
extensive overbank strata, and interbedded tabular coal seamanitligsalso characterized by the
presence of a bentonitic marker bed, named Horizon A, which ixpately 20 meters below
the top of the unit. The thickness of Unit 2A is 80 meters.

Unit 2B: The lower portion of unit 2B consists of massive, anma#jad, decametre-thick (up
to 40 meters) sandstone bodies. These channel deposits usuallshagveerosional bases, while
overbank facies at the top of fining up cycles are lenticuldrreotably lack coal seams. The lower
deposits of unit 2B are interpreted as refection of the maximasmward progradation of the
Wapiti Formation before the Bearpaw seaway transgression. The ppp@n that conformably
overlies the sandy zone, comprises muddy and coaly crevasse aplhysverbank deposits,
suggesting a significant shift in the depositional style. Tthes,upper deposit of Unit 2B can be
correlated with the early transgression of the BearpawBaadqgressive System Tract conditions).
The total thickness of this unit is approximately 60 meters.

Unit 3: The base of unit 3 is easily recognized in both well bg$ outcrops by a strong
increase in gamma ray response (a significant shift towardight) and variation in depositional
style. A consistent reduction in sandstone bed thickness is assbevith silt-mud dominated,
inclined heterolitic-strata, as well as tabular and IHtecantinuous coal seams in association with
well developed paleosols. Bedforms usually have lateral-ameretirfaces typical of point bars or
lateral bars within the channel. The upper deposits of the drarsextremely rich in organic
components, suggesting an origin related to river avulsion, possibheck cut-off of meander
bends. Two marker beds are identified within this unit: in ascendidgr, bentonitic layers,
Horizons B and C, extend laterally for more than 120 km in the regilthough they are
occasionally interrupted by erosional channel surfaces. A miglcash layer collected in the
Kleskun Hills area, where deposits of unit 3 outcrop extensivedidad an age of 73.77 = 1.46 My
(David Eberth, personal communication, 2006), suggesting that thee eotit 3 is
contemporaneous to the Bearpaw Formation. Thus, the marked chdluyél style would reflect

late Transgressive System Tract to Highstand Systemrt Tirgh accommodation conditions, and



the relative Maximum Flooding Surface would lie within these dégaosinit 3 is bounded at the
top by an erosional unconformity that in well logs appears as a meamieftward peak in the
gamma ray response, indicating a significant increase posttegrain size and consequently a
significant depositional unconformity. Unit 3 thickness rangesf120 to 80 meters.

Unit 4: Facies associations in Unit 4 are dominated by fining upwaquences of levee,
crevasse splays, and overbank sheetflood deposits where sm@ial csoss-beds, planar and
undulatory laminated fine to very fine sand and silt, and thin ordamaation are the typical
sedimentary structures. Frequently, “wet” and immature paleostdkerbedded amber-rich coal
seams, and soft, light green to yellow volcanic ashes top ovedigpusits. This stratigraphic
architecture reflects a major shift in depositional stglgggesting medium to high accommodation
and an overall trend toward aggradation. Radiometric ages frdmantonitic layer found at
approximately 90 meters above the unit 3-4 boundary reveal an age of 76.25 My (David
Eberth, personal communication, 2006), roughly equivalent to the maxinamsgression of the
Bearpaw Sea in central and southern AlbeBac(lites compressusone, 73.4 My: Obradovich,
1993). Thus, radiometric ages and variations in the fluvial depaaitsatting would confirm that
the Bearpaw seaway regression in Alberta started earligheinnorth western regions than
elsewhere.

At the top of unit 4 is the Red Willow Coal Zone (Dawson etl#194) that includes the first
appearance of thick (up to 1.5 m), laterally continuous coal seatiis the Wapiti Formation.
Palynological data indicate a late Campanian — earliessivlahtian age (Dawson et al., 1994) for
the coal seams. The presence of a thick coaly intereakisistent with variation in the depositional
trends observed in the transition from unit 1 and 2 of the Horseshoe Camyoation, interpreted
as a direct reflection of the “Drumheller Marine Tongue” tggessive event at 70.5 My (Eberth,
2002; Eberth and Deino, 2005). The thickness of unit 4, including the Ré&mW@oal Zone, is
approximately 200 meters.

Unit 5: the uppermost section of the Wapiti Formation displaypaditional style similar to
that of unit 4, with an alternation of fine paleochannel sandsamm&®verbank facies indicating a
multi-storeyed small channel system. Sandstone units rangelfdotm 100 cm, and are usually
fining upward deposits capped by muddy/coaly horizons. Near the tbje einit, several thicker,
continuous coal seams are developed and are currently referredG@atbank Coal Zone (Dawson
et al., 1994). The lowermost coal seams are considered emiivalage to the Thompson Coal
Zone of the Alberta plains, and overlying deposits have beenlatedewith unit 5 of the
Horseshoe Canyon Formation (Eberth, 2002) and possibly with the WhitemadidBattle

formations. The top of the unit is bounded by a sharp erosional coritia¢hesoverlying massive,



medium to coarse grained sandstones of the Entrance Member, trajpsumnostly along the
Cutbank River. The thickness of Unit 5 is 160 meters. Importaifity presence of the Cutbank
Coal Zone is in contrast with the lacustrine facies of theitékhud and Battle formations,
indicating different climatic, environmental, and depositiomaditions in the region.

The uninterrupted terrestrial record of the Wapiti Formation presema variety of
depositional and environmental changes during the Campanian-Matestricnterval. Proposed
units have been preliminarily correlated with age equivalgnbsits of Alberta and Alaska (Figure
2). In particular, the high accommodation rate and aggradatind trieserved in unit 3 deposits
indicate the influence of the Bearpaw seaway on inland flgystems; the Red Willow Coal Zone
within the fluvial deposits of unit 4 correlates with the “Dhetler marine tongue” transgressive
event and probably reflects a major climatic change thaived north-western Alberta at the end
of the Campanian.

Lastly, the Wapiti Formation produces a diverse terrestgatebrate fauna that to date
includes several dinosaur groups (hadrosaurids, ceratopsids, ankylogstannosaurids,
troodontids, droameosaurids) as well as crocodiles, exquisitelerpegls squamates, turtles,
mammals, and amphibians. Because the Wapiti Formation is 1pltheirsinterrupted terrestrial
latest Cretaceous fossil-bearing unit in North America, and @)eem the mid-latitude southern
Alberta and Montana and the high-latitude Alaska, further palesmitall studies will reveal the
nature of the transitional faunas between southern Alberta asitadand shed light into migratory,
evolutionary, and biogeographic aspects of vertebrate distributiomritth Mmerica at the end of

the Cretaceous.
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Figure Caption:

Fig. 1: Interpretation of Wapiti Formation reference log (gamay curve), well 7-27-068-
11We6.
Fig. 2: stratigraphic chart showing the ages of Campaniaastvlentian deposits of Alberta and
Alaska. After Phillips, 2003, Fiorillo, Pers. Comm. 2007, foagkia; Eberth, 2005, Eberth
and Deino, 2005, Braman, Pers. Comm. 2007, for central and sodterta; Brinkman,

2003 for southern plains of Alberta.
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The lower Campanian to upper Maastrichtian Wapiti Formationoirth-western Alberta
and north-eastern British Columbia is an undifferentiated lithiogtag@hic unit that includes
interbedded fluvial sandstone and siltstone with minor mudstone and awél subordinate
lacustrine deposits. Fundamental questions about this successiodeintd subdivision into
regionally mappable sequences, as well as the correlatgucbfsequences with the better known
lithostratigraphic units in central and southern Alberta. $hidy reveals that the Wapiti Formation
consists of four unconformity-bounded depositional sequences, whichbkamedocumented in
outcrop and well logs; their study and description have been basedquoense stratigraphic
methods, well-log signatures, facies analysis, and fossicagions. In ascending order, sequence 1
marks the transition from the underlying marine facies of th&askau Formation to the Wapiti
fluvial facies, and consists of strongly progradational and aggoadh (high accommodation)
deposits. Sequences 2 and 3 consist of amalgamated channel-filit<legioshe base (low
accommodation), which grade upwards into more floodplain-dominatedessicas (high
accommodation). Preliminary results indicate that the maxirfloating surface of the Bearpaw
seaway, which is a reference marine unit in central and souffieenta, lies within the fine-
grained fluvial deposits in the upper portion of sequence 3. Segdeiscdominated by channel
sediments and extensive overbank facies, indicating high accomorodati an overall trend of
vertical aggradation. Within sequence 4, the Red Willow Cwmale is age-equivalent to the
Drumheller Marine Tongue transgressive event and marks anmtiwemum flooding surface

within the fluvial deposits of the Wapiti Formation.
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