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ABSTRACT

Oryctodromeuss a small bipedal dinosaur known from middle Cretaceous (95
100 My) Wayan Formation of Idaho and the Vaughn Member of the Blackleaf Formation
of Montana. This taxon iBypothesized to belaurrowing dinosaunvhich cared for its
young withintheseburrows. This dissertation is a broad thpeet treatment of this
taxon and excepting the introductoaypdconcluding chapterhis dissertatioronsists of
three main chapter€hapter twadescribes the osteology andyfigenetic relationships
of this animalNotable features of th@ryctodromeuskeletondescribednclude a
networkof ossified tendons along the vertebral coluimat completely ensheath the tail
along tail that forms more than half the length of thereah, and unusual femoral heads
whose morphology may be related to burrowing behaViee. first full skeletal and skull
reconstructions of this animal are presen@uhpter threévestigategpatterns of
preservation oOryctodromeusData suggests thpteservation of single to multiple
individuals of this taxon typically occurred in burrows that may be difficult to impossible
to recognize in the fossil record. New examples of burifoeva Oryctodromeus$rom the
Vaughn and Wayaras well as additional @ence for social behavioare also
describedA third chaptedetailsthe ontogenetic histology, growth rates and patterns of
skeletal fusiorbased on seven limb elements (femora and tibiae) diiferent
individuals Based on the data in this dissertation, three growth stages can be recognized
in Oryctodromeu$ased on bone histology. Juveniles are defined by more rapidly
growing fibrolamellar tissue, seddults are defined by a cortex of inner fibrolamellar
tissue ad outer zonal parallel fibered tissue, arehradultindividuals have tissue
similar to sub adults witdense avascular bone in the outermost cortex that signals
decrease ingrowthrate, AG6 s suggest a tosevanyeansiformoeege o f
matureindividuals.Patterns of neurocentral fusion@ryctodromeusppear similar to
those of crocodylians and some other small ornithischians, whiledinghgrates of
Oryctodromeusippearslower than those of some dinosaurs,damilar totaxasuch as
OrodromeusandTenontosaurus
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CHAPTERONE

INTRODUCTION TO DISSERTATION

Orodromines were small neornithischian dinosaurs that formed distinct
components of Cretaceous paleocommunities in North Amegicd\sia. Members of
this clade consist dtephryosaurugrom the AptianAlbian Cloverly Formation of
Montana and Wyoming)ryctodromeugrom the AlbianCenomanian Wayan Formation
of ldaho andhe coevaVaughn Member of the Blackleaf Formation of Montana,
Orodromeudrom the Campanian Two Medicine Formation of Montana, an unnamed
taxon from the Campanian Kaparowits Formation of Ugdbertadromeugrom the
Campanian Oldman Formatioh Alberta andKoreanosaurs from theCampanian
Seonso Conglomera(8ues, 1980; Scheetz, 1999; Varricchial, 2007: Krumenacker,
2010; Huh, 2011Brownet al, 2013;Gateset al, 2013) Due to the established
burrowing habit ofOryctodromeusskeletal features inferreab related to diggingnd
similar taphonomic patterns of preservation among some of thesé tea@peen
postulated that orodromines were a clade specialized for digging (Varretchip2007;
Huh, 2011) Oryctodromeuss the dominant vertebrate taxin the fossil assemblages of
the Wayan Formation and the Vaughn Member, and is well represented skeletally, with
over a dozen partial to near complete skeletons being known, as well as numerous less
complete remains. In this dissertation | provide aitite treatment dDryctodromeus

with three chapters that focus on different aspects of this taxon.
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Oryctodromeuss one of the best representeddromines, and in chapter one an
in depth description of the osteology of this tax®given. Most orodnminetaxa are
much less completely known th@ryctodromeusand this treatmermrovides a much
better understanding of the osteological features of this clade and provide a basis for
comparison with other specimens in the fut@eecimens exhibiting keysteological
features are figured in multiple angles, with specimens from the Wayan and Vaughn both
being utilized. Additionally this chapter examines the phylogenetic relationships of
OryctodromeusPreviously this taxon has placed solidly within the ocoatnes cladén
numerous analyses using parsimony analysis (Varriethab, 2007; Boyd, 2015). Here
Bayesian analysis usedas an alternative method to compare the results with those of
previous analyses.

The apparent extreme dominanceédoyctodromeusn the Vaughn and Wayan
assemblages raises questions regarding the original paleoecology of these
paleocommuities and suggests the possibility of biases favoring the preservation of this
taxon (Krumenacker, 2010; Krumenacke¢mal, 2016). Qestions raised include whether
or notOryctodromeuseally is the dominant taxon in these assemblaayas if so why is
it the dominant taxon? Also, the initial descriptiorQof/ctodromeusncluded evidence
for parental carand burrowing behavian this taxon, and this raises the question if there
is additional evidence fahesebehaviosin this taxon?'he second chapter of this
dissertatiordescribed additional burrows attributabledn/ctodromeusind addresses
guestionsof social behavior and pos# taphonomic biasélrough the analysis of the

taphonomic setting and attributes@fyctodromeuspecimens found up to this date.
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Understanding of the histology of orodromines dinosaurs has previously been
limited to the description of histological teees ofOrodromeudrom the Campanian
Two Medicine Formatiolf Montana (Horneet al, 2009). The moderately large sample
size ofOryctodromeuspecimens facilitates histological studies to assess general
histological features, growth rates, and degfeeaiurity of the individual specimens
examined. These data, which are discussed in the third chapter, serve as a basis of
comparison for the previous work wi@rodromeusand provide more data on the

histological variation and skeletochronology of thisdd.
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Abstract

ABSTRACT-The Albian to CenomaniaWayanFormationof easternidahoandthe
coevalVaughnMemberof the BlackleafFormationof southwesteriontanacontain
vertebrateassemblagegominatedoy the smallburrowingorodrominedinosaur
Oryctodromeusgubicularis The holotypeandparatypespecimen®f Oryctodromeus
haveundergonenly preliminarydescription Herewe describen detailthe osteologyof
Oryctodromeusisrepresentetly additionalspecimensThesespecimengrovidea suite
of additionalcharactersisefulfor the diagnosisof Oryctodromeusanelongate
preacetabulaprocesf theilium, elongatecervicalcentral.6timesaslongashigh,
elongatedorsalcentral.4timesaslong ashigh, over55 elongatecaudalvertebraeoften
envelopedn hypaxialandepaxialtendonsandafemoralhead similar to thatof
Koreanosaurusprojectingfrom the greatertrochanteiat roughly 35° onanelongate
neck.A phylogeneti@analysisconductedusingnew charactersupportghe monophylyof
Orodrominaea neornithischiarcladeknownfrom the middleto Late Cretaceousf Asia
andwesternNorth Americathatmay havebeenspecializedor burrowing.Unfortunately
this newanalysisprovidesno additionaldataon the placemenbf Oryctodromeusvithin
this clade Thetail, comprisingtwo-thirds of theanimalstotal lengthof roughlythree
meters andassociatetendonsheathsn the axial columnsuggesgreaterflexibility than
hasbeenpreviouslysupposedor ossifiedtendonspr alternativelysuggesthe possibility

of Oryctodromeudurrowshavingseparater multiple entrancesndexits. Theelongate
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andangledfemoralheadprobablyplayedarole in theanimalbracingitself with a

splayedleg posturewhile digging.

INTRODUCTION

Theterrestrialvertebratdossil recordfor the earliestLate Cretaceousf North
Americahasgrowndramaticallyover the pasttwo decadesnainly dueto discoveriesn
the MussentuchiMemberof the CedarMountainFormationof easterriJtah (eg.
Kirkland andMadsen2007;McDonaldetal., 2012;ZannoandMakovicky, 2013).
However,discoverieutsideof this areaaremud lesscommonandarepoorly
understoodThe WayanFormationof easterriddahoandthe VaughnMemberof the
BlackleafFormationof southwesteriMontanaaretwo coevalgeologicalunitsthatoccur
northof the ColoradoPlateauOryctodromeugubicularis from the WayanandVaughn,
representthe mostcompletelyknown Cenomaniaminosaurtaxonnorthof the
Mussentuchissemblagé&Krumenacke010;Krumenackeetal., 2016;Varricchioet
al., 2007).0Orodrominesdefinedby Brown (2013),sharecharactershatincludea
sacropubaarticulation,a sharpscapulasspine,anda D-shapedrosssectionof the
fibula. ExcludingOryctodromeustherorodrominetaxaincludeZephyrosauruschaffi
from the Aptian-Albian Cloverly Formationof Montana(Sues,1980),0rodromeus
makelaifrom the Campaniarmfwo Medicine Formationof Montana(Hornerand
Weishampel1988;Scheetz1999),Albertadromeusyntarsusrom the CampaniarBelly
River Groupof Alberta(Brown etal., 2013),Koreanosauruboseongensisom the

Santoniarto CampaniarBeonsdaConglomerat®ef SouthKorea,andanunnamedaxon,
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thefit Ka i p aOroond rt ofmorn theeCampaniarKaiparowitsFormationof southern

Utah(Gatesetal., 2013;Boyd 2015).

Oryctodromeusvas originally described fromssociated adult (MOR 1636a) and
juvenile (MOR 1636b) materials found in the Cenomanian Vaughn Member of the
Blackleaf Formation in southwestern Montana (Varricattial, 2007). These previously
described materials consist of cranial and postcraniarakt of one presumably mature
and two juvenile individuals that were found in association in the expanded distal
chamber of an infilled burrow (Varricchit al, 2007). This discovery provided the first
evidence of burrowing and denning behavior inBi@osauria, and additionally provided
evidence of parental care for this taxon. Further published wo@rgrtodromeushas
been limited to an analysis of the forelimb and pectoral girdle by Fearon and Varricchio
(2015), which supported specialization loé tforelimbs for scratch digging. Since the
initial description, additional materials, comprisimgmerousnore individuals, have
since been recognized and prepared from other localities in the Vaughn Member and in
the Wayan Formation of southeastern IdéKimmenacker, 2010; Krumenacketral.,

2016). These new specimens, together withtiletype (MOR 1636a) and paratype
(MOR 1636b) specimens)clude nearly all skeletal elements with the exception of the
sternals, and some cranial and manual eleme&his relative abundance of specimens
makesOryctodromeusmong the most wetiepresented orodromines and basal
neornithischians. Here a detailed descriptio@ofctodromeu®steology is given with

comparisons to other orodromines as well as other orrfiibis¢axa. The phylogenetic
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placement anthphonomic settinfpr Oryctodromeusnd the functional implications of
its morphology are also discussed.
GEOLOGICAL SETTING

In the CaribouRangeof southeasteridaho(Fig. 1), Cretaceoustrata(Fig. 2)
consistof athick nonmarinealluvial plain sequencel he WayanFormationoccursin the
upperportionof this packetwhereit is underlainby the SmithsFormationandoverlain
by the SageJunctionFormation(Durkee,1980;Dorr, 1985;Oriel andPlatt,1980;Rubey,
1973). The WayanFormationconsistf pedogenicallyalteredsiltstonesandmudstones
with subordinatesandstoneandraretuffs (SchmittandMoran, 1982;Krumenacker
2010).Depositionoccurredn a seasonainland meanderindgloodplainenvironment
(SchmittandMoran,1982;Dorr, 1985;Krumenacker2010).A thicknessf 1,344meters
hasbeendocumentedhn the Tincup Canyonareaof CaribouCounty(Krumenacker,
2010).Recentdetrital zircon U-Pb datingindicatesan agenearthe Albian/Cenomanian
stageboundaryfor the baseof theformationwith anearlyto middle Cenomaniaragefor
themiddleto upperpartof theformation(Krumenacker2010).Oryctodromeus
specimensreknownfrom atleastthelower andmiddle portionsof the Wayan

Formation(Krumenacker2010).

TheBlackleafFormation(Figs. 1, 2) cropsoutin southwesterandwestcentral
Montana(Fig. 1; Cobbanretal., 1959).1t is underlainby the Aptian-Albian Kootenai
Formationandoverlainby the CenomaniafsSantoniarFrontierFormationin the Lima
Peaksareaof southwestertontanaandthe CenomaniarSantoniarMariasRiver Shale

in morenorthernareagCobbaretal., 1959;Cobbaretal., 1976 Dymanetal., 1997).
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Cobbaretal. (1959)dividedthe Blackleafinto four membersiearGreatFalls,including
in ascendingrderthe Flood, Taft Hill, Vaughn,andBootleggemembersDymanand
Nichols(1988)only recognizedhe VaughnandFlood membersn the Lima Peaksarea.
Oryctodromeuspecimensreknownfrom the VaughnMemberin the Lima Peaksarea
of Beaverheaounty.In this areathe VaughnMemberhasbeenmeasureat 270 meters
thick, while it is over 1000metersthick in westcentralMontana(DymanandNichols,
1988). Palynomorphsindradiometricdatesndicatea Cenomaniamgefor the Vaughn
Memberin this area(Dymanetal., 1997;DymanandNichols,1988;Zartmanetal.,
1995).Thestratigraphiglacemenbdf Oryctodromeusvithin the VaughnMemberis
uncertaindueto the placemenbf fossil localitieswithin anisolatedandincomplete

section.

OCCURRENCE

Multiple individual associationsf Oryctodromeussimilar to thatreportedfor the
holotypeandparatypespecimensavebeennoted MOR 1642consistof a minimum of
two similar sizedandpresumablymatureindividuals,basedn the presencef two left
femoraandtwo supraoccipitalsSIMNH 44939consistf theremainsof threedifferent
individualsbasedn the proportionsof largertibiae andpesfrom two presumaly mature
individualsanda muchsmallerpartial pes.IMNH 50846consistof theassociated
remainsof alarger,presumablymatureindividual aswell ascentraof a juvenile
comparablen sizeto the paratypgjuvenile) MOR 1636b.The commonoccurrencef
multiple-individualsstrengthenghe evidenceor parentalkcareandsocialgroupswith this

taxon.
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Oryctodromeu®ccursonly in the WayanFormationof Idahoandthe Vaughn
Memberof the BlackleafFormationof southwestertMontana.The WayanandVaughn
representhe samedepositionapacket,which hasbeendisruptedsincedepositionby
tectoniceventsandvolcanism(Krumenackeetal., 2016).0Oryctodromeuss the most
commonvertebrate&knownin the WayanandVaughnfossil assemblagedKrumenacker,
2010;Krumenackeetal., 2016);fossil evidencgrom floodplaindepositdor other
vertebratesexcludingeggshelljs extremelyrarein thesegeologicalunits (Krumenacker,
2010;Krumenackeetal., 2016).The markeddominanceof thesefossorialorganismsn

theWayanandVaughn,suggests possiblebiasfavoringtheir preservation.

INSTITUTIONAL ABBREVIATIONS

BYU, BrighamYoungUniversity,Provo,Utah;IMNH , IdahoMuseumof Natural

History, PocatelloJdaho;MOR , Museumof the Rockies BozemanMontana

ANATOMICAL ABBREVIATIONS

ac, acetabulumaf, articulationfacet;al, alveoli; an, angular;ao, antorbitalfenestraap,
anteriorprocessas, articularsocket;asp ascendingrocessboc basioccipitalbpt,
basipterygoigrocessbs, brevisshelf;bsp basisphenoidpt, basaltuber;cc, cnemial
crest;cf, coracoidforamen;chf, chevronfacet;cp, capitulum;d, dentary;dc, deltapectoral
crest;dia, diapophysisdoc dorsalcondyle;ec eruptingcrown;ecf, ectopterygoidacet;
ecs ectopterygoidshelf;eg extensointercondylargroove;en, externalnaris;f, frontal,

fg, flexor intercondylamgroove;fh, femoralhead;fo, fossa;fs, fossasubarcuataftr,

fourth trochantergb, globularboss;gf, glenoidfossa;gl, glenoid;gt, greatettrochanter;
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hh, humeralhead;icl, insertionpit for M. caudifemoralidongus ip, iliac pedunclejsp;
ischiacpedunclej, jugal; jp, jugal processjw, jugalwing; |, lachrymal;lc, lateral
condyle;ldt, lateraldistaltarsal;lf, lateralfossa;m, lateralmalleols;ls, lateralsulcus;lt,
lateraltuberosity;ltf, lateraltemporalfenestrajtr, lessetrochantermc medialcondyle;
mr, medianridge; mri, medialridge onilium; mt, medialtuberosity;mx maxilla; mxs
slotfor jugal procesof the maxilla; na, nasal;obf, obturatorforamen;mm medial
malleolus;mtc metacarpalpbp, obturatorprocesspc, occipitalcondyle;op, olecranon
processpp-exq opisthoticsexoccipital;opi, opisthotic;or, orbit; pa, parietal;par,
parapophysispcp, paroccipitalprocesspd, predentarypep preacetabulgorocesspf,
prefrontal;pmx premaxilla;po, postorbital;pop, postacetabulgsrocesspor, postorbital
processpoz postzygapophysigip, posteriorprocess;ppp, postpubigprocesspr,
primaryridge; pro, prooic; prp, prepubicprocessprz, prezygapophysiqs
parasphenoidyup, pubicpedunclepw, pterygoidwing; g, quadrateqj, quadratojugaic,
radialcondyle;rs, rugosesurface;sa surangularso, supraorbitalsoc,supraoccipitalsp,
sacropubaarticulation;spr, sternalprocesssg squamosalsgp squamosabrocessss
scapulaspine;sys synovialsocket;th, tuberculumjuc, ulnarcondyle;vc, ventral

condyle;vf, ventralfossa;vp, ventralprocess.

TERMINOLOGY AND METHODS

Prepaationof specimensvasconductedisingstandardgreparatiortechniques.
IMNH specimensverepreparedby theleadauthorin the VertebratePaleontologylab at

BYU andattheVarricchioPaleontologyLabin GainesHall at MontanaStateUniversity.
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MOR specinenswerebeautifully preparedy CarrieAncell in thefossil preparatioriab

atthe Museumof the Rockies.

We follow theassessmermtf Boyd (2015)andreferto Oryctodromeussa basal
neornithischiann the cladeParksosauridag@lacingoutsideof a morerestricted
Ornithopodaln the descriptiontheterminologiesanddescriptivemethodologie ®f
Scheet1999)areused.Comparisonsvith OrodromeusZephyrosaurusandthe
unnamedaiparowitsFormationorodrominewerebasedon directspecimercomparisons
andpublishedosteologicablescriptiongScheetz1999;Sues,1980;Varricchioetal.

2007).Comparisonso othergeneravereconductedhroughthe availableliterature.

Descriptionsarebasedprimarily onthe bestpreserve@ndpreparedgspecimens,
MOR 1636aandb, aswell asMOR 1642.More specificreferences thetext cite
specificspecimendestdemonstratinghe describedeaturesor in describingfeatures
specificto individual specimensMultiple individualsmayberepresentetly the same
specinennumber,asIMNH andMOR cataloguamultiple individualsassociatedrom the

samelocality underonespecimemumber(eg.IMNH 44939andMOR 1642).

Forthe phylogenetianalysisMrBayesv3.2.6(Ronquistet al., 2012)wasusedto
infer the phylogenetiaelationshipswithin Orodrominaeandanupdatedversionof the
morphologicaldatasetrom Boyd (2015).FourMCMC replicatesvererun for
10,000,000generationsgachwith four chainsanda samplingfrequencyof 2,000.The
averagestandardieviationof split frequenciebetweernthe MrBayesrunswaslessthan

0.0056,whichindicateshatthe runsadequatelyonvergedasshownin atime seriesplot
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(supplementargataFigure22) usingthe programTracerl.6 (RambautSuchardXie, &
Drummond,2014).ESSestimats (with valuesof 7323and7395)indicatean adequate

approximatiorof true posteriordistributions.

SYSTEMATIC PALEONTOLOGY

DINOSAURIA Owen,1842

ORNITHISCHIA Seeley 1887

NEORNITHISCHIA Cooper,1985(sensuButler atal., 2008)

PARKSOSAURIDAEBuchholz,2002(sensuBoyd, 2015)

ORODROMINAEBrownetal., 2013

ORYCTODROMEUS Varricchiet al,, 2007

(Figs.3-20)

Etymologyd Thespeciesrame &ubicularisi translatego 6 atfelairg andrefers

to thedenninghabitof this taxon.

Holotyped MOR 1636apartialskeletonof oneindividual, consistingof a fused
premaxilla,posterior/occipitategionof the braincasethreecervical,six dorsal,sacrum,
and23 caudalvertebraethreedorsalribs, scapulocoracoidscapulacoracoid humerus,

ulna,radius tibiae, distalfibula, andmetatarsalV.
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Paratyped MOR 1636b,associatedranialandpostcraniamaterialsof two
juvenileindividualsmeasuring5%to 65% of the adultholotypeandfoundin

associatiorwith the holotype.

Referred Material 8 Numerousadditionalparial skeletonshavebeenrecovered
sincetheinitial descriptionof OryctodromeusThe morecompleteandbetterpreserved
of the currentlypreparednaterialsareusedfor descriptionhere.Referredspecimens
consistof: IMNH 44920 ,partial skeletonconsistng of partialaxial column,partial
forelimbs,pelvic girdle fragmentspartial hindlimbs;IMNH 44939 portionsof three
associatedhdividualspreservingpartialaxial column,partialhindlimbs,pelvic
fragmentspartialhindlimbs;IMNH 44946,skull fragments,partialaxial column,
forelimb fragmentshindlimb fragmentsiMNH 44951 partial articulatedskeletonwith
partialaxial column,partialforelimbs,partial pelvic girdle, partialhindlimbs;IMNH
45081 partialpelvis;IMNH 45596 partially preparedspecimerconsistingof partial
axialandhindlimb elementsJMNH 46169:partial skeletorwith skull fragmentspartial
axial column,partialforelimb, partial hindlimbs;IMNH 49842 partially prepared
specimerconsistingof axial, forelimb, andhindlimb elementsjMNH 50846,associated
elementdrom juvenileandpresumedhdultindividual consistingof axial andhindlimb
fragmentsandIMNH 50847 partially preparedspecimerfrom aburrowfill with axial
andhindlimb elementsMOR 1634,axial fragmentsaandfragmentdrom theforelimbs
andhindlimbs;MOR 1635,fragmentsrom the axial columnandhindlimb; MOR 1638,
skull fragmentsaxial fragmentshindlimb fragmentsMOR 1639,hindlimb fragments;

MOR 1640,axial fragmentsforelimb andhindlimb fragmentsMOR 1642, portionsof
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two associatedhdividualsconsistingof disarticulatedskull elementspartial axial
columns partialforelimbs,partial pelvic girdles,partialhind limbs; MOR 8660,axial and
hindlimb fragmentsMOR 8683,axial andhindlimb fragmentsandMOR 8684,

hindlimb andpelvic fragments.

Locality and Horizond MOR specimensrefrom thelatestAlbian to
CenomaniatyYaughnMemberof the BlackleafFormation(Figs.1land?2), nearLima
PeaksBeaverheacounty,MontanaIMNH specimensrefrom thelatestAlbian to
CenomaniatWayanFormation(Fig. 1 and2) of BonnevilleandCariboucounties)daho.

Specificlocality informationis onfile attherespectivanstitutions.

Diagnosig®) Varricchioetal. (2007)definedthe autapomorphideaturesof
Oryctodromeusis:long paraoccipitaprocessedyasioccipitawith a steeplysidedventral
0 b @ustrostralto the occipitalcondyle,sevensacralvertebraeincludingtwo sacralized
posteriordorsalsandtheir ribs; largescapulawith a sharplyangledand narrowacromion
procesdearingathin-edgedaterally projectingscapularspineanda distinctposterior
bendto the scapulablade;ilium with very shortpre-acetabulaandlong postacetabular
portions;brevisshelfslopesmediolaterallyandis visible laterallythroughouits length;
andlong prepubicprocesswith atransverselyproadproximal portion possessingn
elongateventralfossa.

Thereferredspecimengrom the WayanandVaughnprovidethe following
additionalcharactersthatwhile variably distributedamongothertaxa,areadditionally
usefulfor diagnosiselongatecervicalcentraaboutl.6timesaslong ashigh; posterior

dorsalcentral.4timesaslong ashigh; squatsacralcentrawith transverselyexpanded
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articularfaceswith W or U- shapedrosssectionsglongateail containingoverfifty -five
vertebraecaudalvertebraessometime®ncasedn a sheathof hypaxialandepaxial
tendonsgistaltwo-thirdsof caudalvertebraeslongatewith centrumlengthmorethan
twice centrumheight;coracoidwith elongateovoid fossabelowthe glenoidcavity;
robustolecranomrocesswell-definedfemoralheadseton elongateneckprojectingfrom
thefemoralshaftat 38°; laterally flattenedgreatertrochantermodesto weakanterior

intercondylargroove onthefemur; andbifid ascendingrocessf theastragalus.

DESCRIPTION
Skull
A completeskull for Oryctodromeuss unknown.Skull elementdor the holotype(MOR
1636a)arelimited to the partial posteriorportion of anarticulatedoraincasenda
premaxilla. Articulatedskull elementsarelimited to the partialbraincasesf MOR 1636a
andMOR 1642.Thebraincasef MOR 1636aconsistf the basioccipital exoccipitals
andopisthoticsthe supraoccipitalthe basisphenoidandprootics.For thejuvenile
paratypespecimengMOR 1636b)a left dentary a postorbital,anda maxillaareknown.
MOR 1642,representing minimumof two individuals,includesa partialarticulatedand
associatetbraincaseconsistingof the basioccipital pasisphenoidparasphenal, and
portionsof the prootic. Additionally the cranialelementgor MOR 1642includethe
paroccipitalsthe opisthoticsandexoccipitals predentariegpartialdentariesa
premaxilla,maxillae,frontals,ajugal, a paraoccipitala postorbital two sup@loccipitals,

andtwo quadrates.
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As bestascanbedeterminedrom the availableelementsthe overallshapeof the
skull (Fig. 3) is similar to otherorodrominesuchasOrodromeugScheetz1999)and
ZephyrosaurugSues 1980).The skull hasalargeorbit andis triangularin lateralview.
The premaxillaehavegentlyroundeddistal portionsandthe predentarycomesto a sharp
point, giving therostruma sharpbeakandsuggesting selectivedietaryhabit. Unlike
OrodromeugScheetz1999)andZephyrosaurs (Sues,1980)thejugal doesnot exhibita
distincthorn-like bossthoughthe posteriorportionis rugoseandsuggestshe presence

of acartilaginoudeature.

Theteetharelarge,triangular,andpointed;andnot packeddenselyinto the
dentaryor maxilla. Therearefive premaxillaryteethin eachsideof the premaxilla

indicatedby thealveoli.

Supraoccipitald Supraoccipitaleareknownin articulationwith the braincase
(Fig. 4A, C) from theadultholotype,MOR 1636a;aswell astwo looseexamplegrom
MOR 1642(Fig. 5A-D). Thosespecimengrom MOR 1642aresmallerthanthe
supraoccipitain the presumablyadultholotype(MOR 1636a)andeitherrepresent
juvenileindividualsor indicatenegativeallometry(the elementseducingsizenear

adulthood)or this elementn Oryctodromeus

Thesupraoccipitals somewhahexagonallyshapedn posteriorview. The
posteriorsurfacebearsa medianridge (nuchalcrest), morepronouncedhanthatin
Orodromeusextendingfrom the anterioredgeto just posteriorof the centralportion of

theelementwheretheridgetransitionsnto a gentlyconcavesurface Thisridgeis best
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definedon MOR 1636a.0n eithersideof this ridgethe surfaces gently concavewith
thelateraledgedlaring outwardandforming ridgesalongthe dorsclateraledge.The
posterelateralportionsof this ridge formsdistinctpointsat the contactwith the
opisthotics Theventralsurfacesareantergosteriorlyconcave The suturaljunction with
the prooticbearmedialexcavation®f thefossasubarcuatéghatarelessdeepthanthose

seenin OrodromeugScheetz]1999).

Opisthotics and Exoccipitalsd Theexocccipitalandopisthoticsareknownfrom
thefusedbraincaseof MOR 1636aandMOR 1642wheretheyarefusedwith the
paroccipitalsAs in OrodromeugScheetz1999)the exoccipitalsappeato beindistinctly

fusedwith the opisthotics.

Theopisthotics expandnto long robustparoccipitalprocessegéFig. 4) similar to
thoseof Hypsilophodor(Galton,1974)andotherorodrominesuchasZephyrosaurus
(Sues 1980).Theseextendposterelaterally. A moderatelydeepventrolaterafossa
extendsanteoposteiorly alongthe baseof eachparoccipitalprocessandis roofedby the
prootic. Thedistalendsof the processesxtenddorsaeventrallyandendin semirounded
ventralpointsgiving the processes hatchetshapesimilar to OrodromeugScheetz,
1999)andThescelosauruBoyd, 2014).The suturalcontactswith the supraoccipital

occursdorsomediallywhile slopingventrallyto the foramenmagnum.

Basioccipitald MOR 1636acontainsthe basioccipitain articulationwith the
braincas€Fig. 4A-B); MOR 1642includesa partialbasioccipitain articulationwith the

basisphenoidFig. 5E-G). This descriptionis basedon bothspecimens.
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Posteriorly the basioccipitaformsthe occipital condylewhich is well-developed
with a smoothandrobustarticulation.The occipital condyleis broadandu-shapedwith
thesefeatureseingmostprominentin MOR 1642.Theforaminafor cranialnerveXIl
(bestexhibitedon MOR 1642)occuronthelateralportionof the basioccipitahearthe
suturefor the opisthotics Ventrally the basioccipitalconsistf a steeplysidedventral
'box’ (Varricchioetal., 2007),rostralto the occipitalcondyle.The venterof this box is
lessroundedthantheventerof the sameelementn ZephyrosaurusTheventralprofile of
the elements dumbbellshapedwith the posteriorportionof the elementieingwider than

therostralportion(Fig. 5E).

Prooticd A partialprooticis represente¢h articulationwith the braincaseof
MOR 1636a(Fig. 4). As in Hypsilophodor(Galton,1974),thisis anirregularly shaped
bone,andbeingfusedwith the surroundingelementsnakesdiscernmenbf details
difficult. Asin OrodromeusandZephyrosaurugheventralportionof the prootics

containtheforaminafor cranialnerveV.

Basisphenoidand Parasphenoidd MOR 1636aincludesa partialbasisphenoidused
with thebasioccipitalFig. 4A-B). MOR 1642includesa partialfusedparasphenoidnd

basisphenoidusedwith a basioccipitaFig 5E-G).

Thepartialbasisphenoidf MOR 1642is fully fusedto therostralportionof the
basioccipital Ventrally, a distinctdeepsulcusextendsanteroposteriorlyasin
ZephyrosaurugSues,1980).The basipterygoidrocesseéFig. 5E-G) aredistinctand

flare ventrolaterallywith awedgeshapedlistalend.In lateralview thereis adeep
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excavatioron bothsidesof the elementwith a brokencentralportionsuggesting
originally thatathin centralsheetof boneoccupiechis areaasin Hypsilophodon

(Galton,1974).

TheparasphenoidFig. 5E-F) is fusedto the basisphenoidndemergegrom the
basisphenoigust dorsalto the basipterygoigprocessesl he parasphenoids incomplete
butappearsimilar to otherorodrominesuchasOrodromeugScheetz1999)and

ZephyrosaurugSues,1980)in beingbladelike andlaterallycompressed.

Laterosphenoidd Onepartialright laterosphenoidFig. 5H-I) is knownfrom
MOR 1642.Thedorsalportionof the laterosphenoithasa prominentandrobusthead As
in Hypsilophodor{Galton,1974),thelateralsurfaces convexventrodorsallyand
concaveantergosterorly. A smallridgerunsantergosteriorlyon the preservegortion

of thelatera-dorsalportionof the element.

Premaxillad Two nearlycompleteandfusedpairsof premaxillaeareknown,one
from MOR 1636a(Fig. 6A-D) andonefrom MOR 1642.Thespecimerfor MOR 1642is
somewhatrushedwith the holotypespecimerbeingthe bestpreservedBoth areused

for descriptionhere.

As in ZephyrosaurugSues,1980),the premaxilae arefused.Eachpremaxillais
roughenedndrugosein the mainbody of the snout,asin Zephyrosaurusnd
Thescelosauru@Boyd, 2014;Sues1980),indicatinga keratinousheakthatextended
from the posteriormosalveolito thetip of the snout Anteriorly thefusedpremaxillae

cometo a moderatelyroundedpointin dorsalandventralview. In lateralview the
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articulatedoremaxillaehavenumeroudoraminaor fossaplacedanteriorlyaswell asone
pair placedventrally (oneon eachpremaxilla)nearthe anteriortip of thesnoutand
anteriorof thefirst alveolus.In ventralview the elemenis gently concavdaterally, with
the premaxillabeingmoremediolaterallynarrowthanin Zephyrosauruandsimilar to
thatof Thescelosauru@oyd, 2014).Ventrally eachpremaxillahasfive alveoli (Fig. 6C)
thatare slightly antergosteriorlyelongatejndicatingthe presencef five premaxillary
teethasin OrodromeugScheetz1999),Hypsilophodor(Galton,1974),but dissimilarto
the six premaxillaryteethpresenin Thescelosauru@oyd, 2014).The anteriormost
alveolusoccursslightly posteriorof thetip. Medial of the alveoli the palatalroof is
placeddorsallyof the lateralmarginandconsistsof a very thin sheetof bone.The
anteriorandposteriorprocessesf the premaxillaearemissingtheir distalends.The
distal posteriomprocesseareflat andthin in crosssection.As in Hypsilophodor(Galton,

1974)the posteriorprocesseareroundedanteriorlyandsharpeiposteriorly.

Maxillad Maxillae consistof partialleft maxillaknownfrom MOR 1642(Fig.
6E-F), amostly completeright maxillafrom MOR 1636b,aswell asafew possible
fragmentdrom IMNH 46169.MOR 1642is the bestpreservedndis usedfor the

descriptiorhere.

Thepreservedodyof the maxilla consistof a poorly preservealongaterod
preservingoothrootsandthe ectopterygoidcshelf. Little otherdetailis discerniblelt is
difficult to determinghe exactnumberof alveoliin MOR 1642.However thereis a
minimum of thirteenalveoli, manywith preservedoothroots,in themostcomplete

specimenScheet1999)alsoreportsthirteenmaxillary alveoliin alargerspecimerof
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OrodromeugMOR 473).Thetips of somepartially eruptedreplacementnaxillary teeth

arevisiblein MOR 1642andIMNH 46169.

Jugald Two jugalsareknown.Onepoorly preservedight jugal from MOR
1636b,andonepartialright jugal from MOR 1642(Fig. 7A-C). This secondspecimens
missingthe endsof the postorbitalandmaxillary processedBoth areusedfor the

description.

Thejugalis amediolaterallynarrowelementhatformsthe lower andposterior
portions of the orbit. Thedorsalportionof thejugal thatformsthe borderof the orbit
exhibitsa dorsclateralridge thatrunsantergosteriorly. Thisridgeis sharpanteriorly
andmoderatelyroundedposteriorly,ascendingvith the postorbitalprocessVentrally the
surfaceof thejugal formsamoderatelyroundedkeel posteriorlythatflaresmediallyinto
the ectopterygoidshelf. The ectopterygoidshelfis pronounceadndrobust,andoccursin
theanteior two-thirds of the elementwith the ectopterygoidacetoccurringcentrallyon
in themedialportionof thejugal. This postereventralcornerof the orbit formsa distinct
gentlymedially concavesurface The postorbitalprocesss moderatelyrobustand

triangularin crosssection.

Oryctodromeugacksa pronouncedugal boss,suchasthosefoundin
OrodromeugScheetz1999)andZephyrosaurugSues,1980),havinginsteadarugose
ornamentatiorsimilar to the nodularjugal ornamentatiorof Jeholosaura (Fig. 7A,
BarrettandHan,2009) This featureon thelargeOryctodromeusndividual (MOR 1642)

suggests moresubtlekeritinaceougeaturethanthe pronouncedugal bossof
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OrodromeugScheetz1999)andZephyrosaurugSues,1980).Thejugal of MOR 1636b

(thejuvenile paratype)s smoothsurfaced.

Supraorbitald Oneright supraorbitals preservedvith MOR 1642.This element
is complete.Thesupraorbita(Fig. 7D-F) is adistincly curved,somewhatl-shaped
element.The anteriorarticularsurfacehasa moderatelyrobustprojectionasin
OrodromeuqScheetz1999).The shafthasanovoid crosssectionanda moderatanedial
ridge. Theshaftis curvedandtapersslightly moredistal of the well-developed

articulationwith the prefrontal,beforeslightly expaxdingagainat thedistalend.

Postorbitald Onenearlycompleteeft postorbital(Fig. 7G-1) occurswith MOR
1642.As in otherorodrominesthis elements triradiateandrobust,with aventrally
taperingjugal processanda moderatelyrobustposteriorsquamosalprocessA
pronouncedynovialsocketoccursaboveandposteriorto the orbit, asin Orodromeus
(Scheetz1999).Theposteriorwall of the orbit formedby this elements concaveand
mostrobustat thejunctionof the processeslhe dorsclateraledge of the orbit formsa
roundedprocesghatprojectsslightly anteriorlyinto the orbit. The portionof thejugal
procesgorming the orbit is gently concaveproximally andnearlyflat distally, with a
ridgeforming thelateralandmedialportions.The dorsal surfaceof thejugalis slightly

convex.Thejugal procesdaperdistally andhasa triangularcrosssection.

Frontald A partialleft andright frontal (Fig. 8A-B) areknownfrom MOR 1642,

butthey offer little information.Whatis preservedndicates anelongateplaty pair of
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elementghatareconcaveventrally,similar to OrodromeugScheetz1999)and

ZephyrosaurugSues,1980).

Quadrated MOR 1642preserves left andaright quadrateTheright is nearly

completewhile theleft is missingportiors of the pterygoidwing andthejugal wing.

ThequadratgFig. 8C-H) consistof a columnamainbody,bowed,anteriorly,
with arobust,ventralcondylarregionthatascendsnto a moredelicatemainbodywith
two thin bonyplates the pterygoidwing andthejugal wing, which projectanteriorly
from the mid-regionof thequadrateThejugal wing is laterally placedandis less
pronouncedhanthe medialpterygoidwing. A dorsoventrallyelongateandpronounced
fossa like thatin Thescelosauru@oyd, 2014) occurscentrallyon the medialsurfaceof
the pterygoidwing. Thedorsalcondyleis gracileandlesspronouncedn comparisoro

thelateromediallyexpandedrentralcondyle.

Predentaryd MOR 1642includestwo nearlycompletepredentariesThe
predentary(Fig. 9A-E) is generallysimilar in form to thoseof otherbasalornithischians
in beingsharplypointedandtriangularin dorsalandventralview, butis distinctin being
markedlymoreelongatan contrastto forms suchasHypsilophodorn{Galton,1974)and
Thescelosauru@Boyd, 2014),but similar to thatof JeholosaurugBarrettandHan,
2009).Predentariefrom otherorodrominesareunreportedThe palatalsurfaceis very
slightly concavan lateralview while in dorsalandventralviewsthelateralsurfacesare
moderatelyconcaveA lateralsulcusoriginatesbetweerthelateralprocesseandthe

ventralprocessrunsanteroposteriorlyandextenddo very nearthe anteriortip. The
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ventralprocesextendssignificantlymoreposteriorlythanthe lateral processeslhe
posteriorendof the ventralprocesss bifurcatedin oneexamplefrom MOR 1642 (Fig.
9E), asin Thescelosauru@Boyd, 2014),while a secondexamplefrom MOR 1642is not

(Fig. 9A-D).

Dentaryd Partialdentariesareknownfrom MOR 1636b,MOR 1642,IMNH
44946andIMNH 46169.MOR 1642containspartialleft andright dentariesMOR
1636bconsistf a nearlycompletdeft dentarywith somepoorly preservedeeth, MOR
1642consistf two partialdentariegepresentetdy the mid andposteriorportions with
poorly preservedeethin place,IMNH 46169consistsf afragmentwith a partialtooth,
while IMNH 44946consistof the moreanteriorportion of theelementlt containssix
partialto completetoothcrowns.This descriptions basedon MOR1636band1642,and

IMNH 44946.

Thedentary(Fig. 9FK) is similarin form to otherorodrominesandbasal
neornithischian consistingof a narrowandlaterally compressetionewith an
anteriorlypointedendthatwould havefit betweerthe ventralanddorsalprocessesf the
predentaryThe meckeliangrooveextendsventrallyandmesiallythroughthe posterior
andmid-portionof thedentary.Thetoothrow is moreinsetfrom thelateralsurfaceof the
elementposteriorly,while theteetharemorelaterally placedanteriorly.Alveoli are
smalleranteriorlyandincreasen sizeposteriorly.Thoughhardto distinguish MOR
1642containghealveoli of atleasttwelveteeth,somewith partially eruptedreplacement
crowns.Oneof theincompletedentariesof MOR 1642 exhibitstwelve alveoli andis

missingatleastonefifth (the moreanteriorportion)of the elementsuggestingnorethan
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thirteendentaryteethin morematureindividuals.Nutrientforaminaoccurmore
anteriorlyin MOR 1636baboutmid-heighton thelateralsurfaceof thedentary;in MOR
1642 (whichis missingthe moreanteriorportion)they occurmoreposteriorlyandare

alsomid-heightonthelateralsurface.

Dentary Teethd Toothcrownsdescribechere(Fig. 9G-K) arefrom the best
preservedexamplethedentaryof IMNH 44946(Fig. 91-J), which containsanterior
dentaryteeth,with thelateralportion of the specimerbeingreinforcedby cyanoacrylate.
Thesingletoothin IMNH 46169andthefew partial crownsin MOR 1642(Fig. 9FH)
areidenticalto thosein IMNH 44946.Teethin MOR 1636barepoorly-preservednd

offer nodetails.

As in OrodromeugScheetz1999)the crownsaretriangularin medialandlateral
view, distinctly constrictedust abovetheroot, slightly asymmetricalandlaterally
compresed.Unlike Orodromeughowever,Oryctodromeuseetharenearlyhalf again
largerrelativeto the sizeof thedentary.In teethpositionedmoreposteriorin thedentary,
crownheightexceedshe breadthwhile in teethmoreanteriorlyplacedin thedentary
crownsbreadthexceed$ieight. Themoderatelydevelopecdtingulumis supportedy a
centrallyplacedbulbousprimaryverticalridgethatflaresventrallyinto the cingulum.
Thetoothapexis formedby the primaryridge. The mesialandcaudalridgesof each
tootharecomprisedf prominent,dorsoventrallyelongatedenticleswhichnumberup to
nine on eachsideof the crown. Denticleslocatedmid-serieson eachsideof the primary
ridgedescendarthestforming thelongestsecondaryidgeswhich nearlyreachthe

cingulum.Thoughno crownis perfectlypreservec&andnonepreservea full setof
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denticlesthenumberof denticleson the mesialandcaudalsideof the crownsis similar.
Secondaryenticlesarepreservedn someprimary denticles.Toothrootsexposedn

MOR 1642arehollow androundto triangular.

Axial Skeleton

Theaxial skeletonis well representg, excludingcervicalvertebraeyhich
probablynumberechineasin OrodromeugScheetz1999) Dorsalvertebrasmnumber
fourteen,andsacralvertebrasmumberseven Caudalvertebraereextensiveandnumber

atleastfifty -five in the mostcompletecaudalsections.

Cervical Vertebraed Cervicalsarethe mostpoorly representegertebrae.
Assumingthetypical cervicalformulafor orodrominesuchasOrodroneus therewould
havebeennine cervicalvertebraan the column.Theatlas/axigs unknown,with three
cervicalvertebragpossiblylV, V, andVI) beingknownfrom MOR 1636aMOR 1642
preserve®neposteriorcervicalvertebra(probablyVIll or1X), IMNH 46169preserves

two cervicalcentraandIMNH 44951preserve®necervical.

As in otherorodrominegBoyd, 2015)eachcentrum(Fig. 10G-G) is strongly
ventrolaterallyconcavewith a pronouncedentralkeel,a similar ventralkeelis presenin
someiguanoantianssuchasDryosaurusaswell (Galton,1981).Cervicalvertebraeare
weakly opisthocoelousT he anteriorarticularfacesarewider thanhigh with aheart
shapedutline Parapophysearesituatedust posteriorof theanterioredgeof the centra
andjustbelowthe neurocentrasuture. Thediapophysesccuron the edgesof the

transversgrocessefust posteriorof anddorsalto the parapophysed he neuralcanalis



30
largeandD-shapedn crosssectionwith aflat to excavatedrentralaspectTheneural

archescontactthe centraon a horizontalplane.

Theposteriorarticularfacesarewider thanhigh in thevertebraeeferredto
cervicalsV andVI, while in thereferredcervicallV thefaceis higherthanwide. These
posteriorarticularfacesareD-shapé. In the moreposteriorcervicalfrom MOR 1642the
neuralcanalis markedlytaller andlesswide thanthe specimengrom MOR 1636a.Small
andthin neuralspinesoriginateon the neuralarchnearthe headof the diverging
postzygapophyses the middle vertebrae andextendanteriorlyroughly half way to the
edgeof theneuralarch.In thesevertebradhe prezygapophysesndpostzygapophyses
areroughlyof equallength;while in the moreposteriorvertebrafrom MOR1642the

postzygapophysesereprobablymore elongatehantheincompleteprezygapophyses.

In comparisorto mostrelatedforms, suchasZephyrosauruandOrodromeus
which haveshortermiddle cervicalcentrathe middle cervicalcentraof Oryctodromeus
aresomewhammoreelongatewith broaderarticular faces.Centrain Oryctodromeus
measuraboutl.6timesaslong ashigh. KoreanosaurugHuh et al., 2010),Dryosaurus
(Galton,1981)andHypsilophodor{Galton,1974)alsohavesimilarly elongatecervical

centrawhile Zephyrosauru$asslightly shortercervicalcentra.

Cervical Ribsd MOR 1642preserve®nemoreposteriorlyplacedcervicalrib.
Themorphologyof the cervicalrib (Fig. 10A-B) is identicalto thoseof other
orodrominesandornithischiansn generalln this specimerthe tuberculumextends

anterodorsallyandis shorterthanthe anteroventrallyprojectingcapitulum.Thearticular
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headsof the capitulumandtuberculumaresubequain size.At thejunctionof the
capitulumandtuberculunthereis a shortridgethatrunsaneroposteriorlyalongthe more

proximalportionof thelateralsurfaceof therib shatft.

Dorsal Vertebraed Thedorsalcolumn(Fig. 11)is completelyrepresenteth
Oryctodromeuswith fourteendorsalsbeingpresenin acompletecolumn(with thetwo
posteror-most,not countedasdorsalshere,beingincorporatednto the seververtebrae
sacrum)Six dorsalvertebraearepreservedn MOR 1636a,with someanteriorandmore
posteriorvertebraebeingpreservedMOR 1642hasa consecutiveseriesof five anterior
vertebraeandatleasttenfragmentarymoreposteriordorsalvertebraelIMNH 44951
containsanarticulatedseriesof vertebraeherereferredto two of the posteriormost
cervicalsaswell asfourteendorsalvertebraeandtwo sacralvertebraeBecausesome
matrix wasleft on the specimerfor stability, andthe anteriormostvertebragtentatively
recognizedasthetwo posteriormostcervicals)of the specimerns heavily crushed,
detailsarelessdiscernible andassignmenof specificpositionsof the vertebraeare
tentative IMNH 44920containstwo loosedorsalcentraandthreearticulatedposterior
mostdorsals.Thedescription®of dorsalsonethroughtwelve arebasedon IMNH 44951,
MOR 1636a,andMOR 1642;with dorsalgthirteenandfourteenbeingbasedon IMNH

44920andMOR 1636a.

Like thecervicalcentraall dorsalcentraareelongate Oryctodromeuslorsal
centraareslightly amphicoelousnoreanteriorlyto platycoelusnoreposteriorly,with
spootshapedtentrain ventralview. Outlinesof anteriorandposteriorarticularfacesare

U-shapedvith aflat dorsalportionforming the baseof the neuralcanal. The
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prezygapophysearelargerandmorewidely separatethanthe postzygapophyses

throughouthedorsalcolumn.

Anterior dorsalvertebra arestronglykeeledandmorelaterally constrictedwhile
posteriordorsalcentraaremore robustwith noventralkeel. The keelis lesspronounced
by dorsalfive andis absenby dorsalnine.Dorsalcentraarel.5timesaslong ashigh
moreanteriorlyandl.4timesaslong ashigh moreposteriorly.This elongationis similar
to the elongatemiddle dorsalcentrafrom anundescribedguanodontiar{BlaneQuarry
Iguanodontepositecat BYU-Provo)from the Yellow CatMemberof the Cedar
MountainFormation(pers.obs.),aswell asZephyrosaurusKoreanosaurus
AlbertadromeusndDryosaurusbut dissimilarto OrodromeugBrown etal., 2013;
Galton,1981;Huhetal., 2010;Scheetz1999) In somespecimenshe posteriordorsal
centrabearaweakly developedrentralsulcus.Posteriorlyin the seriesthe centrabecome
morerobust(lessventrolaterallycompressedandexhibit roughenedndrugose
intervertebramusclescarson thelateralarticular edgesthesearetypical of some
ornithopoddorsalcentra beingfoundin formssuchasDryosaurugGalton,1981),
Thescelosaurugsilmore,1915)andotherorodrominesOssifiedepaxialtendonsoccur
throughouthedorsalcolumnof IMNH 44951andalso form athick epaxialsheathn the

moreposteriordorsalvertebraeof MOR 1642.

In theanteriordorsalvertebragFig. 11A-E) the parapophysearehigh onthe
neuralarchandsomewhatentrallyplacedunderthetransversgrocessesyith the
diapophyssoccurringatthe endsof thetransversgrocessedn the mostposterior

portionof thedorsalcolumn,the parapophyseanddiapophysesergeinto onearticular
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facet.Transvers@rocessesriginatejust abovethe neurocentrasuture haveawide
basearelongestin theanteriormostdorsalsanddecreasé lengthmoving posteriorlyin
thecolumn.In comparisortio thoseof the posteriordorsalshetransversg@rocessesf the
anteriordorsalsaremoresteeplyinclined.In the moreposteriordorsalstheinclination of
thetransvers@rocesses nearlyon a horizontalplaneandtheyangleanteriorly. The
prezygapophyseandpostzygapophyses the posteriordorsalsn MOR 1642
(representinghelargestOryctodromeuspecimenpreslightly moreelongatemore
robustandpronouncedhanin smallerspecimensNeuralspineson the anteriordorsal
vertebraearenarrowern lateralview andincreasen anteroposteriowidth more
posteriorlyin the seriesNeuralspinegwhich arepartially missingin MOR 1642)of the
mid andposteriordorsalsflare slightly anteroposteriorlylistally, asin Orodromeus
(Scheetz1999),arenearlyequalin heightto the centra,originateslightly behindthe

anterioredgeof the centra,andextendjust beyondthe posterioredgeof the centra.

Dorsal Ribsd MOR 1642includeseightnearcompletedorsalribs (Fig. 12) and
numerousib fragmentsjncludingsomeproximalribs still in articulationon loose
posteriordorsalvertebraeMOR 1636apreserveshreedorsalribs. Most dorsalribs are
representeth articulationin IMNH 44951anddetailsarelessdiscernible Ribsin this
specimerarelongeston dorsalsevenor eight Thedorsalribs of MOR 1636aall are
recurvedandbelongin the middle portion of thedorsalcolumn.In posteriorview a broad
sulcusis presenproximally ontheribs thatnarrowsandmoveslaterallymoredistally.

All exceptthe posteriormostof the dorsalribs aredoubleheadedwith the capitulumand

tuberculumbecomingprogressivelylosermoreposteriorlyin the column.
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Sacral Vertebraed MOR 1636aandMOR 1642bothpreserveacomplete
sacrumIMNH 44920,44930,44951,ard 46169preservepartialsacraandseparate
sacralcentralMNH 45081includesa partialsacrumwith five vertebragthe anterior
mostandposteior mostvertebradeingmissingpossiblydueto weatheringandpossibly
breakageThis specimermay be partof the sameindividual cataloguedsIMNH 44951
dueto the proximity of the specimensn thefield, similar preservationidenticalmatrix
lithology, andnon-overlappingelementslif sothiswould give IMNH 44951acomplete
sevencentrasacrumHere,the sacral§from MOR 1636a,MNH 44920andIMNH 45081

areusedfor description.

Oryctodromeus$asseversacralvertebragFig. 13), havingincorporatedhetwo
posteriormostdorsalvertebraanto the sacrum(Varricchioetal., 2007).The anterior
mostthreevertebraearethe mostrobust,with sacraldour throughsix beingdistinctly
lessrobust.Sacralonehasa broadandmoderatelydeepventralsulcus.This featureis
presenbn all sacralvertebraebutis lessdistinctin sacraldwo andthree,regaining
prominencen the moreposteriorvertebraeSacralgwo, three,andfour displaya
moderagly flat venterin compaisonto the othervertebraeDistinctin IMNH 44951 the
first two sacralsappeato be preservedn onemassiveandsomewhatndistinct,fused
unit thatis flankedby ossifiedtendonsamorerobustthanin otherportionsof thevertebral
column.In IMNH 44920thefirst sacralhasa squatu-shapecdrosssection.Threemore
loosesacralcentraassociatedvith this specimerhavecentrathatarewider thantall and

havea W or U-shapéan crosssection,asintheil Ka i p aor o @ r D gersobsg.
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Thetwo anteriormostsacralgetainribs similar to the precedingdorsalswith the
ribs anglinganteriorlyandoriginatingabovethe neurocentrasuture . Theribs of thefirst
aremostelongatewith thoseof the secondoeingabouthalf the lengthof the preceding.
Theremainingsacralribs aredorsoventrallythicker, angledlower, andoriginateon the
anteriorportionof the centraflanking the neurocentrasutureasrobustprocesseslhe
sacralribs aremoderatelyinclinedandform alongiliac attachmengVarricchioetal.,
2007).As in OrodromeugScheetz1999),the secondandthird centraarenoticeably
wider wherethey meetandsharea sacropubaérticulation(Fig. 13C)extending
ventrolaterallyfrom the articulationof the centra.This articulationfacesventrally,is
reinforcedby the sacralribs of the secondandthird vertebraeandconsistsf an
anteroposteriorlglongatearticulation.The neuralspinesarevery thin transverselywith
thefirst sacrodorsalspinebeingunfusedo the adjacenspine,while theremaining
sacralneuralspinesarefusedin MOR 1636a.Theneuralspinesarenotvisible in MOR

1642dueto a sheathof epaxialtendons.

Caudal Vertebraed While caudalvertebragFig. 14) arethe mostcommonly
foundremainsof Oryctodromeusno completearticulatedtail hasbeenfound.MOR
1642(representing minimum of two individuals)preservest leastfifty -sevencaudal
vertebraawith roughly half of theseoccurringasarticulatedor associatetbundleswithin
or associatdwith tendonsheathsIMNH 44920(representingneindividual) preserves
fifty -five articulatedandassociated¢audalcentramanyalsowithin atendonsheath.
IMNH 44920likely represents nearlycompleteseries.Thefollowing descriptionis

basedorimarily onthe nearlycompleteseriesof IMNH 44920andMOR 1642.
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Thelateralandventralsurfaceof all caudalcentraareconcavewith the centra
havinga spootshapedrofile in ventralview. Dependingon individual specimensthe
ventralsurfacef mostto all caudalvertebraehavea sulcusextendinganteroposteriorly
andconnectinghe chevronfacets.On MOR 1642the proximalmostcaudalvertebrae
havea very deepanddistinctsulcuswith this beinglessdevelopedn MOR 1636a.As in
Hypsilophodor{Galton,1974),thefirst caudalvertebras opisthocoelousyith aflat
proximalarticulationanda gently concaveposteriorarticulation.The box shapedandless
elongateproximalandmiddle caudalvertebragFig. 14A-E) areamphicoelousyith the
moreelongatedistalcaudalgFig. 14FK) transitioningto a procoelousondition,with
flat distalarticulationsandgently concaveanteriorarticularends.Centraquickly become
elongatg(with a generalengthtwo timesthe centrumheight)in the caudalcolumn,with
only thefirst two caudalcentrabeingapproximatelyequidimensionsah heightand
length,andthe succeedingentrabeinglongerthantall. More thanhalf of thetail is
comprisedf distinctvery elongatevertebragwith a generalengthof atleastfour times
the centrumheight;Fig. 14FK), with this distinctelongationoccurringin the middle of
thetail. Thedistalcaudalvertebraearevery similar to thoseof Zephyrosaurugpers.
obs.)dueto their elongatebody andhexagonatrosssection.Closeto caudaltwentythe
centraareatleasttwice aslong ashigh. Nearthis pointthe articularendsof the centra
changdrom beingtaller thanwide to moreequalin width andheight,gaininga
hexagonatrosssectiondueto a dorsolaterallyplacedridge thatextends
anteroposteriorlalongthe centra.This ridge gainsprominenceon centialacking

transversgrocesses.
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Chevronfacetsareeitherabsenbr poorly developedn thefirst caudalwith
well-developedacetsoccurringon thedistal portion of the secondcaudal.Chevron
facetsremainthroughouthe observedcolumn,occurringon the anteriorandposterior
ventralfacesof the centrawith thoseon the moredistalandelongatevertebraebeingless
distinct. Transversgrocessesriginatejust abowe the neurocentrasutureandproject
slightly dorsallyandposteriorly.More anteriorly,thetransversg@rocesseareroughly
equalin lengthto the neuralspineswith thetransvers@rocessegentlytaperinginto a
roundederminus.Basedon MOR 1642 theinitially long transversgrocessesteadily
diminishin lengthandendnearcaudalfifteen, nearthis pointthetransversg@rocesseare
shortstubsandoriginateon or just belowthe neurocentrasuture.In successiveaudal
vertebraghatlack transvers@rocessesa distinctanteroposterioridge flanksthe entire
lateralsidesof the centra In the moreanteriorcaudalvertebraghe neuralspinesare
elongateandoriginatenearthe midsectionof the centra,extendingoverthe moreanterior
portionof thesucceedingentrum.Thetips of theseanteriorneuralspinesflare
anteroposteriorlypeinggreaterin lengththanat their base Basedon atall neuralspineon
whatis approximatelycaudaltwenty,elongateneuralspinespersistedhroughat least
this positionbeforebecomingreducedo spinesaboutequalto the centrain height.In the
moredistal caudalsneuralspinesoriginatemuchfartherbackon the centra,andare
anteroposteriorlyongerthantheyaredorsoventrallytall. In theanteriorcaudalgre- and
postzygopophysesxtendjust beyondthe centraandareof moderatesize,beingangled
subhorizontally.In themiddle andposteriorcaudalvertebraghe pre-zygopophyses

becomemoreprominentwhile the postzygopophysebecone muchreduced.
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Chevronsd Despitetheabundancef caudalvertebraechevrongFig. 15) are
lesscommon.IMNH 44920hasonechevronin a matrix block,andIMNH 44930hastwo
chevronsassociateavith a proximal caudalcentrum,andonechevronarticulatedwith
two mid-caudalsMOR 1642preservesitleastfourteenchevronsmostof theseare
loose,butafew arestill in matrix blocks.The descriptions basedn chevrongrom

MOR 1642andIMNH 44930.

Thepaucityof chevronamakesnterpretatiorof their changingmorphologyas
theyproceedlistally untenableThe chevronsbearanteriorandposteriorarticularfacets,
with the posteriorfacetsbeingmoresteeplyinclined. Thehemalcanalis oval shapednd
muchtaller dorsoventrallythanwide. Chevronsarelongerthancorrespondingneural
spinesin contrasto the conditionin ornithopodssuchasTenontosaurug-orster,1990)
wherechevronsareequalin lengthto correspondingieuralspinesandmoresimilar to
Hypsilophodorn{Galton,1974),wherethe mid-caudalchevronsarelongerthanthe
correspondingpeuralspinesin lateralview the proximalanddistalendsof the chevrons

areslightly expandedanteroposteriorly.

Ossified Tendong®d Thoughtheinitial descriptionof Oryctodromeusliscusses
lack of ossifiedtendongVarricchioetal., 2007),somespecimensecoveredcand
preparedgsubsequentl{IMNH 44920,IMNH 44939,IMNH 44951 ,IMNH 44956,IMNH
45081,andMOR 1642)havediscretebundlesof hypaxialandepaxialtendongFig. 15A,
D). Thesetendongun parallelto thelong axis of the centra,asin Hypsilophodon
(Galton,1974)and TenontosaurugOstrom,1970).Oryctodromeuspecimengxhibit

eithervery few ossifiedtendonsasfloat in the matrix nearthe specimenspr conspicuous
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bundlesof tendonsIMNH 44951andMOR 1624haveepaxialtendongn the preserved
portionsof thedorsal(Fig. 20A andD) andsacralcolumns;epaxal andhypaxialtendons
arealsopresenthroughouthe caudalcolumnandform distinctbundlesaroundthe
vertebraelMNH 44920and44930haveidenticaltendonbundlesencompassinthe
caudalvertebraelIMNH 44946and46169haveonly afew tracesof ossfied tendons,
mostlyin the matrix associateavith the specimensThedisarticulatecholotypespecimen
(MOR 1636a) whichincludesa few loosecaudalvertebraeincludedonly afew

fragmentsof looseossifiedtendonsn the matrix.

As in otherbasalornithopodssuchasTenontosaurug-oster,1990)Jeholosaurus
(Hanetal., 2012)andHypsilophodor{Galton,1974),thetendonsarelong, slenderand
circularin outline; extendingacrossat leastfive vertebragn MOR 1642.0n MOR 1642
andIMNH 44951epaxialtendonson the dorsalvertebraenccurabovethe
prezygapophyseandpostzygapophysemndangleanteroventraandanterodorsaht
roughlytendegreesThosetendonsearthe neuralspinesarearcuateandfollow the
convexcurveof thetop of the neuralspine Along thedorsalvertebraghetendonsoccur
in alayerthatis oneto two deepwith atleastsevenindividual tendonsoccurringalong

theneuralarch(Fig. 15A).

Along thesacrumin MOR 1642andIMNH 45081tendonsoccuras
dorsoventrallysmallerindividualsandasmoredorsoventrallytall examplesAgain these
follow thelong axisof the sacrumandgently undulateparallelto the sacrumOneof the

moreanteriorbroadtendonsabovesacralvertebraiwo in MOR 1642splitsinto threeof
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thethinnertendors asit progresseanteriorly.Herethetendonbundleappeardo be at

leasttwo tendonsdeepandsevenhigh.

Along the caudalcolumnin MOR 1642(Fig. 15A, D), IMNH 44920,andIMNH
44939,sometendonshavebeenremovedduring preparationHeretheremainng tendons,
which aremostlyretainedalongthe middle anddistal caudalspccurasmultiple linear
bundlegthatareeithersubparallelto thelong axisof andoccuron the caudalvertebrae
andchevronspr asbundleshatgentlyundulateon andalongthe neuralspines Discrete
bundlescanberecognizedlongthe centra,atthe baseof the neuralspinesnearthetop
of the neuralspines andalongthe mid-bodiesof the chevronsThesebundlesgenerally
consistof atleastfour tendonsor morevertically stackedandoneor two tendonsdeep.
Individual tendonsoccurfor atleastthelengthof threevertebraepossiblyfive
(preparatiommakesthis uncertain)n someof the matrix blockscontainingmultiple
caudalvertebraeAt leasttwenty-four tendonscanoccuron the outermosfportionof the
caudalsandsurroundingareadrom the baseof the chevronson thetail to thetip of the

neuralspines.

APPENDICULAR SKELETON

Scapulad ScapuladFig. 16A) areknownfor IMNH 44939(left), IMNH 44951
(left andright), IMNH 46169(left), MOR 1636a(left andright), MOR 1636b(right), and
MOR 1642(left andright). The scapulaef Oryctodromeuspecimensreoftenbut not
alwaysfusedwith the coracoidin mostadultspecimensThethescelosaurinelayagriva

alsoexhibitsfusedscapulocoracoid@Viakovicky etal., 2011).Both theleft andright
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scapulocoracoidsf MOR 1642andtheleft scapuloceacoidof MOR 1636aarefused.
However theright scapulaof MOR 1636ais not fusedwith the coracoid.For clarity of
descriptionthescapulawill bedescribedwith the bladeorientedhorizontally,in the
samemannerasOrodromeugScheetZ1999).MOR 1636aandMOR 1642areusedfor

thedescriptionbelow.

Thescapulabladeis thin whenviewedventrally or dorsally,andthe expanded
anteriorendcurvesmedially. The glenoidfacesventrallyandis bisectedoy thefusion of
thescapulaandcora®id. Abovetheglenoidthe coracoidarticulationformsanexcavated
andrugosesurfacethatincludesthe prominentscapulaispine whichis borneonthe
acromionprocessThescapulaspineis similarin angleandform to otherorodromines
suchasOrodromeugScheetz1999)andZephyrosaurusA completescapulas unknown
in Koreanosaurusothe presencef a scapulaspinein thistaxonis undetermineqHuh
etal., 2010).Theventralregionof theanteriorscapulas thickenedneartheglenoid.The
tall scapulaspineextend€rom the robustregionof the glenoidprojectinganterodorsally
andendsin ablunt projection.Thelateralsideof the scapularspinehasa

anteroposteriorlgxtendingridgethatendsdorsalto the glenoid.

Thebladeof the scapulaexhibitsa distinct posteriorbend(Varricchioetal.,
2007)thatis distinctfrom the straightbodiedscapulaef OrodromeugSchetz,1999)
andKoreanosaurugHuh etal., 2010). Theventraledgeof the scapulaibladeis highly
concavegndinganteriorlyatthe scapulaisideof the glenoid.In the mid andposterior
portionsthe bladeis expandedlorsoventrallysimilar to the expangon of the distal

scapuleof OrodromeugScheetz1999).The straightdorsaledgeof the scapulabladeis
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relatively short,extendingroughly perpendiculato the scapulaispineprojectingfrom the
acromionprocessThelateralandmedialsurfaceof the posteriorbladehavea

roughenedurfacejndicativeof musclescarring(FearonandVarricchio,2016)

Coracoidd CoracoidgFig. 16A-C) arewell representedMNH 44939preserves
oneleft coracoid IMNH 44920preservesoracoidiragmentsandIMNH 44951hasa
crushedandfragmentedeft coracoidstill in placethatappeargo befusedwith the
scapulaMOR 1636apreserve®nefusedleft scapulocoracoicandoneunfusedight
coracoid. MOR 1636bpreserve®neunfusedeft coracoid MOR 1642includesfused

left andright scapulocoracoids

Thecoracoidhasanovoid outline,asin OrodromeugScheetz1999)but
dissimilarto the moresquarecoracoidof KoreanosaurugHuh, 2010).This elements
robustnearthe glenoid,with a hatchetshapedsternalprocesgocatedanteroventrally.
Thecoracoidrapidly thinsanterodorsallyThe anteriormostmarginof the coracoid
curvesmedially,but otherwisethe coracoidis nearlyflat. The scapulararticulationis
borderedventrally by therobustglenoidcavity. The coracoidcontributionto the glenoid
extendsventrallyandformsthe anteriorportion of the articulationfor the humerus.
Anterior to theglenoidthe ventralmarginof the coracoidcurvesventrallyagainforming
the sternalprocessTheovoid coracoidforamenis placedwell anteriorof the scapulaand
fully enclosedvithin the coracoid,unlike Hypsilophodor(Galton,1974)but similar to
thatof OrodromeugScheetz1999) andKoreanosaurugHuh etal., 2010) In larger
specimensa medially placedshallowlineardepressioextendsrom the coracoid

foramentowardsthe scapulaiarticulation.In somespecimensa shallow,elongatepvoid
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fossa(Fig. 16C,referredto hereastheventralfossa)is locatedon theventralaspectnd
facesventrally, betweerthe sternalprocessandthe glenoidfossa.ln IMNH 44930,
anothershallow,circularfossa(Fig. 16B, referredto hereasthelateralfossa)is present

onthelateralsurfece of the coracoid Jocatedjust dorsalto theventralfossa.

Humerusd MOR 1636apreservesright humerus MOR 1636bpreserves left
humerusandMOR 1642includedtwo right humeri,oneleft humerusandthedistal
condylesfrom anothedeft humerusHumeriarealsoknownfrom IMNH 44946and
IMNH 44951 while a proximalportionis knownfrom IMNH 44920andfragmentfrom
IMNH 46169.Heredescriptionsarebasedon IMNH 44939,MOR 1636aMOR 1636b,

andMOR 1642.

While similarin robustnesso thatof Orodromeug(Scheetz1999)andthersmall
basalornithischiansthe humerugFig. 16 D-G) of Oryctodromeuss notasrobustasin
KoreanosaurugHuhetal., 2010).In lateralview the humerusgs sigmoidalwith a
prominentdeltopectoratrest.Proximallythe humeruss expandednto thehumeral
head with the headbeingslightly raisedabovethe lateralandmedialtuberositiesin the
juvenileassemblag®OR 1636bthe humeralheadis lessprominentthanin themore
matureindividuals.The deltopectoratrestextendsaboutonethird thelengthof the
humerudrom the proximalend,with the apexof the deltopectoratresthavingarugose
texture.Thedeltopectoal crestthinsandshortenglistally beyondthe apex.Distal to the
deltopectoratrest,the shaftof the humeruswhich hasanovoid crosssection,narrows
andthenexpandsagaininto thetransverselyxpandedicondylardistalend.Thetwo

condyleswhich aresubequalin morphology areseparatedy anintercondylargroove
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which is moreevidenton the stronglyconcaveanteriorsurfaceIn distalview, the

humeruss dumbbellshaped.

Ulnad Ulnaearerepresentedvith MOR 1642 (partialright), MOR 1636a(right);
IMNH 46169(proximalandpossibledistalend),andIMNH 44951 (partialleft). This

descriptionis basedon MOR 1636a,MOR 1642,andIMNH 46169.

Theulna(Fig. 16H-K) is slightly bowedin shapeandis longerthantheradius.
Theproximalendof theulnais expandeandtriangularin dorsalview. Theolecranon
processs prominentandextendgproximally, posteriorto the humeralarticularsurfaceof
theulna.Theolecranorprocesss robustlike thatof KoreanosaurugHuh etal., 2010).
The proximalsurfaceanteriorto theolecranoris slightly concavefor articulationwith
theulnarcondyle.Theulnais widestatits proximalendandnarrowsrapidly in the
proximalfourth of its length. The medialsurfaceof the proximalshatftis slightly
concavewith aslightly rougharticularsurfacefor theradiusdistalto the olecranonThe
centralshaftis roughlytriangularto ovalin crosssection.Thedistalendsof theulnaeare

triangularin crosssectionandtransverselexpanded.

Radiusd Radiioccurwith MOR 1642(possibldeft andright, oneof whichis
partialandonethatis crushed)MOR 1636a(possibldeft missingdistalend),IMNH

44951 ,andIMNH 44946(possibleright missingproximal portion).

Theradii (Fig. 16L-M), similarin form to otherorodromineshavea straightto
somewhabowedshaftandslightly expandegroximalanddistalends. The proximal

portionis reniform,with the convexedgefacinglaterallyandthe concavesdgefacing



45
medidly. Theproximalarticularsurfaces overallslightly convex,butwith a slight
centralconcavity. The shaftof theradiusis roughlyoval to triangularin crosssection
with a smoothsurface Thedistalendsof availablespecimensreeithermissingor
crushedputappearsimilar to otherbasalornithischianswith a sub-circularshapeln

IMNH 44951 theradiusis slightly over90%thelengthof the humerus.

Manusd An incompletemanus(Fig. 16N-P)is representeth MOR 1642by
whatareinterpretedasintermediaaswell asmultiple examplesf othercarpalelements,
acomplete(possiblylll) andtwo partialmetacarpalg¢possiblyll andlV), andfive partial
to completemanualphalangesin MOR 1642the metacarpalgFig. 16P) areloose,better
preservedand muchmoreusefulfor description. A partialarticulatedright manusis
preservedn IMNH 44951 (Fig. 20C)whichincludesmetacarpal$entativelyassigneds
I, 1, IV, andV. Unfortunately |l wasonly animprint thatwasinadvertentlyremoved

during preparation.

Theelementinterpretedastheintermedium(Fig. 16N) is sub-cubicalin shape.It
hastwo opposingsurfacespossiblyarticularsurfacesyith a smoothfinish resemblinga
polish. Theremainingfour surfacesarenot polished.Anotherpossilte carpal a cuboidal
element(Fig. 160)with onepolishedconvexsurfacelikely representsheradialeor

ulnarebasedon the Hypsilophodormanusdescription(Galton1974)

Theincompleteelementnterpretedasmetacarpall consistsof the proximaland
distalportions,with the proximalanddistal portionsbeingexpandedimilarly to

metacarpalll. Theelementinterpretecasmetacarpalll is thelongestmetacarpalthis



46
elements elongateandslenderwith, asin metacarpall, the proximalendbeing
transverselyider thanthe lessexpandedlistalends.The proximalendof metacarpalll
is slightly wider transverselyhanit is tall. Whatis tentativelyidentified asthe palmar
surfaceof the proximal half of metacarpalll is concaveThedistalendis weakly
bicondylar,with aroughlyflat dorsalsurface anda slight concavityventrally. The

lateralandmedialfacesof the condylesareslightly concave.

MetacarpalV is shorterwith a convex,wider-thantall proximalend,anda
squarerconvexdistal end.All of themetacarpalaremoreelongateandslenderthan
thosein theunnamedaiparowitsFormationorodromine(Gatesetal., 2014) but similar

to thoseof Orodromeus (Scheetz1999)

Foursquatmanualphalangesrepreservedn MOR 1642 ,butno ungual
phalangesreknown. ThesephalangegFig. 16P areproximally anddistally expanded;
they exhibit very slightly concaveproximalendsandbicondylardistalendswith lateral
andmedialligamentpits. Thedistalphalangesreproximodistallyshorterthanthe
proximal phalangeshut otherwisesimilar in form. Theungualphalangesnay havebeen
similar to the anteroposteriorlghortbut proximally transverselyexpandedingual

phalange®f the Kaiparowitsorodroming(Gatesetal., 2013).

llium @ A completguvenilerightilium (Fig. 17B-C) is preservedn MOR 1636b
andanadultrightilium (Fig. 16A) in MOR 1642 ,whereit is articulatedwith the sacrum.
Fragment®f ilia are knownfrom mostWayanspecimensbut areof little diagnostic

value.Theilia of MOR 1636bandMOR 1642areusedfor descriptionhere.Variation
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betweernthejuvenile(MOR 1636b)andadult(MOR 1642)ilia, suchasthe orientationof
theischiacpeduncleandthe form of the postacetabulgsrocesseflecttaphonomic

distortionand/orontogenetichange.

Theilium (Fig. 17A-C) is anelongatebladelike elementOriginally, basedn
MOR 1636b,theilium of Oryctodromeusvasdescribedashavinga shortpreacéabular
procesgVarricchioetal., 2007) butit is now recognizedhatthe anteriormostportion
of the paratypdlium representa brokensurface Basedon MOR 1642 the preacetabular
processs moreelongateasin otherbasalneornithischiandn MOR 1636b,the dorsal
marginis slightly concavan lateralview, while in MOR 1642the dorsalmarginis
slightly convex.Theacetabulums placedmoreanteriorlyin MOR 1642in comparison
to thatof MOR 1636b.As in OrodromeugScheetz1999),thetop of theacetabulums
transverselyexpandedorming aroof. The pubicpedunclds anteroventrallydirectedand
moderatelymediolaterallyexpandedvith aflat ventraltermination.Theischialpeduncle
is robustandventrolaterallydirectedandfeaturesa prominentglobularboss.The brevis
shelfconsistof a mediolaterallyslopingshelfthatexpandsmediallyandbeginsat the
ischialpeduncleandextendgo the endof the postacetabulgrrocessA prominentridge
runsalongthe medialsideof the preacetabulagprocess,centrallyplacedon theilium of
MOR 1636b(the medialsurfaces notvisible on MOR 1642),andextenddo abovethe

acetabulum.

Pubisd MOR 1636bandMOR 1642bothpreservecompletepubes Fragmentary
pubesareknownfrom IMNH 44930andIMNH 44920.Descriptionhereis basedn

MOR 1642,acompleteleft pubis.
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Thepubis(Fig. 17D-E) is elongateandvery delicatewith long prepubicanda
very long andslendermostpubigorocesseslhe laterally compressegrepubisextends
andtapersanteriorly. The pog-pubicprocesss straightandlaterallycompressed
proximally, becomingmorerod-like distally. Therobustmainbody of the pubisforms
theanteroventraportionof the acetabulunandcontainsa medially projectingbossthat
articulateswith the sacropuhbl articulationof the secondandthird sacralcentra.ln MOR

1642andMOR 1636bthe obturatorforamenarebothopen retaininga small posterior

gap.

Ischiumd Nearlycompletdeft andright ischiaearepreservedn MOR 1642,and
fragmentsof ischiaeareknown from WayanspecimensDescriptionhereis basedn

ischiaefrom MOR 1642.

Theischium(Fig. 17FG) consistf anelongaterod-shapedonewhich expands
in the proximal portionsto form the obturatorprocesspubicandiliac pedunclesaswell
astheacetabulaborder.The pubic pedunclds smallerthantheiliac peduncleandthe
acetabulaborderis slightly concave The hook-like obturatorprocessccurs
approximatelyat onethird of thelengthof the elementcomingfrom the proximal
portion. The poserior portion of theelementbecomeghinnerandmorebladelike. The
distalthird portionof theischialblade bearinga sulcusanddorsoventrallyflanking
ridges,slightly flaresdorsoventrallyandthentapersagain.The distatmostportion

terminatesn asmallexpandedoss.
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Femurd Mostspecimenpreserveatleastpartialfemora.A well preservedbut
smaller,nearcompletdeft femuris knownfrom IMNH 44920anda largerbutslightly
crushedcompleteright femuris knownfrom MOR 1642.Both of thesefemoraare

utilized for this description.

Thefemur(Fig. 18A-F) is moderatelyrobustin largerindividualssuchasMOR
1642andslightly moregracilein smallerindividualssuchIMNH 44920.The shaftis
bowedanteriorlyin undeformedspecmenssuchasIMNH 44920.At midshaftnearthe
fourth trochantethe shaftsaretriangularin crosssection.Thefemoralheadin all
specimenss bornon adistinctelongateneck,with adeepsulcusfor the ligamentum
capitisfemorisanglesobliquely on the caudalportion of the head,asin Orodromeus
(Scheetz1999)andHypsilophodon{Galton,1974).With the shaftvertical, IMNH
44920,the prominentglobularfemoralheadprojectsfrom the greatetrochanteat an
angleof about35° from the horizontal,similar to the condtion in KoreanosaurugHuh et
al., 2011)butdifferentfrom thatof otherorodrominesuchasOrodromeugScheetz,
1999),which havea lessprominentandstraightethead.The angulationof thefemoral
headin MOR 1642is slightly less,with juvenile specinenMOR 1636bdisplayinga
nearlyhorizontalfemoralhead.Thegreatertrochantets laterally flattenedasin the
AKai pao owr bamdOraardomeugScheetz]1999).Thelessertrochanteiis
anteriorof the greatertrochanteiandis separatedrom the greatetrochanteiby a small
lateralcleft in thedorsatmostportion, with therestof thelessertrochantetbeingfusedto
thegreater A pendantriangularfourth trochanteiprojectsposteromediallypnthe

proximalportion of the shaft,asin othertaxa, e.g.OrodromeugScheetz1999).A
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shallowpit for theinsertionof the caudifemoralisnuscleoccursmedially on the shaft
adjacento the upperportionof thefourth trochanterthis pit is mostprominentin larger
individualssuchasMOR 1642.Distaly, thelateralcondyleis smallerthan,andprojects
slightly fartherposteriorly thanthe medialcondyle.Whenfemoraareviewedanteriorly
or posteriorlyin a straightvertical plane,the medialcondylesits moreproximally relative
to thelateralcondyle, suggestinghe femurbowedout slightly laterally from the axis of
thebodywhenin articulation.Theflexor intercondylargrooveis deepwhile the extensor
intercondylargrooveis undevelopedn smallerindividualsandmodestin larger

individualssuchasMOR 1642.

Tibiad Portionsof tibiaeareknownfor all specimensncludedin this study.A
smallerleft tibia andalargerright tibia (from two differentindividuals)areassociated
with IMNH 44930,0necompletetibia is knownfor MOR 1636aandthree tibiae (two

right andoneleft) occurwith MOR 1642. All arethebasisfor this description.

Tibiae (Fig. 18G-M) aregracilein comparisorto andlongerthanthe femora,and
beara modestandroundedcnemialcrestanda bifurcatedlateralcondyle,similar to
Orodromeudutdissimiartothei K a i p aorodrewin te helateralcondyleis
subkequalin sizeto the medialcondyleandthe anteriorcnemialcrest.In lateralview
tibiae areslightly bowedposteriorly,with the midshaftbeingtriangularin crosssection.
In anteriorview, the medialandlateralmalleoli areseparatedby aligamentgroove,
widestat the basewhich ascendshe shaftup to one-quarterof its length.Theanterior

surfaceof the outermalleolusis flat while the posteriorsurfaceis markedlyconcaveln
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contrastthe posteriorfaceof theinnermalleolusis slightly convexwhile the anteriorface

is slightly concave.

Fibulad Fibulaearerareamongremainssofar recoveredtwo incompletefibulae
areknownfrom IMNH 44930,andbothareincompleteandlack distalends.Proximal
anddistal portionsof fibulae arealsoassociateavith MOR 1642,with oneproximal
fibula still in articulationwith aright tibia. IMNH 44930formsthe basisfor the

descriptiorhere.

Thefibula (Fig. 18N-O) is along, slender simpleelement.The proximalheadis
anteroposteriorlgxpandedyith a significantmedialconcavity.The midshafthasa D-
shapectrosssectionwith theflat sidemedial,andchangego ovoid moredistally, similar

to O. makelai(Scheetz1999).

Tarsusd Astragaliandcalcaneareknownfor IMNH 46169,IMNH 44920,and
IMNH 44939,andMOR 1642.In mostof thesespecimenshe astragaliandcalcaneare
still in articulation,andin the loosespecimen®onequality is poor,makingdiscernment
of detailsdifficult. In IMNH 44939 the specimerdescribedelow,anastragaluss
articulatedon aleft tibia (Fig. 18M) anda calcaneunandastragalusrearticulatedon a
largerright tibia. A freeleft, looseastragalusiso occurswith IMNH 44930andtwo
partialastragalwith MOR 1642.Whatit tentativelyidentified asthelateraldistaltarsal
is preservedvith MOR 1642,anda medialdistaltarsalelements still in articulationwith

the proximal portion of metatarsall.
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TheastragalugFig. 18M, 19A-C) is very similar in form to Orodromeushaving
atransverselelongateandlow profile in anteriorview, with aforkedascendingrocess,
similar to thatof OrodromeusandJeholosaurugHanetal., 2012;Scheetz1999).The
astragaluss roughlytwice the mediolateralengthof the calcaneumFewdetailsare
discernibleon the calcaneundueto themstill beingarticulatedwith theastragaliln
distalview the calcaneums diamondshapedwhile in lateralview it is ovoid The

calcaneuntfits firmly againstheastragalusn IMNH 44939.

Thelateraldistaltarsal(Fig. 19D-F) is anirregularlyandrectangulashapedone
overallsimilarin form to thatof OrodromeugScheetz1999).As in Hypsilophodon
(Galton,1974)andOrodromeusthe proximalanddistal surfacesareconcave Few
detailsarediscernibleon the medialdistaltarsal(Fig. 19G-1) sinceit is still in
articulation,but overallits form is similar to thatof othersmallneornithischiansuchas
Hypsilophodor{Galton,1974).This elements transverselglongatewith a
mediolaterallyextendingridge thatoccursproximally on the moremedialtwo-thirds of
this element.Thereis a prominentgrooveexposedrentrally on the morelateralportion

exposedn MOR 1642

Peg Peselementareknownfrom mostOryctodromeuspecimenskully
articulaedleft andright peselementgfrom two differently sizedindividuals)occurin
IMNH 4493 In additionthis specimerhasa third smallerpartialarticulatedpes.MOR
1642includesa beautifully preservednostly completeright pes(Fig. 19G-K) and
fragmentaryadditionalpeselementsIMNH 44930andMOR 1642areusedfor this

description.
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Thepesis similarin form to basalornithopodssuchasHypsilophodor(Galton,
1974),0rodomeugScheetz1999)andZephyrosaurusAs in mostornithopodsthefoot
consistf five metatarsalghreeof which arefunctionallyweightbearing.The

phalangeaformulais 2-3-4-5-0.

Proximally, metatarsal, whichis slightly lessthanhalf thelengthof metatarsal
11, is thin andlaterallyflattened.Justdistal of the midsectionthe shaftof metatarsal
expandsnto a shaftwith anovoid crosssection,asin OrodromeugScheetz1999),that
endsin anarticularcondyle.The mediolaterallyjcompressedhetatarsall, which endsin
two well-developedarticularcondyles divergesmediallyfrom metatarsalll nearthe
distalthird of metatarsalll. Metatarsalll is the stoutestandlargestmetatarsalwith the
headbeingrectangulawhile the headof metatarsalV is triangular.Metatarsalll has
themostwell-developedlistalcondyles Distally, metatarsalV , which endsin weakly
developedcondylesdivergesfrom metatarsalll asin OrodromeugScheetz]1999)
MetatarsalV andll areroughlyequalin length,andshorterthanmetatarsalll.
MetatarsaV is athin bladelike bonewith aroundedproximalarticulationandrounded

pointatthedistalend.MetatarsaV is two-thirdsthelengthof metatarsal.

Non-terminalphalangesreof thetypical basalornithopodform, with well-
developedollateralligamentpits. Phalangél -1 is distinctly elongateén comparisorto
therestof the nonterminalphalangesasin otherformssuchasOrodromeugScheetz,
1999)andJeholosaurugHanetal., 2012) The proximatmostphalange$favesingle
proximal concavitiedor articulationwith the distalendsof the metatarsalswhile the

moredistalphalange$avebi-lobedproximalarticularsurfaces thatarticulatewith the
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condylesof the precedingphalangesPedalunguals(Fig. 19K) areslightly wider than
high, distinctly elongatetriangularin crosssection,andslightly concaveo entirelyflat
ventrally.A grooveflanksbothsidesof the ungualsandextendgo thedistaltips, which

endin sharppoints

DISCUSSION

PhylogeneticAnalysis and Reviewd Orodrominesfirst definedby Brown etal.
(2013),aredefinedasall neornithischiansnorecloselyrelatedto Orodromeusnakelai
thanto ThescelosauruseglectugBrown etal., 2013;Boyd, 2015).The placemenbf
Oryctodromeusvithin the cladeOrodrominaes well supportedrom numerousanalyses
(Varrichhioetal., 2007;Brown etal., 2013;Boyd, 2015) In the original description,
Varriccho etal. (2007)usedthe charactematrix of Scheet1999)to place
Oryctodromeuphylogeneticallyusingparsimony Theyfoundthat Oryctodromeusvasa
sistertaxonto a cladecomposeaf OrodromeusandZephyrosaurudn this same
analysigt wasfoundthat OryctodromeusOrodromeusandZephyrosaurusormeda
moreinclusivecladeof basalornithopodghatwereunitedthroughthe presencef the
sharpscapulaispineandthe sacropubaérticulation.Theanalysisof Brown etal. (2013),
recoveredhe sameresultsfor the cladeOrodrominaewith anOrodromeus
AlbertadromeusZephyrosaurusubcladehatwassisterto a subcladecontaining
Oryctodromeusinda partial orodromineskeleton(TMP 2008.045.0002)Mostrecently,
the Orodrominaehavebeenrecoveredasa subcladeof the Parksosauridaendsister
taxonto the Thescelosaurina@-ig. 22A). Parksosauridaecludesthe majority of

O0hypsi |-gral ranthmpodgBoyd, 2015). Two unambiguousynapomorphies
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unitethe Orodrominaea sharpscapulasspine(characted 58) andafibular shaftthatis
AD-shaped in crosssectionthroughouits length(characte233).In theanalysisof Boyd
(2015),the Orodrominads composeaf two subcladespnecontainingOryctodromeus
andKoreanosaurusandoneconsistingof ZephyrosaurusOrodromeusandthe

Kaiparowitsorodromine.

Resultsand Discussio® To elucidatethe phylogenetigositionof
Oryctodromeusvithin orodrominaeandamongbasalneornithischiansve modifiedthe
matrix of Boyd (2015).We correctedandaddednewdatafor Oryctodromeugrom
additionalspecimensprimarily MOR 1642(seeAppendix1 for the charactescores).
Therevisedmatrix consistsof 255 characterandconsistf the original 65 taxafrom
Boyd (2015).We updated33 character$or Oryctodromeugnot availablepreviously)
from the original matrix of Boyd (2015).Albertadromeusvasnotincludedin this

analysisdueto thelack of a datasefor the matrix.

OuranalysisplacedOryctodromeusn anunresolvedolytomy consistingof
OryctodromeusZephyrosaurusOrodromeusKoreanosaurusandthed Kai par owi t s
orodrominé The succesive outgroupto this polytomy consistsof alargerpolytomy of
basalcerapodanaxa.Dueto therecoveryof theinitial polytomy,the analysisvasrun
twice moreremovingsuccessivelynorefragmentarytaxa(thosemissingeighty percent
or moreandfifty percentor moredatg. Resultsof the secondanalysiswheretaxawith
eighty percentor moreof the charactersvereunknown)areindicatedin figure 22B.
Unfortunatelywith eachsubsequerdnalysishe samepolytomywasrecoveredThe

removalof thetwo most fragmentaryorodrominetaxain thefinal analysis
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Koreanosaurusndthe Kaiparowitstaxon offered no furtherresolutionaswell. The
persistencef this polytomysuggestgautionin overconfidencef parsimonyanalysesit
hasbeendemonstratethatparsimonyanalysishasthe potentialto producefalse
phylogenieghatdo not convergeon thetrue phylogeny,evenasmoredatais addedo
thedataset(Felsenstein]1978).The useof Bayesiamanaylsisasutilized hereprovidesan
alternatamethodto testtheresultsthathavebeenrecoveredrom the previousparsimony
analysesliscussedT his testingallowsthe potentialfor alternatephylogenieghatcould
befurtherinvestigatedvhenrecoveredThoughour resultsaddnothingnewon the
placementf Oryctodromeuswithin the Orodrominaepur analysisconfirmsprevious
analysesupportingthe monophylyof the Orodrominaeaswell asshowsthe needfor
moreresearctandmorecompletespecimen®f orodrominesandotherneornithischian

taxa.

Numerousadditionad problemsremainto be addressedithin this andclosely
groupedcladesin hisanalysis Boyd (2015)notesthatthelongestghostlineageof any
ornithischiantaxais the ghostlineagefor Parksosauridaeyith atime spanof atleast40
myr betweerthe LateJurassid¢Bathonian)andthe Early CretaceougAptian). This
stronglydemonstratethe needfor moredatato showthe earlierevolutionof this

Parksosauridae.

Anatomical Summaryd As oneof the mostwell-representechembersof the
OrodrominaeQryctodromeuspecimensllows a substantialinderstandingf the basic
anatomyof this organism(Fig. 20-21). Thetentativeskull reconstructiorfFig. 3), based

ontheavailableelementsindicatesa broadposteriorportionof the skull, with alaterally



57
compressedndpointedandbeakednuzzle. The narrownes®f the beaksuggests more
selectivedietaryhabit. Additionally, largeorbitsandeyesaresuggestedyy the available
elementsin summarythesefeaturesof the skull aresimilar to thoseof other

orodromines.

Basedon a skeletalmountatthe Museumof the Rockiesincorporatedrom cast
elementof MOR 1642andMOR 1636a,andon the numberof caudaldndicatedby
IMNH 44920,atotal lengthof 3.3 meterss indicatedfor largerindividuals.More than
half of thisa n i mtatalIéngthconsistof thetalil (Fig. 21). A weightof twenty-eight
kilogramsis suggestedor thelargestindividual (MOR 1642)throughthe equationof
Andersoretal. (1995).Theelongatedorsalandcervicalcentraindicatealongerneckand
somewhatongertorso(Fig. 20A-B) in comparisorto otherrelatedtaxasuchas
OrodromeusThe ssignificanceof this slight elongationof the vertebraes currently

unknown.

A hip heightof roughlyonemeteris indicatedby the skeletalmountand
recoveredspecimensAs discussedby Varricchioetal. (2007),arelatively narrowtrunk
breadthof roughly30 cmis indicatedby the dorsalribs andscapulocoracoidf MOR
1636a,with MOR 1642representing slightly largerindividual. Varricchioetal. (2007)
notedthatthe width of the holotypeburrowwasvirtually identicalto the estimatedvidth

of the holotypeburrowtunnel.

Theforelimb andhindlimbsof Oryctodromeusresimilarin proportionsto those

of mostcloselyrelatedtaxa,excludingKoreanosaurusTheforelimbsarelessthanhalf
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thelengthof the hindlimbs,indicatinga bipedalhabitasin mostotherorodrominesand
thetibia is slightly longerthanthe femur,indicatingat theleasta moderateunning

capability.

Osteologicallmplic ationsd Uniquefeaturesobservedn the skeletonof
Oryctodromeu$avebeenattributedto its fossorialhabit. Thesefeaturesncludethe
fusedpremaxilla,oftenfusedandrobustscapulocoracoidscapulaspine,slightly more
robusthumerugin comparisorto otherbasalneornithischiansyandadditionalsacral
vertebraen thesacrum(Varricchioetal., 2007;Fearon2015).Newly observedeatures
describedhboveappeatto berelatedto a fossorialhabitaswell ascomplicatethe
fossorialinterpretationThesefeaturesoccurin the axial columnaswell asthe

appendiculaskeleton.

As describedhbovethereis anextremeengthof thetail with the high count(55+)
of caudalvertebraeThetail accountdor roughlytwo-thirdsthelengthof
OryctodromeusThoughoriginally describedaslacking ossifiedtendongVarricchioet
al., 2007),newly preparedspecimen®f Oryctodromeuslemonstrat¢hatat leastsomeof
thespecimengFig. 15A, D; IMNH 44920,IMNH 44939,IMNH 44951 ,IMNH 45081,
MOR 1642)haveprominert tendonbundlesln the mostcompletespecimer(Fig. 20A-
B; IMNH 44951)prominenttendonbundlesbeginatthe baseof the neckandextends
throughoutherestof theaxial column.Presumablythe presencef ossifiedtendonsand
atail representingoughly two-thirds of the bodylengthwould makemaneuveringn a
confinedspacesuchasaburrow,a moredifficult task.However,perhapshe

mediolateraflexibility of acaudalcolumnflankedby longitudinallyarrangecdepaxial
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andhypaxialtendonsasdiscusedby Organ(2006),would haveallowedsufficient
mediolateraflexibility while maintainingdorsoventratigidity. Additionally, a specimen
of Tenontosaurus the MOR collections(MOR 682; Maxwell andOstrom,1995),hasa
nearlycompletetail, encasedn ossifiedtendonscurleddorsallybackaboveitself

suggestingignificantflexibility in the ossifiedtendons.

A secondprobleminvolving thetail is its extremeengthin Oryctodromeus
comprisingroughlytwo-thirds of theanimalslength(roughlytwo of threemeters) The
holotypespecimerwasfoundin aburrowfill with adiameterof thetunnelleadingto the
terminalchambeibeingon averageabout30 cm (Varricchioetal., 2007). Theextreme
lengthof the entireanimalwould suggest fairly long completeburrowor burrowsystem
substantialljongerthanthe holotypeburrow (Varricchioetal., 2007).Unfortunatelythe
entiredimensionf theterminalchamberfoundwith the holotypeareunknowndueto
modernweatheringpf thetracefossil beforeit wasdiscoveredThe possibility existsthat
Oryctodromeu$urrowshadseparat@r multiple entrancesndexits. This canonly be

testedwith the discoveryof additionalburrow specimens.

Theangleandlengthof thefemoralheadwhichis morepronouncedhanin most
otherbasalornithopodqseeabove) s nearlyidenticalto thatof KoreanosaurugMin et
al., 2010).Interestingly KoreanosaurugsndOryctodromeus$orm their own subclade
within the Orodrominaen theanalysisof Boyd (2015).As Min etal. (2010)postulates
for Koreanosaurus it is suggestedherethatthis femoralmorphologyin Oryctodromeus
alloweda moresplayedpostureof the hindlimbsfor bracingof the bodywhile the

forelimbsandbeakwereengagedn scratchdigging.In contrasto Koreanosaurus
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Oryctodromeugacksthe moreextremeforelimb modifications,suchastherobust
humerusthathavebeensuggestedo indicatea quadrapedgbosturein Koreanosaurus

(Min etal., 2010).

CONCLUSIONS

Oryctodromeusknown cumulativelyfrom the majority of the skeletonjs among
themostcompletelyrepresentedrodromineneornithischiansyith only Orodromeus
beingknownmorecompletely.Only portionsof the skull, cervial column,sternalsand
somemanualelementsarepresentlyunknownin OryctodromeusThe skeletonexhibits
numeroudeaturesonsistentvith afossorialhabit. Theseincludepreviouslydescribed
charactersuchasthe fusedpremaxillae usefulfor manipuhbtionof soil; thefused
scapulocoracoiwvith the scapularspine,providinganincreasedurfacefor muscle
attachmentandthe expandedacrumandproximal caudalsalsoservingasareador
increasednuscleattachmentVarricchioetal., 2007). Therecowery of additional
specimensincethe original descriptionhasdemonstratedn additionalfeaturelikely
relatedto afossorialhabit,the elongateandangularheadof thefemora.As notedby
Hildebrand(1985),extantfossorialmammalghatdig with their forelimbsbrace
themselvesvith their hindlimbs.The morphologyof Oryctodromeugemoralikely
allowedtheanimalto splay-outits hindlimbsfor bracingwhile digging.An identical
morphologyandhabithasbeeninferredfor the orodromineKoreanosaurugHuh etal.,

2011)
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Thesenewly describedOryctodromeuspecimenxhibit newcharacterslistinct
from otherorodrominesandthatareusefulfor diagnosian conjunctionwith the
previouslydescribedautapomorphieévarricchioetal., 2007). Thesecharactersnclude
elongatecervicalcentralongerthanthoseof OrodromeusaindZephyrosaurusl.6times
aslong ashigh; elongatedorsalcentra,similar to thoseof Zephyrosaurusut dissimilar
to Orodromeusl.4timesaslong ashigh; over 55 mostly elongatecaudalvertebrae,
similar to thoseof Zephyrosaurusoftenenvelopedn hypaxialandepaxialtendonsanda
femoralheadon anelongateneck,similar to thatof Koreanosaurusut dissimilarto
otherorodrominesprojectingfrom the greatertrochanteiat roughly 35° from the
horizontal. The extremelylong tail, oftenwith athick lattice of ossifiedtendons,
composesoughlytwo-thirdsthelengthof theanimal. The occurrencef thetendon
latticein thetail aswell astendondn the sacralanddorsalcolumnof this burrowing
taxonsuggest greaterdegreeof flexibility for ossifiedtendonghanhasoftenbeen

supposed.

Theorodrominecladeis rapidly increasingn diversitywith the recentreportsof
KoreanosaurusAlbertadromeusand theunnamedi Ka i p aor o @ r b @Huhn e 0
2010;Brownetal., 2013:Gates) Recentanalysesavestronglysupportedhe
monophylyof this clade(Brown etal., 2013;Boyd 2015).However thelesscomplete
natureof sometaxasuchasZephyrosauruandKoreanosauruslemonstratéow much
morethereis to learnaboutthe osteologyof someorodrominesThis additionaldata

would furtherrefinefuture phylogenetianalysesThis dataandthe discoveryof more
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basaltaxawould assistwith resolvingthe ghostlineagefor the Parksosauridaayhichis

currentlythelongestknownghostlineagefor the Ornithischia(Boyd, 2015).
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FIGUREZ2.1. Outcrop areas of Wayan Formation (Idaho) and Vaughn Member of the
Blackleaf Formation (Montana) where Oryctodromeus specimensieaverecovered.
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Drab mudstone, Mudstones Limestones, Gray shale Conglomerate, Sandstone
siltstone, sandstone, and siltstones shales, sandstones,
conglomerate, with subordinate and clastic mudstones,
and bentonite sandstones redbeds and coal

and conglomerates
FIGURE2.2. Stratigraphicsettingandagesof the WayanFormation(ldaho)andVaughn
Memberof the BlackleafFormation(Montana).Coevalgeologicalunits of easterrJtah
areincludedasa basisfor comparisorwith otherEarly to early Late Cretaceous
vertebrateassemblageddodified from Dorr (1985).



FIGURE2.3. Reconstructegkull of Oryctodromeusn right lateralview. The
reconstructions basedn elementsrom MOR 1636aandMOR 1642;aswell asScheetz
(1999)restoratiorof the skull of OrodromeusElementanot knownareindicatedin
white, while elementknownareindicatedin gray.Not all elementknownarecomplde
boneg(seetext). A quadratojugaforamenis not shownsincethe quadrates unknown
andtheforamenis variably presenin OrodromeusAbbreviationsan, angular;ao,
antorbitalfenestrapog basioccipitald, dentary;en externalnaris;f, frontal; j, jugal; |,
lachrymal;ltf, lateraltemporalfenestramx, maxilla; na, nasal;opi, opisthotic;or, orbit;
pa, parietal;pd, predentarypf, prefrontal;pmx premaxilla;po, postorbital;g, quadrate;
gj, quadratojugalsa surangularsa supraorbitalsg squamosalArt by leadauthor.
Scalebarequals/ cm.
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FIGURE2 4. Braincaseof OryctodromeusA, left lateral;B, ventral;C, caudalviews.
Abbreviations: boc, basioccipitalpt, basaltuber;oc, occipitalcondyle;op-exo, opisthotic
exoccipital;pcp, paraoccipitaprocesssog supraoccipitalScalebarequalss cm.
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FIGURE?25. Supraoccipitalbasioccipital pasisphenoigarasphenoicand
laterosphenoi@f OryctodromeusA, dorsal;B, left lateral;C, anterior;D, posterior
viewsof supraoccipitafrom MOR 1642.E, ventral;F, left lateral;G, posteriorviews of
basioccipitalbasisphenoigparasphenoiffom MOR 1642.H, lateral;] medialviews of
aterosphenoifom MOR 1642.Abbreviations: boc, basioccipitalbpt, basipterygoid
processhsp, basisphenoidfs, fossasubarcuatamr, medianridge; ps, parasphenoid.
Scalebarsare5 cm.
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FIGURE2.6. Premaxillaandmaxilla of OryctodromeusA, right lateral;B, rostral;C,
ventral;D, dorsalviews of fusedpremaxillaof MOR 1636a.E, lateral;F, medialviews
of partialleft maxillaof MOR 1642.Abbreviations: al, alveoli; ap, anteriorprocessgc
eruptingmaxillary toothcrown; ecs ectopterygoicshelf; en, externalnaris;fo, foramina,;
pp, posteriomprocessBoth scalebarsequal5 cm.
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FIGURE2.7. Jugal,supraorbitalandpostorbitalof OryctodromeusA, left lateral;B,
medial;C, dorsalviewsof left jugal from MOR 1642.D, lateral;E, dorsal;F, ventral
viewsof right supraorbitabf MOR 1642.G, lateral;H, medial;l, ventralviews of left
postorbitalffrom MOR 1642.Abbreviations: as articularsocket;ecf, ectopterygoid
facet;jp, jugal processmxs, slotfor thejugal procesf the maxilla; or, orbit; por,
postorbitalprocessrs, rugosesurface sqp, squamosagbrocesssys synovialsocket.
Scalebarsequal5 cm.



70

H
\jw

doc

vC

FIGURE2.8. Frontalsandquadrateof OryctodromeusA, dorsal;B, ventralviews of
partialleft andright frontalsfrom MOR 1642.C, laterd; D, medial;E, anterior;F,
posterior;G, ventral;H, dorsalviewsof right quadratédrom MOR 1642.Abbreviations:
doc, dorsalcondyle;fo, fossajw, jugal wing; or, orbit; pw, pterygoidwing; vc, ventral
condyle.Scalebarsare5 cm.
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FIGURE2.9. Predentarydentary, anddentaryteethof OryctodromeusA, left lateral;B,
ventral;C, anterior;D, dorsalviews of onepredentaryrom MOR 1642.E, ventralview
of secondpredentaryfrom MOR 1642showingthebifurcatedventralprocessF, medial
view of partialright dentaryfrom MOR 1642 G andH, lingual views of dentaryteethof
MOR 1642.Theboxin F highlightstheareashownin G. |, view of dentarytooth
highlightedby boxin J. J, lingual view of partial left dertary with teethof IMNH 44946
K, lateralview of left dentary of MOR 1636h ScalebarsA-E equal3 cm; F equalsb cm;
G equalsl cm; H equalss mm, | equals.5cm,JandK equalsl cm.
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FIGURE?2.10. Cervicalrib andcervicalvertebraof OryctodromeusA, cranial;B caudal
viewsof cervicalrib of MOR 1642.C, left lateral;D,cranial;E, caudal;F, dorsal;G,
ventralviews of middle cervicalvertebraof MOR 1636a.Abbreviations: cp, capitulum,
dia, diapophysispar, parapophysispoz, postzygapophysigirz, prezygapophysish,
tuberculum.Scalebarfor cervicalrib is 5 cm, scalebarfor cervicalvertebras 4 cm.
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FIGURE2.11. Dorsalvertebraeof OryctodromeusA, left lateralview of articulating
seriesof five anteriordorsalvertebradrom MOR 1642 B, anterior;C, posterior;D,
dorsal;E, ventralviews of posteriormostvertebraof samearticulatingseriesirom MOR
1642.F, lateral;G, anterior;H, ventralviews of posteriordorsalvertebrafrom MOR
1636a.Abbreviations: par, parapophysispoz, postzygapophysigrz, prezygapophysis.
Scalebarsequal5 cm.
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FIGURE2.12. Dorsalrib of OryctodromeusA, caudal;B, cranialviewsof left dorsalrib
of MOR 1642.Abbreviations: cp, capitulum;tb, tuberculum Scalebarequalss cm.
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FIGURE2.13. Sacrumof Oryctodromeusvith individual sacralvertebragS1-S7)
indicated A, left lateral;B, dorsal,C, ventralviews of sacrumof MOR 1636a.
Abbreviation: sp, sacropubaérticulation.Scalebarequalss cm.
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FIGURE2.14. Caudalvertebraeof OryctodromeusA, right lateralview of articulating
seriesof four proximal caudalvertebradrom MOR 1642.B, left lateral;C,anterior;D,
dorsal;E, posteriorviewsof anteriormostcaudalvertebrafrom sameseriesF, left
lateral;G, dorsal;H, anterior;l, posteriorviews of mid-caudalvertebrafrom MOR 1642.
J, left lateral;K, dorsalviewsof distalcaudalvertebrafrom MOR 1642.Abbreviations:
chf, chevronfacet;poz, postzygapophysigirz, prezygapophysisScalebarsequal5 cm.
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FIGURE2.15. Ossifiedtendonsandchevronof OryctodromeusA, left lateralview of
articulatedmid-caudalseriesof MOR 1642with ossifiedtendonsSometendonswere
removedon the moreanteriorportionduring preparatiorof the specimenB, left lateral
view; C, arterior viewsof proximal or mid-chevron.D, closerview of tendonlatticein
left lateralview. Abbreviations: af, articulationfacet.Scalebarsequal5 cm.
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FIGURE2.16. Pectorakirdle, forelimb,andmanusof OryctodromeusA, lateralview of
fusedleft sapulocoracoidrom MOR 1636a B, lateral;C, ventralviewsof left coracoid
of IMNH 44939 D, lateral;E, medial;F, proximal; G distalviews of right humerusof
MOR 1636aH, lateral;l, medial;J, proximal; K, distalviewsright ulnaof MOR 1636a
L, lateral;M, medialviews of radiusfrom MOR 1636a.N, dorsalview of intermedium
from MOR 1642 O, possibledorsalview of tentativeradialeor ulnarefrom MOR 1642
P, dorsalview of partialmanus Abbreviations: cf, coracoidforamen;dc, deltagectoral
crest;hh, humeralheadilt, lateraltuberosity;mt, medialtuberosity;mtc, metacarpalpp,
olecranorprocessyc, radialcondyle;ss scapulaispine;uc, ulnarcondyle.Scalebar (A,
C-L) equal5 cm. Scalebar(B) equals2 cm. Scalebar(M-N) equalsl cm. Scalebar (N-
O) equals2 cm.
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FIGURE?2.17.Pelvicgirdle of OryctodromeusA, right lateralview of right ilium of
MOR 1642.This specimerhasbeendigitally cutawayfrom the sacralandcaudalsection
it is articulatedwith. B, lateral;C, medialviewsof right ilium of MOR 1636b.D, lateral,
E, medialviewsof left pubisof MOR 1642.F, lateral,G, medialviewsof rightischium
of MOR 1642.Abbreviations: ac, acetabulumbs, brevisshelf;ip, iliac pedunclejsp;
ischiacpedunclemri, medialridge onilium; obf, obturatorforamen;obp, obturator
processpep, preacetabulagprocesspop, postacetabulgsrocessppp, postpubicprocess;
prp, prepubicprocesspup, pubicpedunclesp, sacropubaarticulation.Scalebarsequal
5cm.



FIGURE2.18. Hindlimb elementf OryctodromeusA, anterior;B, posterior;C, lateral,
D, medial;E, proximal; F, distalviewsof right femurof MOR 1642.G, anterior;H,
posterior;l, lateral;J, medial;K, proximal; L, distalviews of right tibia of MOR 1636a
M, anteriorview of tibia w/articulatedastragalusrom IMNH 44939 N, lateral O,
proximalviewsof Fibulafrom IMNH 4493Q Abbreviations: asp, ascendingprocessgc,
cnemialcrest;eg, extensolgroove;fg, flexor groove;fh, femoralhead;gt, greater
trochanterijcl, insertionpit for M. caudifemoralidongus Ic; lateralcondyle;Im, lateral
malleolus;ltr , lessertrochantermc, medialcondyle;mm, medialmalleolus.Scalebars
equal5 cm.
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FIGURE?2.19. Tarsalsandpesof OryctodromeusA, anterior;B, posterior;C, lateral
views of left astragalusf IMNH 44930.D, proximal; E, distal; F, lateralviews of right
lateraldistaltarsalof IMNH 44939. G, anterior;H, posteriorviews of right pesof MOR
1642,with lateralandmedialtarsal.Therearefiv e phalangesn digit IV, thoughthetwo
proximalmostphalangesrestill articulatedandmakeit appeatherearefour total
phalangesl, proximalview of lateralandmedialtarsalof MOR 1642,articulatedwith
metatarsals], distalview of articulatedmetatarsalef MOR 1642.K, lateralview of pes
ungualfrom digit Ill. Abbreviations: asp, ascendingrocess|dt, lateraldistaltarsal;
mdt, medialdistaltarsal.Scalebar (A-C) equals5 cm. Scalebar (D-F) equals2 cm.
Scalebar(G-H) equalsl0cm. Scde bars(1-K) equal5 cm.
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v? IV? 1II?
FIGURE2.20. IMNH 44951, articulated specimen®@fyctodromeusvith partial left
manusA, Dorsal;B, ventral views of specimef, inset of partial left manus with
tentative identifications of metacarpals.inset fromA showing tendons along dorsal
column. Scale bar B equals 15 cm, scale bar D equals 5 cm.




FIGURE?2.21. Skeletalrestoratiorof Oryctodromeusn left lateralview. Restorations basedn elementdrom MOR 1636aand
MOR 1642anddepictsall elementknownfor OryctodromeusOutline of dorsalspikesis artisticconjectureArt by leadauthor.
Scalebarequalsl m.
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Oryctodromeus cubicularis
ORODROMINAE ——_ 7 ,
7 oreanosaurus boseongensis
\ Zephyrosaurus schaffi
PARKSOSAURIDAE _E ‘Kaiparowits Orodromine’
L Orodromeus makelai
\
: Changchunsaurus parvus
Haya griva
{ Parksosaurus warreni

THESCELOSAURIN A‘E — Thescelosaurus neglectus

Thescelosaurus assiniboiensis
b Thescelosaurus garbanii
Macrogryphosaurus gondwanicus
[—— Notohypsilophodon comodorensis
ELASMARIA Talenkauen santacrucensis

Marasuchus

[ Sanjuansaurus
Herrerasaurus
— Tawa
Heterodontosaurus
Fruitadens
Tianyulong
Abrictosaurus
Agilisaurus
Leaellynasaura
— Jeholosaurus
—— Othnielosaurus
New_Parksosaurus
T._assiniboiensis
—— Haya
| I~ —— Changchunsaurus
Oryctodromeus
Zephyrosaurus
Orodromeus
~ Skaladromeus
Koreanosaurus
Talenkauen
Zalmoxes._r.
_‘j[ Zalmoxes_s.
Rhabdodon_p.
Tenontosaurus_d.
— Tenontosaurus
I Muttaburrasaurus
Dysalotosaurus
Dryosaurus
Camptosaurus
Iguanodon
Ouranosaurus
— Anabisetia
— Gasparinisaura
] Archaeoceratops
4@mtops
Yinlong
Hypsilophodon
“— Hexinlusaurus
- Eocursor
— Lesothosaurus
Scutellosaurus
e Scelidosaurus
—— Stormbergia
Silesaurus
L Asiisaurus

FIGURE2.22. Phylogenetigelationshipof Oryctodromeusindotherneornithischians.
A, insetof consensusreefrom Boyd (2015, Fig. 2) showingrecoveredelationshipsof
Orodrominaeandrelatedtaxa.B, Bayesiarconsensusreerecoveedin this analysis
usingforty-eighttaxaandadditionalcharactergor Oryctodromeusisinga revisedmatrix
of Boyd (2015).
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FIGURE2.23. Artistic reconstructiorof Oryctodromeuspy JoshCotton.Intendedfor
coverof theJournalof VertebratePaleontologyhostingthearticle.
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ABSTRACT

Themid-CretaceougAlbian-CenomanianyVayanFormationof easterridaho
andthe VaughnMemberof the BlackleafFormationof southwestertontanabothhave
vertebrateassemblagedominatedby the smallburrowingneornithischiardinosaur
Oryctodromeugubicuaris. Thedominanceof this taxonin thesesedimentss marked,
with othertaxarepresentedly skeletalelementdeingrarein comparisonThis relative
abundancéeadsto questionsn the processesesponsibldor the dominanceof this
fossorialtaxon.

Oryctodromeuspecimensccurin threedistinctlithofacies,andcanbedivided
into threedistincttaphofacieslependenbn degree®f articulationandassociation.
Articulatedspecimengtaphofacie®\) occurin bioturbatedsandstonesrticulatedo
asseiatedspecimensgn pedogenianudstonessiltstores,andfine-grainedsandstones
(taphofacieB); andisolatedskeletalelementgtaphofacie<) arefoundwithin the debris
flow depositof the RobisonBonebed RBB). Two broadtaphonomianodesare
recognizd: articulatedto associatedkeletongmodeB) which arerepresentedyy twelve
specimensanddozensof isolatedelementgymodeA) from the RBB.

A suiteof taphonomiabservationsuggesthatburial within unrecognized
burrowscanbeinferredasatypical modeof preservatiorfor partialto nearcomplete
skeletonof OryctodromeusThe WayanandVaughnmayrepresenanunusual
occurrencef fossilassemblageandpossiblyCretaceoupaleocommunitiedominated

by afossorialvertebragaxon.The numericaldominanceof Oryctodromeusn the multi-
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taxic RobisonBonebedossiblyreflectsthe original ecologicalabundancef this taxon.
Theoccurrenceof additionalspecimengonsistingof skeletonf multiple individuals
togethersometime®f varyingontogenéc stagesreinforcesthe suggestiorof parental
care.

Additional occurrences d@ryctodromeu$urrows from the Wayan and Vaughn
are reported, with the overall morphology and sizes being similar to the holotype burrow.
While data for burrowing fossil taxa is availabtas mostly descriptivevith lesser
amounts of discussion of the apparent taphonomic processes invdiestudly
highlightsthe need for more actualistic studies associated with burrowing veetebrat

preservational processes.



94

1. Introduction

The latest Albian to Cenomanian Wayan Formation of eastern ldaho, and the
coeval Vaughn Member of the Blackleaf Formation of western Montana both have
vertebrate assemblagasparentlydominated by the fossorial orodromine neornithischian
Oryctodromeus cubiculari@/arricchioet al, 2007; Krumenacker, 2010; Krumenacker
al., 2016). Other vertebrate remains from the Wayan and Vaughn, excluding eggshell and
rare eggs of the ootaxdacroelongatoolithus carlyleiare exceedingly rare
(Krumenackeet al, 2016) and consist almost entirely of isolated remsuich as teeth,
bones, and eggshellhe vast majority of no®ryctodromeusaxa, excluding eggshell,
are known from the Robison Bonebgglde RBB,IMNH 2251)and the H34D locality
(IMNH 2167; Krumenackeet al, 2015; Krumenacker, 2016). Excluding a heavily
taphonomically modified partial nodosaur skeleton from the H34D loc&dggjls from
thesetwo localities consist of complete to incomplete bones, teeth, and eggshell of
numerous taxgTable 1) TheRBB has produced many isolated and very rarely
articulated elementferable tadOryctodromeusFossils from these locations @lexhibit
a wide taphonomic spectrum, with elements consisting of rolled bone pebbles, partial
broken limb elements, partial to complete vertebrae, and bone and tooth shards. Non
Oryctodromeuskeletal elements from other localities argremelyrare, butagain
exhibit more substantial prediagetic taphonomic modificatioffaxa from the Vaughn
are limited toOryctodromeusMacroelongatoolithusind other eggsheland ansolated

ankylosaur tootlfVarricchio et al, 2007; Simon, 2014).
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Oryctodromeuss the first reported dinosaur with a burrowing habit. The holotype
(a presumably mature individual) and paratype (two partial juveniles) specimens were
found in a burrow infill within the Vaughn near Lima Peaks, Montana, USA (Varricchio
et al, 2007; Fig. 1, @ble 2). Since the description of the holotype and paratype
specimens from the Lima Peaks area, numerous addiyelodromeuspecimens
(Table 2) have been recovered from the Wayan and the Vaughn (Krumenacker, 2010;
Krumenackeet al, 2016).Two of these additional specimens have been associated with
burrows and these burrowarereported heregne from the Wayan Formation and a
second from the Vaughn Member in the Lima Peaks area.

The Wayan Formation and Vaughn Member are unique amongst reported
dinosaurian fossil assemblages in being dominated by a single small burrowing
neornithischian taxorQryctodromeusTable 1; Dorr, 1985; Weishampet al,, 2002;
Krumenacker, 2005; Krumenacketral, 2014). Small dinosaurian (and other) vertebrate
taxa ae typically more incomplete and more rare in the fossil record in comparison to
larger bodied taxa, making this patterrQyfyctodromeu®ccurrence in the Wayan and
Vaughn unusual (eg. Behrensmeyer and Hook, 1992; Bebwh 2013). The heavy
dominance bOryctodromeusn the Wayan and Vaughn assemblages suggests unusual
taphonomic and/or ecological circumstances responsible for the preservation of relatively
common, numerous partial to near complete, and well preserved specimens of these small
bodied anmals. Additionally, members of this clade are typically rare components of
their respective assemblages (eg. Sues, 1980). Previous work has suggested that

Oryctodromeuss the dominant and only well represented vertebrate in the Wayan and
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Vaughn assemblagéKrumenacker, 2010; Krumenaclatral, 2016). These
observations raise questions such aQrigctodromeuseally the dominant vertebrate
taxon represented by skeletal material in the Wayan and Vaughto what exteftlf
so, why isOryctodromeushe dominant taxon? Additionally, the initial description of
Oryctodromeusncluded evidence for burrowing, parental care and social grouping;
raising the question of if there is additional evidence supporting these habits. Here these
guestions will be addresd through detailing the taphonomic and geolseitingof
Oryctodromeusccurrences, as well as comparisons of their taphonomy to the
taphonomy of other burrowing taxa. In addition, two new burrows from the Wayan and
Vaughn are described.
2. Methodsand Materials
2.1 Regional Geology
The Wayan Formation and Vaughn Member of the Blackleaf Formation, deposited
during the late Albian through the Cenomanian, occur in dominantiymasme alluvial
plain successions in eastern ldaho and southwestern andemést Montana (Figs.-3;
Dorr, 1985; Dyman and Nichols, 1988). Deposition occurred in small fluvial channels
and associated floodplains in the proximal portions of the foreland basin associated with
events of the Paris and Meade Thrusts (Schmitt andrivi@@82; Wiltschko and Dorr,
1983; Dorr, 1985; Dyman and Nichols, 1988; Krumenacker, 2010). Sediments of the
upper Vaughn are noticeably richer in volcanic ash and bentonite (Dyman, pers. comm.).

Both the Wayan and Vaughn are part of thick Cretaceouesegsi in their

respective areas (Figs3). The Wayan, measuring 1,344 meters in thickness, forms a
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substantial portion of the dominantly terrestrial Cretaceous packet in the Caribou Range,
which measures over 3000 meters in total thickness (Schmitt arahMk982;
Krumenacker, 2010). Directly below the Wayan is the Smiths Formation, representing
environments ranging from nearshore to fluvial. The Smiths is composed of a lower black
shale member and an upper sandstone member (Rubey, 1973; Dorr, 198gn@trer
Wayan is the Sage Junction Formation, a nearshore alluvial plain sandstone and
mudstone dominated formation with abundant f&laaks ofTempskydRubey, 1973;
Oriel and Platt, 1980; Dorr, 1985). The Cretaceous rocks of southwestern Montana,
including the Vaughn, consist of up to 7000 meters of strata, with the Vaughn measuring
at 270 meters thick near Lima Pealkathaving a highly variable regional thickness,
with 878 meters near Drummofidyman and Nichols, 1988; Dymat al, 1999.
Underlying the Vaughn Member of the Blackleaf Formation is the Flood Member,
composed of black shales sandwiched between or underlying sandstones (Dyman and
Nichols, 1988). Underlying the Flood itself is the Aptian to Albian Kootenai Formation
(Dymanetal., 1988). Overlying the Vaughn in southwestern Montana are the shales,
sandstones, and conglomerates of the Cenomanian to Turonian Frontier Formation,
deposited in marine to terrestrial environments (Dyman and Tysdal, 1990; Ry@an
1997; Dymaretal., 2008). High vegetative cover and the relatively-fyn@ined and
easily eroded sediments limit outcrops of both the Wayan and V4Dgin 1985;
Krumenacker, 20100ryctodromeugproducing areas in the Wayan Formation occur
primarily within the Caribu Range of Bonneville and Caribou Counties, Idaho (Fig. 1;

Krumenacker, 2010; Krumenacketral, 2016). Within the Vaughn Member,
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Oryctodromeusire known from the Lima Peaks area of Beaverhead County, Montana
(Fig. 1; Varricchicet al, 2007). In combint#on, the nearly identical ages, bounding
stratigraphic geologic units, and presenc®pfctodromeusn both the Wayan and
Vaughn strongly suggest that these two geological units represent the same originally
contiguous package prior to subsequent vorarand tectonism.
2.2 Fieldwork

Sporadidieldwork in the WayanFormationwascarriedout by the University of
Michigan,the ldahoMuseumof NaturalHistory, andpersonnebf CaribouTarghee
NationalForestwithin the lasttwo decade®f thetwentiethcertury (Dorr, 1985;
Weishampeetal., 2002).Since2002prospectingandresearcthasbeencarriedoutin
theWayanFormationby the authorsLimited stratigraphiavork hasbeendonein the
Wayanwith outcropquality precludingdetailedobservationgSchmittandMoran,1982;
Krumenacker2010).Fieldworkin the Vaughnhasbeenongoingsince2003,with
exploratorywork andcollectingoccurringin the Lima Peaksareaof Beaverheaounty,
Montana(Varricchioetal., 2007;Ullmannetal., 2012. Oryctodromeuspecimendgrom
bothgeologicunitshavebeencollectedusingstandardcollectiontechniquesMeasured
sectionsandfaciesanalysisof the Wayanarebasedn the measuredectionsof
Krumenacke(2010)andpersonahotesof the leadauthor.Stratigraphicsectionswith
Oryctodromeudocationsarenot availablefor the Vaughn.Faciesanalysisand
descriptionfollow standardnethodsof definition anddescription Specificlocality data

andcollectioninformationis availableat the curatinginstitutions, the IdahoMuseumof
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NaturalHistory (IMNH), Pocatello]D andthe Museumof the Rockies(MOR),
BozemanMT.
2.3Photogrammetry
Photogrammetricnodeling(SupplementarynformationFile One

(https://sketchfab.com/models/d58c01463d5f4149994a7a79a34 ®fdibe in-situ

burrowstructurefrom the Wayanwasconductedn thefield prior to jacketingand
collection of a portionof theburrowin orderto retainthe completemorphologicaland
contextualgeologicaldatawhich would otherwisebe alteredor lost uponexcavatiorand
preparationin instancesuchasthis one,photogrammetrys idealasit retainscolor data,
which characterizethe sedimentologyf the burrowstructureandsurroundingock, in
associatiorwith threedimensionakhapesPrior to photographingthe burrowstructure
wasconsolidatedvith polyvinyl acetatgvinac),which to somedegreeenharmedthe
color of the structurenotethatthe burrowsedimentvasidenticalin color to the
surrondingrock. Onehundredseventyeighthigh-resolution(18 megapixel)photoswere
takenwith aCanon60D DSLR andprocesseth Agisoft PhotoscarProfessionalA dense
point cloudof 1,903,724points(aftercroppingof extraneougoints)wasgenerateénd
usedto constructa meshof 5,005,591verticesand10,000,00Gacesfor maximum
accuracyThemeshwasadditionallydecimatedo 1,700,000acesin orderto producea
morewidely accessiblsupplementaryile of manageablsize.
2.4 SpecimenPreparation
Specimensverepreparedisingstandardnechanicapreparatiortechniques.

WayanFormationspecimensverepreparedatthe BYU-Provovertebratgpaleontology


https://sketchfab.com/models/d58c01463d5f4149994a7a79a349fd6d
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lab andin the Varricchio PaleontologyLab in GainesHall at MontanaStateUniversity
Bozemarnby theleadauthor.VaughnMemberspecimensvereskillfully preparedy
CarrieAncell in the FossilPreparatiorLab atthe Museumof the Rockies,Bozeman,
Montana.Due to thelargernumberof associatedpecimensndlimited funds,some
specimenslescribechere(IMNH 45596andIMNH 49842)arenotfully preparedwith
databeingusedfrom their currentstateof preparation.
2.5Specimens

SpecimengTablesl1-2) foucseduponin this studyfor elucidationof the burial
settingsof Oryctodromeusireonly thosethathavebeenfoundin-situ. Oneindividualis
hypothesizedo berepresentetdy two separatespecimensilMNH 44951andIMNH
45081.IMNH 45081 recoveredn asandsbnenodule,is suspectedo belongwith IMNH
44951which wasrecoveredn-situ. Hereafterthis apparensingleindividualis just
referredto asIMNH 44951 .Dozensof isolatedandsomeassociatedpecimenfiavebeen
recoveredasfloat (looseonthegroundsurface,Tablel), butarenotusedin detailhere
duethelack of geologicalcontextfor the specimensSomespecimensliscussed
generallyin this studyconsistof numeroussolatedanda few articulated(vertebrae)
remainsfrom a multi-taxic bonebedthe RBB).
3. Results
3.1 Geologyand Sedimentology
3.1.1 Measured Sections and Fossil Occurrence

Unfortunately postdepositionatectonicsandextensivevegetativecoverhave

precludedoutting Oryctodromeuspecimengnto arigorousstratigraphidramework.The
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availabledatashowsthatOryctodromeu®ccursatleastin thelower andmiddle Wayan,
sometimesn distinctly fossiliferoushorizons(section10.5in Krumenacker2010).Its
exactstratigraphidocation in theVaughnis alsonot well understoodiueto theisolated

natureof the outcrop(Varricchioetal., 2007).

Measuredsectionsandgeologicalobservationsrediscussedhereto allow the
definition of faciesin the WayanandVaughn,with focuson thosethathaveproduced
Oryctodromeuspecimensln additionto datafrom Oryctodromeugroducinglocalities
in smalloutcropsthatprecludedstratigraphianeasurementhreeOryctodromeus
producingmeasuredectiondrom the WayanFormation,describedn Krumenacker
(2010)areutilized here(Fig. 1). Thesesectionsarethe Miners Delight Creek,McCoy
Creek,andTincup CanyonmeasuredectionsDetailedlocationsof measuredections,
dueto their proximity to fossil locations,arenot given. Howeverspecifc datais available
atIMNH. Oneadditionalsectionthathasnot producedOryctodromeuss includedas
well, the SchmittandMoran (1982)McCoy Creeksection hereaftereferredto asthe
SchmittandMoransection.MinersDelight, McCoy Creek,andthe Schmtt andMoran
sectionall occurin the CaribouBasinareaof BonnevilleCounty,ldaho;while the Tincup
Creeksectionoccursin CaribouCounty,ldaho.Thestratigraphigositionof the Miners
Delight CreekandMcCoy Creeksectionswithin the Wayanareuncetain, asthetop
and/orbottomof the Wayanis not exposedn thesesectionsandno markerbedshave
beenrecognizedWhile the sandstonethatform ridgesin thesesectionsarelaterally
continuousandtypically extendfor manytensof metersthelateral extentof the

associatediner-grainedsedimentss uncertain put the characteristicef theweathered
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soilsonthesurfacesuggesticomparablalegreeof lateralcontinuity. Therelationships
of Oryctodromeuspecimengn the Vaughnto measuredectioxsareuncertainsonone
areincludedhereor in thefaciesassociationable(Table2). Enoughgeneralgeological
observationsnddata(eg. DymanandNichols,1988;Dymanetal., 1994)areavailable
for the Vaughnfor definition of somecharacteristi¢daciesassociatedavith

OryctodromeugTablel).

The Tincup Canyon measured section, not figured due to it being predominantly
covered, contains one locality that has produ@gatodromeugKrumenacker, 2010).
At 501 meters above the base of the section, a partial skeleton (IMNH 44946) has been
recovered. The specimen was collected from a series of resistant nodules of red
calcareous siltstone associated with calcareous nodules in anaytvesathered
roadcut exposurdésreen to gray reduction halos were present around some of the bones.
The McCoy Creek measured sectiéig( 3; Krumenacker, 2010) is the most
fossiliferous measured section from the Wayan Formationcamsists ofepetitve
outcrops of trougitrossbedded sandstones forming ridges that are flanked by finer
grained mudstones and siltstone. The sedtamproduced twOryctodromeupartial
skeletons: IMNH 44920 (which is associated with a radiometric age of 99.1-4.B.5/
Ma), and IMNH 45596 (Krumenacker, 2010). IMNH 44920 was recovieredty meters
above section baskpm acalcareous gray siltstone that coarsens upward into a medium
grained sandstoneith centimeter scale trougitossbeds in the uppermost portion.

IMNH 45596 occurred within a small isolated outcrop of red calcareous siltstone
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associated with calcareous nodules that coarsens upward into a graygcaizse
sandstoneThis specimen occurs 255 meters above the section base.

The Miners Delight sectio(Fig. 3)occurs in a series of bettdeveloped
outcrops and consists of 133 meters of section (Krumenacker, Zdd®pnssociated to
partial skeletongpreparation is ongoingre known from this series of outcrops, which
consist of wellexposed alternatingandstone ridges flanked by more heavily weathered
and finergrained sediments. At the base of this section, IMNH 44951 has been recovered
from a mediurgrained calcareous sandstone. This sandssdieatureless in the vicinity
of the fossil, but in latally continuous sandstones adjacent to both sides of the locality
centimeterscale trough crosisedding is evident before the outcrop becomes vegetated.
Roughly thirty-five meters above section base IMNH 46169 was recovered. This
specimen was recovered from a very heavily weathered outcrop of calcareous red
siltstone with calcareous nodules. At roughly 125 meters above the base of the section
IMNH 50846,50847 and 50877 have been recovered. IMNH 50877 includes skeletal
remains that have been recovered in association with the burrow that is described below.
IMNH 50846 and 5087¢ome from the same horizon of heavily weathered calcareous
red siltstones withalcareous nodules and are separéaeerally by about six meters,
while IMNH 50847 comes from an identical lithology about one meter lower in section.

The Schmitt and Moran section (Schmitt and Moran, 1982), begins at the base of
the Wayan and continuepwards for 586 meters, with typical repetitive outcrops of
mudstones, sandstones, and siltstones having been reported. Additional rare lithofacies

such as volcanic ash are also reported. Radiometric and palynological ages have been
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recovered from samplas this section as well (Schmitt and Moran, 1982; Krumenacker,
2010).

More Oryctodromeuspecimens from the Wayan Formation are known fveny
small isolated and poorlgxposed outcrops that have not been put in a stratigraphic
framework. These are IMNK4939, which occurred in an overturned outcrop of-fine
grained reefray sandstone with green reduction halos around the bones and with some
cm scale calcareous nodules in association. This sandstone is capped bseaistenyt
fine-grained red sandstomath prominent invertebrate traces on the bde®&lH 49842
occurs in a poorlgxposed and small outcrop of medigmained gray sandstone.

Skeletal remains were recovered from a featureless calcareous sandstone nodule,
weathered into segments, that ocedwithin poorly exposed steep beds of «stale
trough crossbedded sandstones.

Due to the isolated nature of the outcrops that have produced the specimens
described here for the Vaughn Member, they have not comelieoontext of
measured sections. MOR3®was recovered in a burrow fill composed of sandstone that
crosscut three mudstone units. These mudstones consisted of, in ascending order, a
nodular calcareous gregmay mudstone, a gregmay claystone, and another gregray
mudstone. These units meeoverlain by more claystone and sandstone (Varricsthab,
2007). MOR 8660 and MOR 1642 were also recovered f@apgreen mudstones, with
MOR 8660 having come from a poontyeserved silty green mudstone fill that cross

the hosting green mudsten
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3.12 Lithof acies

Lithofaciesfor the WayanFormationandVVaughnMemberof the Blackleaf
Formationaredefinedhere.While thelack of extensivedetailedstratigraphiovork in
theseunits preventdiner-scaleobservation®f therelationshipf thesdlithofaciesand
othersnotassociateavith fossil specimensgeneralbbservationganbe madebasedn
field observatiorandon researclat specificfossil localities.Herethesdithofaciesare
describedn orderof coarsenessvith dataon thelithologies,associationsandpossible
modesof formationbeingdiscussedTable2, 3). WhenOryctodromeuspecimensire
knownto bepresenin alithofacies,theyareindicated.
3.1.2.1Lithofacies Gms. Matrix -Supported Conglomerates

Matrix-supportecconglomeratearea rarebut significant lithofacieslimited to
theWayan(SchmittandMoran,1982;Krumenackeetal., 2016).Threelocalitiesare
knownof this lithofacies.Thesearethe Minkin BonebedH34D, andtheRBB. The
Minkin Bonebedbccursin thelower Wayan,the RBB occursin the middle of the Wayan,
andH34D in theupperWayan(Krumenacker2010;Krumenackeetal., 2016).0Only the
RBB hasdetailedgeologicaldataavailable Basedon the ex-situ bouldersanoriginal
thicknessof oneto two meterss likely for this discontinuos unit Sedimenof the RBB
consistf angularto semiroundedntra-formationallysourcedyreenmudstongpebbles
andcobblescalichenodulesjnter-formationallysourcededandblackchertpebblesas
well asvertebrateemaing(brokenbonesteeth,egghell)float in a matrix of coarsesand

with chertgrains.



106

At least fortyfour isolatedspecimens, consisting of mostly isolated elements
referred tdOryctodromeusave been recovered from this lithofacies at the RBB, with
work and preparation ongoing on specimens recovered from hesiéu lsbservation of
this fossiliferous lithofacies, known from only this one locality, is impossible due to
construction activitie that removed the entire lens of this sediment from the originating
hillside prior to observation being possible. Based on recent observations this lithofacies
may have graded into a fingrained gray sandstone that fines upward into green
siltstone ananudstone. The fact that this lithology is only exposed astexooulders
does not allow detailed discernment of the lateral and stratigraphic relationships of this
facies, but some generalities will be discussed.
3.1.2.2Lithofacies Gces Clast-Supported Conglomerates

Clastsupportecconglomeratearecommonin the basalWayanFormation
(Krumenacker2010)wherethey comprisethelower hundredmeters Suchlithofacies
arecommonlydepositedn fluvial channelgproximalto the sedimensourceareasandin
higherenergyfluvial environmen{Reading,1996).In the Wayanthesdithofacies
consistof redandblackchertpebblesjnter-formationallysourced SchmittandMoran,
1982),in abrownto grayquartzandchertrich sandstonenatrix. Thesechertpebbles
may approaclkcobblesize(SchmittandMoran, 1982;Krumenacker2010).
3.1.2.3 Lithofacies ShHorizontally Bedded Sandstones

Horizontally bedded sandstones are common within the Wayan Formation
(Schmitt and Moran, 1982; Krumenacker, 20400 may occur in repetitive beds over a

meter thick These sandstones are usually fine to medjummed and silvegray, dark
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gray, or brown in color. These sandstones occur often in association with-trasgh
bedded or massive featureless sandstdnesttebrate traces, occasional bone shards,
and compressions of woody material may be common.
3.1.2.4 Lithofacies SmMassive Sandstones

These lithofacies of massive featureless sandstones occur in the Wayaayand
be from one to over ten meters inckness. These beds afen in association with
troughcrossbedded or laminar sandstones. These sediments consist of a fine to-medium
grained gray to brown sandstones. They may contain cm scale calcareous nodules and
chert pebblegOryctodromeuspecimensre uncommon in these lithofacies, with those
recovered being IMNH 44939 (representing three individuals), 44951, and 49842.
3.1.2.5Lithofacies St: Trough-crossbeddedSandstones

Troughcrossbeddedandstonesommonlywith cmto inch scalecrossbedsare
alsocommonin the WayanandVaughn.Theymaybe overtenmetersthick andlaterally
extensivefor up to akilometer(Weishampeektal., 2002) Thesebedsform someof the
mostprominentoutcropsn the Wayanandarelessconspicuougndcommonin the
Vaughn(Dorr, 1985;SchmittandMoran,1982;Krumenacker2010;Dymanetal.,
1994). Thesesandstonemaytransitioninto the othersandstondithofaciesor form
stackeccrossbeddedhannels.
3.1.2.6 Lithofacies Fl Laminated Fines

Laminated muddaminatedsilts, andaminated very finggrainedsands comprise
this lithofacieswhich may consist of beds a few centimeters thick to over a metey thick

occurring both in the Wayan and the Vaughinese sediments may alternate or
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interfinger with each other. Theyay be red, gray, brown, or green in color and may
contain invertebrate traces and wavy laminations. Laminations may represent fluctuations
in sediment grain size and energy regimes.
3.1.2.7 Lithofacies ScCarbonaceous Shales

Similar to the descriptionb®ve, carbonaceous shales are very rare, but have been
reported in the Wayan Formation (Schmitt and Moran, 1982). This lithofacies consists of
dark organic shales with plant debris. These deposits are commonly only a few cm thick
and occur as isolated bedssequences of the more abundamt lithofacies
3.1.2.8 Lithofacies Fm Massive Fines

These massive mudstones to siltstones, which are among the dominant lithofacies
in the study area, have produced numef@nstodromeuspecimens in both the Vaughn
and the Wayan. These units may be tens in meters of thicknessohatlvaryingfrom
gray, green, brown, red, and pink, with the latter two colors being dominant. These
lithofacies commonly exhibit pedogenic features such as mottling, slickensides, insect
burrows and unidentified invertebrate traces, root traces, and calcareous nodules smaller
than a centimeter in diameter to those with a diameter of more than six centimeters (Dorr,
1985; Schmitt and Moran, 1982; Dymat al., 1994Krumenacker, 2010). Theajority
of Oryctodromeuspecimens are recovered from these facies and they are: IMNH 44920,
IMNH 44946, IMNH 45596, IMNH 46169, IMNH 50846, IMNH 50847, IMNH 50877,

MOR 1636, MOR 1642 and MOR 866Dable 2)
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3.1.2.9 Lithofacies Ls Shaly Limestone

Shal limestones are among the rarest lithofacies, but they have been reported in
the Wayan Formation (Schmitt and Moran, 1982)he Lima Peaks area in the Vaughn
silty limestones have been observed (Dyragal, 1994).Deposition of such lithofacies
would have occurred in lower energy environments such as lakes or ponds where
sediment would have settled and carbonate could have precipitated (Reading, 1996).
3.1.2.D Lithofacies B: Ash

Grayto white volcanicastesandbentonite, which weatheroutin thetypical
popcorntexturearereportedfor the WayanandVaughn.Volcanicashis averyrare
componenbf the Wayan,but bentonitehasbeennotedasa commoncomponenbf the
Vaughnin the Lima Peaksarea(SchmittandMoran,1982;Dymanetal., 1994.
3.1.211 Lithofacies C: Caliche

Nodularcalichehorizonsoccurin the Wayanandthe Vaughn,with thembeing
morecommonin the Wayan Rocksfrom thesehorizons commonlyhavearedto brown
colorwhenweatheredut grayto redon afreshsurface Thesebedsform resistantedges
in outcropsandoftenlitter outcropswith nodulesandcobbles.
3.1.3Lithof acies Associations

Lithofacies associations apacketsf lithofacies that occur together that may be
environmentallyor geneticallyrelated Boggs 2001). Specific lithofacies associations
occur in distinct and/or repeated successions in the Wayan and the Vaughn and have been
observed in the discussed siadiphic sections or during research at fossil localities.

These assaations are presented in Table Famd discusses in their stratigraphic or
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paleontological context belouccessions discussed here and there context are then
used to elucidate tivedepositional environments represented.
3.1.3.1 Mudstone to Trough-Crossbedded Sandstone Transition

This upward coarsening sequence has been noted in thethomyemetersof the
McCoy Creek Section (Figure 3, Table 3) in association @rrctodromeuspecimen
IMNH 44920. Here a basal gray mudstone with a few cm scale calcareous nodules grades
upward into a gray siltstone that continues to coarsen upwards integgétyyemedium to
coarsegrainedtroughcrossbedded sandstonkss typical in some owtops to see a
truncation with a sharpreak between the sandstone and mudstone instead of a
gradational transition.
3.1.3.2 Trough-crossbedded sandstone to massive sandstone

Troughcrossbedded sandstones that grade upward or laterally into featureless
massive sandstones are common in the Wdyaamples are visible within the fifty to
seventymeter interval of the McCoy Creek Section, where the transition occurs
stratigraphically. Examples of this occurring laterally in association@aytctodromeus
remains occur in the lowermost portion of the Miners Delight Creek Se@htdH
44951)and at IMNH vertebrate paleontology locality 243Becimen 49842)n the
lateral transitions the featureless sandstone is only immediately (within one meter)
adjacent tdhe skeletal concentrations, with trougtossbedded sandstone occurring on

both sides of the skeletal remains.
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3.1.3.3 Trough-crossbedded sandstone to massive mudstone

This association has been noted within the WayahVaughnand occurs within
all measured sectiorand is typically discernible in the better exposed outcrops
Discounting possible error due to poor outcrop quality, this appears to be the most
common facies transition withthe Wayan. This transitiaiypically occurs with sharp
contacts. kne to coarsgrained gray or browtroughcrossbeddedandstoneare
overlain by fining upward sequences of mudstones and siltstones that are typically red,
pink, purple, or gray that often contain calcareous nodules and other pedogenic features
sudh asmottling, slickensides and invertebratadOryctodromeu®urrows.
3.1.3.4 Chert PebbleConglomerate to TroughCrossbedded Sandstones

Transitions from classupported conglomeratés troughcrossbedded sandstones
are common to the lower 100 metefghe Wayan Formation, forming the only
recognizedlistinctive lithologies that can place one stratigraphidallynis unit
(Krumenacker, 2010)hese beds may have sharp breaks between them or be more
gradationalOutcrops at the Tincup Canyon and Sdhemd Moran sections provide the
best examples of this facies association. Conglomerates contain red and black chert
pebbles and cobbles that can rarely approach cobble size. These conglomerates transition
upward into typical brown and gray sandstones.
3.1.3.5 Matrix -Supported Conglomerate to Massive Sand

One example of this association has been noted from IMNH vertebrate
paleontology locality 2251, the Robison Bonebed. This locality occurs at an uncertain

locality within the middle of the formationppsibly near 700 meters above section base
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(Krumenackeet al, 2016).The fosiliferous lens of this lithofacies was entirely
removed from its host hillside by construction activities and its exact stratigraphic context
was lost. However, some general evs&tions can be made. Remaining on the hillside
below where the conglomerate occurred is afjreened graygreenmassivesandstone
with bone fragmentbservations made on conglomerate boulders at this locality
indicate a basal layer of laminar sandst® below the conglomerateith the laminar
sandstones probably havitrgnsitioned into the massive sandstone.
3.2 Taphonomy ofOryctodromeus

Taphonomyis the studyof the processethataffecta potentialfossil from the
timeit is aliving organismurtil thetime it is aspecimenn amuseuncollection.In
studyingthetaphonomyof Oryctodromeuserethe concerns the processethatare
responsibldor it beingthe apparentlynostcommonvertebratéaxonrepresentetly
skeletalremainsfrom the WayanandVaughnassemblage®©ryctodromeuspecimens
occurin distinct patterngelativeto thelithofaciestheyarepreservedvithin.
Completenesesf specimensthe numberandontogenetiageof individualsthatmaybe
associatetibgetherdegreeandtypesof taphonomianodifications,andassociatiorwith
recognizedurrowsall correlatewith the sedinentarycontextof the specimensThe
apparenextremeabundancef Oryctodromeuslsohintsat possibletaphonomic
processes.
3.2.10ryctodromeusabundance

Thereareroughly 495vertebratespecimengrom the Wayan,from ninety-one

localities,cataloguedn theIMNH collectionsat thetime of this writing. Of these
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specimensll4arereferredio Oryctodromeuswith thesespecimengomingfrom
roughlythirty-two localities. Twelve of thesespecimensepresenpartialto near
completeskeletonf Oryctodromeugin variousstatesof preparation)while the rest
represenisolatedto a few associate@lementsrecoveredaslooseelementonthe
groundsurface(Tablesl1-2).

Oryctodromeustself represents$orty-two perceniof theidentifiableWayan
assemblagesonstitutingfifty -threepercentof surfacefinds, andthirty-six percentof
specimenshathavebeenrecoveredn-situ (with a heavybiasbeingexertedby the
specimensecoveredrom matrix blocksof the RBB). Isolatedelementdrom
Oryctodromeugsompriseroughlyfifty percentof the skeletalelementsdentifiedwithin
the multi-taxic assemblagef the RobisonBonebed Krumenackeetal., 2016).
Discountingeggshellanda nodosautooth, Oryctodromeuss the only vertebratgaxon
identifiedfrom the Vaughn,with eightspecimensavingbeencataloguedn the MOR
collections which represena minimumof elevenindividualsof varyingontogenetic
stages.

While the Wayanassemblageontainsnumerougaxa,the vastmajority of these
non-Oryctodromeusaxaareknownfrom threelocalities,all of or associatedvith
lithofaciesGms,IMNH 128 (the Minkin Bonebed)JMNH 2251 (RBB), andtheH34D
Quarry,IMNH 2167(Krumenackeetal., 2016).Discountinglocalitiesthathave
producecdexclusivelyOryctodromeudocalitiesthathaveproducedeggshell primarily of

the ootaxonMacroelongatoolithusarethe mostabundant.
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3.2.2Taphofacies

Specimenganbedividedinto threetaphofaciedbasedon taphonomic
modificationssuchasarticulation,associatiorof skeletalelementscompletenesesf
skeletalelementsbreakageweatheringandabrasionRecognitionof thesetaphofacies
facilitatesrecognitionof the taphonomigrocessesperativein the WayanandVaughn
thatmay answermuestionsegardingtherelativeabundancef Oryctodromeusn
comparisorto othervertebratd¢axain theseassemblagefueto their associatiowith
specimen®f taphofacie8, newOryctodromeudurrowsaredescribedvith that
taphofacies.
3.2.2.1TaphofaciesA: Fully to Nearly Articulated

Oryctodromeu®f thistaphofacieareknownonly in theWayan.These
specimengFig. 7; Table2) arefound muchlessfrequentlyin comparisorto taphofacies
A, with only two (seventeepercenthavingbeenfound. Two specimensareknownfrom
this taphofacies.TheseareIMNH 44951andIMNH 49842.Thistaphofacie®ccurs
within lithofaciesSm.

Specimengxhibit no weatheringbreakageor abrasionThesendividualsare
dominantlyarticulatedto fully articulatedwith IMNH 44951consistingof a completely
articulatedndividual with evensomemanualphdangesn place(Table2; Fig. 7).
Missingelementdor this individual consistmostly of thetail andmostof theneckand

skull, which appeato haveweathereaut prior to discovery IMNH 49842is only
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partially preparedbutfully articulatechindlimbsin articulationwith the pelvis,aswell
asanarticulatedaxial columnandforelimb elementsareevident.

Both specimensn this taphofacieslsoexhibitedventraldownwardposeqFig. 5)
in their naturaloccurrencewith IMNH 44951laying ventrally onits abdomerwith limbs
splayedoutwardsandwith IMNH 49842havingarticulatedegscrouchedunderthe
sacrumin asitting or kneelingposition.

Hematiticencrustations missingon thesespecimensn contrasto thoseof
taphofacie®. Calcitecrackingandinfilling is commonaswith all WayanandVaughn
specimensSomecrushinghasocaurredon someelementsaswell.
3.2.2.2TaphofaciesB: Associatedto Partially Articulated

Oryctodromeuspecimensn taphofacie®8 (Tablesl1-2) occurin the Wayanand
in the Vaughn.The majority of partialto nearcompleteskeletonf Oryctodromeusire
of thistaphofaciestepresentingen (83%) of thetotal sampleof twelve articulatedto
associatedpecimengTable2; Varricchioetal., 2007;Krumenacker2010).
Additionally, all specimensecoveedfrom recognizedurrowsareof thistaphofacies.
Includingthosedescribedn this paper threespecimengrepresenting minimumof five
individuals)havebeenfoundin discernibleburrows(MOR 1636a& b, MOR 8660,and
IMNH 50877).Thesetaphofaciesorrespondo lithofaciesFm.

Typically, specimengonsistof stringsof articulatedvertebraewith or without
ossifiedtendonsarticulatedpes(suchasthethreepesof varyingsizepreservedn IMNH
44939),andassociateimb andskull elementsMore rarely, specimensnay be entirely

disarticulatechsin MOR 1636andb andIMNH 46169. Sortingof elementdrom
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specimensasnot occurredwith elementsf disparaté/oorhiesGroupssuchas
phalangesiibs, chevronsyertebraelimb andskull elementxonsigently occurring
together.

Specimen®f this taphofaciegxhibit no pre-diagenetidoreakageweatheringpr
abrasionVarying degree®f articulationandassociatioroccur(Table2), andthe number
of individualspresentvariesfrom oneindividual to multiple individualsof varying
ontogenetistagegTable?2). In boththe Wayanandthe Vaughnspecimensccurin
denseconcentrationsf skeletalelementshatareassociate@nd/orarticulated These
accumulationsiretypified by the holotype(MOR 1636a)andparatypg MOR 1636b)
specimensiepresentingnepresumablymatureandat leasttwo juvenileindividuals.
Breakageon specimensonsistf sharpbreakson delicateandthin surfaceswvith no
abrasionsuggestinghatbreakages entirelyafactorof recert
weathering/preparation/collectiolhus,excludingmodernweatheringanderosion,
elementsverepresumablycompleteprior to burial.

Prediagenetidoonesurfaceflaking is non-existenton thesespecimens.
Diagenetionodificationsconsistof hematiteencrustatiorfcomplicatinginterpretation®of
bonesurfaces)crushing,smallscalefaulting/offsetsandcracking.This diagenetic
cracking,consistingof cracksandcalciteinfilling, occurperpendiculaandparallelto the
long axesof bonesHowever thereis no crackingwith matrixinfilling suggestiveof pre-

diagenetioveathering.
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3.2.2.2.1TaphofaciesB: New Oryctodromeusurrows

During the excavatiorof anassociate®ryctodromeuskeleton(IMNH 50877)
from the WayanFormationof BonnevilleCountyldahoin 2015,anunusual
concretionarnstructurewasnoticedimmediatelybehindthe jacketedskeletalmaterial
(Fig. 3A-D; Supplementaryile 1). Excavationof this structurerevealeda sinuousand
tubularstructurethatcloselymatchedhe morphologyof the previouslydescribedurrow
(Varricchioetal., 2007).
3.2.2.2.1. \Wayan Burrow

Thisichnofossiloccursin the Miners Delight Creekmeasureaectionof
Krumenacke(2010),placingit nearthetop of this 133 meterthick partialsection.This
measuredectionitself occurswithin anuncertainexactstratigraphigoositionwithin an
outcropof the WayanFormationin the CaribouRange BonnevilleCounty,ldaho(Fig. 1,
3). Theburrow(Fig. 4A-D, Supplementaryile 1) occursin ahomogenoudheavily
weatheedandpedogenicallyalteredredsiltstore bedthatoccursin multiple metersof
similar redsiltstonesandmudstonesandwichedetweersandstondeds.This samered
siltstonehorizonhasproducedtherOryctodromeuspecimensvithin sevenmetersof
thislocation(discussedbelow). This siltstoneis highly calcareousvith grayandgreen
mottling andcalcareousiodulesupto 1 cmin diametemwith decreasing@bundance
higherin section.This calcareousiltstonecontainingthe burrowtransitionsupsection
into afeaturelessed mudstoneaboutl.5 metersthick, whichis truncatedby coarse
grainedandcrossbeddedluvial sandstonethatexhibit conglomeratidensesof pebble

sizecalichenodulesandsmallunidentifiablebonefragmens.
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Theburrow,thoughsomewhatndistinctly preservedgonsistf asingle
concretedunit in thelower portionanda morefracturedstructurehigherin theweathered
portions.The cohesivenatureof the burrow contrastawith the uniformly fractured
sedimentaroundit. The peripheryof the structureis somewhatll -defineddueto thelack
of grainsizedifferentiationbetweerthe structureandthe surroundingmnatrix, anddueto
amulti-centimetetthick (2-3 cm) concretionaryind thatflakesoff of theareasof the
outerportionof thetrace.The presencef the concretionaryind, theindistinctperiphery
of thetrace,andthelack of differencedn sedimengrainsizehasprecludedhe
observatiorof anypossiblefine-scalefeaturessuchasaccessorgmaler burrows as
thosedescribedor the holotypeburrow (Varricchioetal., 2007) or scratchmarks The
burrowlosesdefinition asit ascendstratigraphicallydueto recentweatheringand
fracturingandappeargo betruncatel at the baseof theredmudgone(Fig. 3). Unlike the
holotypeburrowfrom the VaughnMember this structurels not definedby a difference
in sedimengrainsize.The sedimentomposingheburrowfill appearsdenticalto that
surroundinghe structure pothbeingcomposef redsiltstone.

Thedescriptionof the morphologyhereis doneasif the sedimentsverein their
original horizontalposition.After documentationthe mostterminalportionof the
burrowwascollected.This terminalportionhada naturalbreak(Fig. 3A, C) fadlitating
collectionandwasmorestablethanthe morehighly fractured weatheredandless
distinctstratigraphicallyhigherpartof the structurethatwasleft in-situin thefield. No
bonehasbeenobservedn the portionof the burrowcollected butit is possiblethatsome

is inside.Thestructures sinuousandsemthelical. Beginningat the uppertruncated
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contactwith thered mudstonethe structureslopesdownwardsrom the uppertruncation
atanestimatedb® for 82 cm. Thoughheavilyweatherecind damagedthe nextportionof
theburrowappeardo turnto theright for anestimated0 cm (this portionof the burrow
wasdamagedrom erosionand/orcollectionof skeletalelementgrior to recognitionof
the structure)andcontinuesdownfor another29 cm andthenturnshorizontally,
proceedindor another62 cm. Thefinal portionof the burrow consistf the original
jacketedsectionthatcontainedskeletalelementsaddinganother58 cmin length.The
total estimatedengthof this structureaspreserveds 271cm. The crosssectionof the
moredistal portionof theburrow (nearthe skeletalconcentrationjneasure@8 cmwide
and32 cmtall, thoughthe sedimentind of the outerportionsof the structuresuggests
slightly largerdimensionf a few additionalcentimetersThoughthe original jacketed
portionof the structurethatcontainedhe skeletalelementslid not havearecognizable
burrowstructure probablydueto recentnearsurfaceweatheringthis mayhave
represented distalexpansioriike thatdescribedor the Vaughnburrow (Varricchioet
al., 2007).

Skeletalelementdoundin this burrowfill (cataloguedsIMNH 50877)were
collectedbeforethetracewasrecognizedareaof skeletalmaterialis indicatedin Fig.
4D). Elementgecoverectonsistedf aleft femur,alateraldistaltarsal thirteenpartialto
nearcompletecaudalvertebraetwo chevronfragmentsarib, andafew partial
indeterminatdones. All of theseelementsappearto belongto onemediumsized
individual similarin sizeto MOR 1636a.Theseboneswerewithin the distal portion of

the burrowremovedn thefield jacket,prior to burrowrecognition. Theelementavere
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scatteredn variousorientationgn whatwould havebeenthe original middleandupper
portionsof the stratigraphicallydeepespartof the burrowfill. Thefemurwassemt
vertically orientedat roughlyforty degreesandnearthetop of whatis interpretecasthe
top of thetrace.Smallerbonessuchasvertebraewerealignedlinealy alongtheirlong
axiswith thetrendof the burrowandscatteredrom thetop of thefill into thelower
portionsof thejacketedburrowfill. It is possiblethatadditionalskeletalelementsare
within the moreproximal portionof the burrowfill thathasbeencollectedandleft
unpreparedo preserveanexampleof the burrow, but nonewerenotedduring collection.

Themorphologyof this structureis similar to the previouslydescribedurrowsof
Oryctodromeusindpossibleotherneornithischiarburrows(Varricchioetal., 2007;
Martin, 2009).The crosssectionalWwidth andheightof this traceis similar to thatof the
previouslydescribedurrowfrom the Vaughn(Varricchioetal., 2007)which hada
diameterof roughly 30 cm. The sinuousform of theichnofossilis alsovery similarin
morphologyto the burrowsdescribedy Varricchioetal. (2007)andMartin (2009).
Unlike the holotypeburrow,aterminalexpansiorwasnot recognizedn this second
example possiblydueto heavyweathering.
3.2.2.2.1. 2New Vaughn Burrow

A secondburrowfrom the Vaughnhasbeenfoundin the Lima Peaksarea

of Beaverheadounty,Montanaandwasassociateavith MOR 8660(Fig. 3E-F; Table
2). Thestructureoccurredn agraygreenclaystonewith thefill consistingof a silty
greenmudstongFig. 3E-F). This structurenada semtcircularoutlineanda diameterof

roughly 30 cm onthelong axisandroughly 20 cm onthe shorteraxis Theabruptflat
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edgeof this burrowfill in crosssection(Fig. 4E-F) suggest erosionandtruncationof the
burrowprior to eventuapreservationPreservationwaspoorandsomewhatndistinctin
thevertically orientedbeds,andsincemostof the structurewasmissinglittle datais
available Theremnantof this structurewerenotedafter collectionof ajacketcontaining
skeleal elementdrom this location.
3.2.2.3TaphofaciesC: Isolated

Oryctodromeuspecimengrom this taphofaciesareknownsolelyfrom the RBB.
Fossilsaretypically isolatedbut a few articulatedstringsof Oryctodromeugaudaland
cervicatdorsalvertebraeareknown. Taphonomianodificationsuchasbreakagend
abrasioraredominanton thesespecimensvith brokenandpartialisolatedbonesbeing
by far themostcommon A few isolatedpristineelementsareknown, includinga partial
smallOryctodromeuslentarywith fully eruptedandcompletetoothcrowns.No
associatedhdividualsrepresenting significantportionof oneindividual, on parwith
thosefrom the othertwo facies,areknownfrom this facies/locabn. This taphofacies
correspondso lithofaciesGms.
4. Discussion

Thediscoveryof the holotypeandparatypespecimensvithin aburrow,andthe
abovedescriptionf newburrowswith associatedpecimensaisethe questionof how
commonlyOryctodromeuspecimensnay be preservedvithin burrows,andhow often
theseburrowsmayor maynotberecognizableThesequestiondie into the broader
guestionof why Oryctodromeusppearso be the dominantvertebratd¢axonin the

WayanandVaughanassemblaged.o answerthesequestionthe depositional
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environmentsn the WayanandVaughnneedto be understoodandtaphonomianodes
needto berecognizedOncetheseareunderstoodfurtherquestionssuchasmorespecific
possibleburial settingsin relationshipto possibletaphonomidiasesaswell aspossible
additionalevidenceor socialitycanbeaddressed.
4.1 Depositional Environments

While the somewhat superficial nature of gemlogicaldatapresented here
d o e s n 0 t-deptH anatysis, assessment oflitefacies and lithofacies associations
of the Wayan and Vaughn reinforce previous hypotheses regarding depositional
environments within the Wayan and Vaughn depositional systems (Dorr, 1985; Schmitt
and Moran, 1982; Krumenacker, 2010). Additionally sthelata offer the potential for
new insights into the taphonomic process operative in these systems.

The repetitive sequences of lenticular bodied chestled sandstones, sometimes
which have cut downwards into firgrained pedogenic sediments, indidéte presence
of moderate to lower energy river systems that were operative in the Wayan and Vaughn
paleoenvironments. Crogé®dded sandstones in these lithofacies accumulated through
lateral accretion. Conglomeratic sandstones (lithofacies Gcs), sunbsasatith
abundant chert pebbles and cobbles, indicate fluvial processes of higher energy levels and
steeper gradient more proximal to the source areas than those of thgdined sands
with no pebbles (Reading, 199@y0ssibly these conglomeratichiitfacies represent
braided river deposits closer to the Sevier Highlands, while thednagmed channels
represent the more distal meandering river systems of alluvial plain. The transition from

these conglomeratic sands to figgained sandstones indies a change in sediment
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availability probably related to the distance to the source area and the stream gradient.
The lithofacies from the Robison Bonebed (Gms), due to the poorly sorted cobble size
clasts and the broken bones contained within, indeateortlived debris flow possibly
associated with fluvial processes and energetic mass movement.

As noted by Schmitt and Man (1982) and Dyman et al. (199#udstones and
siltstones, here represented by lithofacies FI, Flc, and Fm, dominate the Wedyan a
Vaughn. Muds and silts that compose these lithofacies accumulated through vertical
accretion when sediment was supplied and settled through suspension during flood
events. The pedogenic features common in these lithofacies were subsequently
overprintedand indicate substantial subaerial exposure and hiatuses in deposition, in
conjunction with variably fluctuating watertables as indicated by lithofacies C and
features of lithofacies FnCalcareous nodules and caliche horizons would have formed
through pedgenic processes and fluctuations in the water table leading to the
precipitation of discrete zones of calcium carbonate, and indicate @asdmi
environment (Retallack, 20013ynthesized these observations indicate that these alluvial
plains were in a@minantly or regionally serarid environment subject to a monsoonal
regime (Retallack, 2001). The less common sediments in this lithofacies that lack
common calcareous nodules and that are more drab in color represent more poorly
drained humid areas withore stable water tables. Lithofacies Fl, Flc, and Lc also
represent more humid areaghwstable water tables suchlakes and ponds, due to their
laminar nature, plant debris, and higher organic content. The facies association of

mudstone coarsening wpards into trougfcrossbedded sandstones suggests crevasse
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splay events were operative and occasionally may have buried individuals of
OryctodromeusAsh falls and the subsequent bentonites (lithofacies B) indicate periodic
volcanic input.

Association®f Oryctodromeusvith variouslithofaciesindicateareasof
preferentiapreservatiorandbr paleoecologicapreferencesrhe vastmajority (ten of
twelve) of the partialandassociatedkeletonsandall known Oryctodromeusurrows,
comefrom lithofaciesFm, which representshealluvial plainsof the WayanandVaughn.
Thesdithofaciesdominantlyrepresentvell-drainedfloodplains.Theonly other
lithofaciesthatis a sourceof partialandassociatedkeletonf Oryctodromeusire
lithofaciesSm,thesemassivesandsaredistinctivein only beingfeaturelessn immediate
proximity to the skeletalremains.The associatiorof this taxonwith thesedeposits
indicatesomesortof relationshipto theseriver channelghatwill beexgored
subsequentlyThelastlithofaciesthatproducespecimenss Gms.HereOryctodromeus
fossilsoccurasbonesandteeththatexhibit highly variabledegree®f taphonomic
modification,reflectingthe violent andintraformationainatureof the deposit
4.2 Taphonomic Pathwaysand Histories

Theorigin of the Oryctodromeusccumulationgn the late Albian to Cenomanian
of the WayanandVaughncanbe explainedby relatively simplepathwayspostmortality,
with two broadpathwayseingindicated After deah carcasseweresubjectedo
varyinglevelsof taphonomigrocessesuchasskeletonizationgisarticulation,
weatheringbreakageandabrasionExposureto theseprocessewasdeterminedy

exposurdo destructiveforcesin relationshipto how long theremainsweresubjectedo
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subaeriakxposureon the groundsurface how muchpostburial reworkingand
bioturbationmay havebeenexperiencedandto the environmentshe individualswere
buriedin.

Thelack of breakageabrasionsorting,andthe nearcompleteto full articulation
(Fig. 6 and7) of specimensn TaphofaciedA clearlyshowthattheseremainswerenot
subjectedo the morerigorousdestructiveprocesseghatarecommonplacen many
environmentgprior to burial andfossilization. Theseobsenationsalsoindicateeither
quick burial or emplacementvithin anenvironmenthatprotectedheseremainsfrom the
damagingorocessemosttypical of floodplainandfluvial depositionakystemsThe
higherdegree®f associatiorandarticulationall specmensof Taphofacie® indicatea
greatertime beforeburial, but still lessdestructivgprocessedueto thelack of
weatheringandabrasionTheretentionof delicateskull elementsandmanualphalanges,
plusthethreedimensionatompactatureof thesespecimensvhenrecoveredargue
againsffluvial sorting.Commonbioturbationwithin thesegeologicalunitsalsosuggests
thatatleastsomedisarticulationmay be dueto bioturbationof the remainsafterburial.
Theoccurrenceof TaphofaciesA andB respedtely, within lithofaciesSmandFm
indicateburial within alluvial plain environmentandanassociatiorwith fluvial channel
sedimentgor the mostcompletespecimens.

Theisolatednatureof specimengrom Taphofacie<, aswell asthefactthatthey
exhibitsubstantiabndvaryingdegree®f taphonomianodification,indicatethat
preservationgbathwaysveresubstantiallydifferentfor thesespecimensTaphonomic

modificationsheresuggesthattheseelementsveresubjectedto energetiandviolent
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forcesduringdepositionof lithofaciesGms.Additionally, thefactthatthesedeposis are
intraformationain naturesuggestshatatleastsomeof theseOryctodromeusemains
may havebeenreworkedfrom olderdepositghatmayhaveincludedmorecomplete
remaingtypical of Taphofacies\ andB. As discusse@bove the natureof thesedeposis
andthe entombedspecimensndicatesviolentandquick burialin anisolatedsudden
eventsuchasadebrisflow (Krumenackeetal., 2016).
4.2.10ryctodromeusTaphonomic Modes

Taphonomianodesarerepetitivepattersof fossil preservationn distinct
sedimentaryontextsn associatiowith characteristitaphonomideatures.
Oryctodromeuganbedividedinto two distincttaphonomianodesbasedn the patterns
of occurrenceTaphonomidModeA consistf isolatedelementsandrarestringsof
articulatedvertebraewhile Taphonomidviode B consistsof associatedb articulated
specimens.
4.21.1 Taphonomic Mode A: Isolated

Thistaphonomianodeconsistof dominantlyisolatedOryctodromeusiteswith
specimenshatunderwenthe mostsignificanttaphonomialterationprior to burialand
preservationThis modeoccursin lithofaciesGms.Thesespecimensccuratthe RBB
andnumberroughlyforty-four specimenseferableto Oryctodromeugpreparationis
ongoing).Elementdoundtypically consistof teeth;morerobustlimb elementsuchas
femora,tibiae,andhumeri;andvertebraeThetypically completedisarticulationand
isolationof theseelementgexcludingthetwo specimengonsistingof articulatedstrings

of vertebrae)aswell asthe breakagef limb elementsandvertebralprocesses,
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demonstratdigherenergyregimesmoresignificanttransportandlikely moretime to
allow for completeskeletonizatiorandscatteringof the affectedindividuals. The
occurrencef thesespecimensn a high energyintraformationaldebrisflow indicatesthat
the specimensverepossiblyreworkedfrom otherdepositf otherfacies.
4.2.1.2Taphonomic Mode B: Associatedto Articulated

Thistaphonomianodeincludesall twelve of thearticulatedandassociated
specimensOccurrencesarein lithofaciesFmandSm.All of thesespecimensharethe
commonalitief: 1) consistingof oneor moreindividualsthatarerepresentetdy more
thanonesingleshort(six or less)string of vertebrae?) consistingof collectionsof
appendiculaandaxial elementsand3) arangefrom fully articulatedto entirely
disarticulatedbut preservedn a densehreedimensionaboneconcentrationindividuals
may occursolelyor ascloselyassociatedhdividualsof similar (MOR 1642)or varying
ontogenetistagegIMNH 44939,IMNH 50846,MOR 1636).Fully articulated
specimensretheleastcommon,andconsistof thetwo specimengrom lithofaciesSm
(Figuresb and7). PartiallyarticdatedspecimengFig. 6), oftenwith stringsof articulated
vertebragfive specimensand/orarticulatedoes(threespecimens)arethe mostcommon
degreeof associatiorandarticulation.Full disarticulations theleastcommon,being
representedy MOR 1636.All specimensotfrom the RBB (andthereforeall articulated
to associatedpecimengaswell asspecimensssociateavith recognizedurrows)occur
in thistaphonomianode.The nearto full articulationof thesespecimersuggestsapid
burial of theremainsand/orlittle exposureo destructiveprocessegprior to burial, aswell

aspossiblyalack of transportof theremains.The presenc®f delicatefeaturessuchas
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thearticulatedpartialmanusof IMNH 44951 (with theremainingelementdikely missng
dueto recenterosion)suggestshe presencef soft tissuesduringburial, andthat
possiblythis specimerwasa very freshcarcas®r evenaliving animalthatwasburied
quickly in the burial event.
4.3 Paleoecologicabnd Palaeobiologicallmplicati ons
4.3.1Burial Settings

Severalgeneraburial settingsarepossiblefor the Oryctodromeuspecimens
describedhere.Basedon the paleoenvironmentalndgeologicalinterpretation®f the
WayanandVaughndiscusse@bove burial of carcassewaspossibleon floodplains
duringoverbankflooding eventsandassociatedrevasseplays,or in debrisflows and
associate@vents Burial wasalsopossiblewithin the smallfluvial channelsn the Wayan
andVaughnin channelagsor channefills, in lacustrineor pondedenvironmentsor
within burrowsof the animalsown constructionSchmittandMoran,1982;Dorr, 1985;
Weishampeetal., 2002;Krumenacker2010;Krumenackeetal., 2016;Varricchioet
al., 2007).Basedon thelithofaciesthat Oryctodromeuspecimensrepreservedvithin,
threeburial settingsarepossibleandareexploredhere Theseareburial within alluvial
plain surficial environmentgrepresentedly lithofaciesFm andpossiblySm), burial
within fluvial channelgpossiblyrepresentedy lithofaciesSm)andassociatedebris
flows (representetdy lithofaciesGms) andburial within floodplainburrows(which

couldberepresentedy lithofaciesFmandSm).
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4.31.1Floodplain Burial

Burial of carcasseen floodplainsurfaceghroughflood relatedprocessess
amongthe mostcommonmodesfor preservatiorof terrestrialvertebratdossils
throughoutMesozoicandotherterrestriaformations(eg.Behrensmeyerl 991;Rogers,
1991;Suareztal., 2007).Surficial floodplainburial includesbural by flood events,
debrisflows andloessdeposition(eg.Dodsonetal., 1980;Smith,1993;Britt etal.,
2009).

Thetaphonomiacharacter®f vertebratespecimensuriedwithin surficial
floodplainenvironmentsunsthe entiretaphonomicspectrunvarying from; complete
articulatedspecimensto associatetbut entirely disarticulatednultiple individuals,to
isolatedandhighly alteredandunidentifiablebonefragmentgeg.Dodsonetal., 1980;
BehrensmeyeandHook, 1992;Paiketal., 2001;EberthandCurrie, 2005;Csiki etal.,
2010).In specimengrom theseenvironmentsgdegree®f weatheringabrasionpreakage,
andpredator/scavengelamageareagainhighly variable with largertaxagenerally
beingmorecommonandbetterpreservedBehrensmeyerl 988 eg.Bell andCampione,
2014;Paiketal., 2001;Rogers,1990;Rogersetal., 2001) However,Behrensmeyeand
Hook (1992)havenota thatthe preservatiorof smallertaxamay be preferentially
favoredin well-drainedalluvial plain deposits.

Themajority of Oryctodromeuspecimenslescribechere(83%; Table2) were
recoveredrom sedimentglepositedn moderateor lower energyalluvial plain
environmentsepresentedly lithofaciesSmandFm. Thelack of aquaticinvertebrates

andorganicor cody debris,thelack of thin laminarsedimentsepresentativef ponded
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environmentsaswell asthe presenc®f pedogenideaturessuchascalcareousiodules,
invertebrateourrows,andmottling within the entombingsedimentdor thesespecimens
indicateburial wasgenerallywithin well-drainedandnot pondedor lacustrine
environmentsAs previouslymentionedtaphonomiabservationgndicatelessexposure
to destructiveprocessemdicativeof quick burial and/orpreservationn areasot
subjectedo surficial taphonomigrocesseCombinedaphonomicandpreservational
observationsuggestinautochthonousrigin within theterrestrialalluvial plain
environments.
4.31.2ChannelBurial

Preservationvithin fluvial channeldepositgs alsoamongsthe mog common
modesof preservatiorfor vertebrataemainsin thefossil record(Behrensmeyei]988;
BehrensmeyesindHook, 1992;Carpenter2013).Two generakaphonomianodesfor
burial within fluvial channelfhavebeenpreviouslydefined: burialin channelagsand
burial within channefills (Behrensmeyei]988).Fossilsfrom channelagscommonly
consistof allochthonoushighly time averagedisolatedandvaryingly damaged/modified
elementdrom disparatdaxa(Behrensmeyer988).Fossilsfoundin channéfill deposits
alsoexhibit varyingdamage/modificatioryut thereis moreof a preponderanctowards
associate@ndarticulatedremains aswell asmorecommonlythe presencef smaller
taxa(Behrensmeyer 988;eqg.Carpente2013).

Oryctodromeusemairs associateavith channeldepositsrepresentetly
lithofaciesSmandlaterallyadjacentithofaciesSt, arerareandareonly knownfrom the

Wayan.ThesespecimensareIMNH 44951andIMNH 49842 .Both of theseindividuals
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werefoundin poorly outcroppingexposuresf smallscaletroughcrossbedded
sandstonethataretypical of the Wayan.Crossbeddings prominentin both outcropsthat
the specimengriginatedfrom (Fig. 4); however the sandstonesnmediatelyadjacent
(within onemeter)to both skeletalconcentrationarefeaturelesandlack anytype of
depositionabktructuresNowhereelsein theseoutcropswerestructuredacking,exceptin
immediateproximity to bothspecimensThe preservatiorof both of thesespecimens
entirelywithin morefine-grainal sedimentsvithin thesechannelsther stateof
articulation(Fig. 7), thelack of damageandthelack of remainsfrom othertaxaargue
againsthembeingpreservedvith channelags.
4.3.1.3 Burial Within Burrows

Thetaphonomyof fossorialvertebratepreservedvithin recognizedurrowshas
receivedittle descriptionln generalyvertebrateskeletalelementsassociatedvith
burrowsarepartialto completeskeletonghatexhibit minimal predator/scavenger
damaggexceptinglardedprey), breakageweatheringandabrasionandrangefrom
fully articulatedto associatedkeletonsMost descriptionsareof PermianandEarly
Triassictaxafrom the KarooBasinof SouthAfrica andPaleogengiDamianaetal.,
2003;Groenwdd etal., 2001;Huntetal., 1983;Smith,1987;1993;Stokes, 1982;Tobin,
2004).The preservatiorof the holotypeandparatypeof Oryctodromeusvithin a burrow,
aswell asthe preservatiorof additionalOryctodromeusemainswithin burrowsas
describedhere,hintsat the possibility of in-burrow preservatiorof skeletonof this taxon

beinga commonandpossiblyoftenunrecognizedccurrence.
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4.314 Burial Assessment

Oryctodromeuspecimenshathavebeenrecoveredrom recognizedurrows
(MOR 1636,MOR 8660,andIMNH 50877)haveconsistedf entirelydisarticulatedut
closely associatedkeletalremainsrepresentingneor moreindividualsof differing
ontogenetistageswith no appreciabléaphonomianodificationssuchasbreakage,
weatheringandabrasion.SomeassociategpecimenglMNH 46169,IMNH 50846)that
havenot beenfoundwithin recognizedourrowshaveexhibitedthe samepreservational
style of relatively pristinebut fully disarticulatecelementsn bonepackedmasses.
Additional specimes wherea burrowhasnot beenrecognizedshowa spectrunof
partially articulatedandassociate@lementso fully articulatedskeletonsAdditonally,
Oryctodromeuspecimen®f taphofaciesA andB closelymatchthe taphonomic
characterslescribedor otherburrowingfossil taxa(Damianaetal., 2003;Groenwaldet
al., 2001;Huntetal., 1983;Smith,1987;1993; Stokes,1982; Tobin, 2004).This
gradationof taphonomt stylessuggestshe possibility of within-burrow preservation.

Specimen®f taphofacied (IMNH 44951andIMNH 49842)aremostintriguing.
Dueto its completearticulation,IMNH 44951experienceextremelyrapidburial, or at
leastwasnot subjectto destructiveforcestypical for longerperiodsof subaerial
exposurelts preservationaswell asthatof IMNH 49842 ,in sedimentselatedto small
fluvial channelsuggestshe possibility of carcasseburiedwithin channelspr
alternativelyburial within burrowsassociatedvith this ephemerabr abandonedhannel,
and/orpossibleeventsof burrowcollapsewithin thesechannekedimentgFig. 4). The

dorsatup positionof bothspecimendn their stratigraphicsetting,with thelegsof IMNH
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49842folded up underthe specimenn a crouchedoosition,andIMNH 44951(Fig. 7)
lying onits ventralsurfacewhenfoundalsomayfavor a burial setting.While
theoreticallypossiblein afluvial channeffor specimenso havethe dorsalsurfacefacing
up, the positionof boththesespecimensn crouchingpositions the lack of sedimentary
featuregandicativeof fluvial processegsnmediatelyaroundthe bonesandbioturbation
immediatelyadjacento the specimensthelack of othertaxaor remainsbeingpreserved
in the sane channeldepositsandthe burrowinglifestyle of Oryctodromeusill strongly
suggesthe mostparsimoniougxplanatiorto be burial within collapsedor infilled
burrowsassociateavith thesesmallchannelsAdditionally, dueto their fully to near
fully articulatedstate thesespecimen®othstronglyresembldaheresultsfrom trial ten
(X) of WoodruffandVarricchias (2011)experimentaburrowmodeling,wherea water
saturateaabbitskeletonburiedin asimulatedflood eventresultedn anarticulated
skeletonwithin the modelburrow As demonstratedspecimensf taphofaies B
experiencedesserdegree®f pre-burialtaphonomianodification(in comparisorto those
of taphofacie<C) andwereburiedquickly or without experiencingreaterdegree of
modification.

Specimen®f TaphofacieB (Table2; Fig. 5) canbe shownto haveexperienced
moredestructiveforcesand/ormoreresidencdime (in comparisorto taphofacieA
specimenspn the groundsurfaceor within anopenburrow prior to beingentombedy
sedimentswith varyingdegree®f disarticulationoccurringprior to, or during,burial.
Arrangement®f the skeletalelementof specimen®f taphofacie8 asfoundin-situ are

similar to theburrowspecimengMOR 1642,MOR 866Q andIMNH 50877).The
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arrangemendf bonesn discretedenseconcentrationgn specimensvithoutrecognized
burrowsis identicalto thosefrom burrows Additionally, the boneconcentrationsf non
burrowspecimensresimilar to theresultsof Oryctodromeusurrowmodelingby
WoodruffandVarricchio(2011),with linearbonearrangementanddensebone
concentrationsesemblingheresultsof mostof their trials. The overalltaphonomicstate
andgeologicalsettingof thesespecimengndicateseitherburial on the groundsurfaceor
in asubaqueousnvironmentwith sufficienttime to disarticulateo varyingdegreesbut
notenoughtime for skeletongo weather scatterout of avery concentrate@reaor lose
smalldelicateelementdo otherdestructiveprocessesAlternatively,thelack of damage
to skeletalelementsaandthe presencef mostskeletalelementsvith thesespecimens
couldindicatesufficienttime within anopenburrowfor the decayof mostsoft tissues
anddisarticulationto occurprior to burial. It is possibledisarticulationalsooccurredo
somedegreeduringaburrowfilling eventor burrowcollapse.

Conditionslessconduciveto the preservatiorof vertebrataemainswithin the
WayanandVaughnaresuggestedby therareandhighly taphonomicallynodified
specimen®f nonOryctodromeusaxa.Alternatively,therarity of non-Oryctodromeus
taxamaybe dueto ecologicalconditionsor acombinationof ecologicandtaphonomic
factors.The presege of variousootaxain the WayanandVaughn,andthe presencef
extremelyrareskeletalelementof othernon-Oryctodromeusaxafrom the Wayanand
Vaughndo seemo suggespreservationabiasesveredefinitively operative Evidence
for this includesthe factthatlargeoviraptorosaursvereknownto havenestedn these

environmentgSimon,2014;Krumenackeetal., 2016)andthata diverseassemblager
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fauna(s)areindicatedby the numerougaxareportedirom the RBB (Krumenackeetal.,
2016).

Thecompleteabsenc®f nonOryctodromeusaxafoundasin-situ skeletal(i.e.
nonreggshellyemainsn thesefloodplaindepositsalsosupportthe hypothesiof
Oryctodromeusypically beingpreservedvithin unrecognizedburrows.If
Oryctodromeusemainsweretypically buriedon the groundsurface this completdack
of anyotherassociate@ndarticulatedpartialor morecompleteskeletonf othertaxa
within floodplainsedimentgthe previouslydescribechodosaufrom H34Dis from a
crevassepay or channelag deposit)would be hardto explain.BehrensmeyeandHook
(1992)do notethatsmallerbodiedtaxaappeato havea higherpreservatiorpotentialin
maturepaleosokequencesuchasthoseof the WayanandVaughn.However,while
smallervertebratetaxaaretypically amongthe mostcommonin anecosystemit would
be expectedhatwithin morethanthirty-five yearsof prospectingn the Wayanandwith
themorecursorywork in the Vaughn, thatatleastoneoccurrencef afew associater
alargeroccurrencef articulatedremainsof alargertaxonor of anothersmalltaxon,
suchasthe smalltheropodknownfrom isolatedteeth(Krumenackeetal., 2016)would
havebeenfoundin thefloodplainsedimentdy this point. It seemstherwisevery
anomaloughatafew dozenOryctodromeupartialto nearcompleteskeletondhavebeen
foundin the WayanandVaughnatthis point.

Further thevertebrateassemblagef the WayanandVaughnsuggestgrocesses
favoringremainsthatwerealreadyburiedby biological activities. The ootaxonM.

carlylei, usuallyfoundin eggshellconcentrationpossiblyrepresentingnestsor eggs
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fragmentingastheyareweatheringout, arethe nextmostabundantvertebratgossil
foundin the Wayan(Simon,2014;Krumenackeetal., 2016).The higherdegreeof
porosityof WayanandVaughnM. carlylei eggsandeggshelis indicativeof burial
within sedimenbr vegetatiormounds(Simon,2014).While thetotality of evidence
discussedheredoesnotfirmly provetheburial of Oryctodromeusspecimen®f
taphofacie®A andB wastypically within burrows.,it is areasonablexplanation.
4.4.Sociality

Theco-occurrencef the holotypeandparatypespecimengMOR 1636),
consistingof juvenileandadultelementgreservedvithin the samebonemasswas
interpretedasevidenceof parentalcare(Varricchioetal., 2007).Threeadditional
specimengTable2) consistingof the associatedemainsof presumablyadultand
juvenileindividuals(IMNH 44939,IMNH 50846)aswell asassociationsf multiple
presumablymatureindividuals(MOR 1642),stronglyreinforcethe possibility of a
communahabit. While the ass@iationsof multiple individuals,which constituteone
third of associate@ndarticulatedspecimensmaybeaccidentabndrepresent
allochthonousassemblages$he sametaphonomideaturesasdescribedabovefor these
sameskeletonsargueagainstmajortransportatiorandmixing of remains.Therelatively
commonoccurrencef multiple Oryctodromeusndividualstogetherandin close
proximity suggests degreeof socialinteractionandperhapsommunalctivitiesfor this
taxon.

In additionto multiple individualshavinginhabitedthe sameburrows,some

evidenceshowsthat Oryctodromeusurrowsmay havebeenin closeproximity to each
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other.In the Miners Delight Creekmeasuredtratigraphicsection(Krumenacker2010),
two Oryctodromeugoncentrationbavebeenfoundin the samestratigraphidorizon
(Fig. 3) andwereseparatetby roughly sevenmetersof lateraldistance These
occurrencedMNH 50846andIMNH 50877 ,both consistof anassociatiorof presumed
matureandjuvenileindividuals,(thispaper;Krumenacker2010).While a burrowis
recognizedor only IMNH 50877 the presencef varyingontogeneticstageswith IMNH
50846suggestpossiblepreservatiomwithin aburrow.
4.5Paleoecology

Theoriginal ecologicalabundancef Oryctodromeusnay alsobeindicatedby
therelativeabundancef specimenselativeto othertaxa.Generallyin anyecosystem,
smallbodiedanimalsaremoreabundanthanlargerbodiedtaxa(eg.Hechingeratal.,
2011).While hereit is hypothesizedhatthe overwhelmingabundancef Oryctodromeus
in the WayanandVaughnassemblagearein-partdueto preferentiabreservatiorof
skeletalassociation# burrows,theabundancef this taxonin theseassemblagesay
alsobereflectiveof a presumececologicalabundancén its original terrestrial
paleoenvironments.

While abiasclearlyexistsheavilyfavoringthe preservatiorof Oryctodromeus
skeletonswithin the floodplainenvironment®f the WayanandVaughn,isolated
Oryctodromeuglementof taphonomianodeA compriseroughlyfifty percentof the
skeletalelementsdentified within the assemblagef the RobisonBonebed
(Krumenackeetal., 2016).The RobisonBonebeds a coarsegrainedandhigh energy

depositinterpretedasa debrisflow depositpossiblyasso@tedwith afluvial channel
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(Krumenackeetal., 2016).Beyondthe abundanOryctodromeuglementgpreservedn
this deposit partialtheropodoonesandteeth,nodosauremains andlargeornithopod
remainsoccurin decreasing@bundanceé/Nhile theassemldgefrom the RBB is
fragmentaryandtheidentificationsaretentativedueto lack of preparatioron most
specimensthe numericaldominanceof elementof Oryctodromeusn this allochthonous
assemblagenayrepresenecologicaldominanceof thistaxonaswould be expectedor a
smallerbodiedanimal,but biasis possibleaswell dueto the reworkedintraformational
natureof this deposit.

Thetotality of evidencdrom the WayanFormationandVaughnMemberof the
BlackleafFormationsuggest uniquepreservabnal biaswasoperativein these
depositionabystemswith the preservatiorof the fossorialornithischianOryctodromeus
within its own burrowsbeingfavoredmorethanthe preservatiorof other,generallymore
typical, largervertebratdaaxa.While not conclusive the combinationof variouslines of
evidencesupportghis hypothesisThis evidencancludes:1) therelatively pristinepre-
diagenetidaphonomicconditionof associatedo nearcompleteskeletonsof
Oryctodromeus?2) occurrencef Oryctodrom@sspecimenssdenseskeletalmasses
identicalto thatof the holotypespecimeraswell asotherfossil occurrencesf burrowing
taxa,3) taphonomicconditionsbeingidenticalfor specimeng&nownfrom burrowsand
thosewithout recognizeurrows,4) recoqition of two additionalburrowswith
associatedkeletalmaterial,5) abundancef Oryctodromeugpartialto nearcomplete
skeletonsn comparisorto othertaxain floodplainandsmallchanneldeposits6) the

nearcompleteack of skeletalremainsof othe taxain floodplainandchanneldeposits,
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and?7) themuchgreaterdegreeof taphonomianodificationto the very rareremainsof
othertaxafoundin thefloodplainandchanneldepositsThoughthe samplesizeis small,
therearesuggestionshatdegree®f articulationarerelatedto proximity to fluvial
channelgfWoodruffandVarricchio,2011).
5. Summary

Skeletalelementof Oryctodromeus$eavilydominatethe WayanandVaughn
fossil vertebrateassemblagesyith mostothertaxaknownfrom isolatedandfragmentary
skeletalremainssolely comingfrom a few multi-taxic localitiesrelatedto high energy
depositionakventsisolatedelementof Oryctodromeusreknownfrom onemulti-taxic
locality, the RobisonBonebed RBB). At this locality Oryctodromeusiccauntsfor half of
the skeletalremainsfound. Associatedo articulatedskeletonf Oryctodromeugome
from bioturbatedsandstoneandpedogenicallyverprintedalluvial plain depositswith
thesespecimenditting into two taphofaciesTaphofacie®A which consistsof skeletons
thatarenearlyto entirelyarticulated andtaphofacie8 which hasassociatedo partially
articulatedndividuals.A third taphociesC, encompasseamostlyisolatedandheavily
taphonomicallyalteredelementdrom the RBB. Threespecimendrom taphofacie®
consistof multiple individualsof varyingontogeneticstages.

Thetaphonomidatassuggesthe possibility thatspecimensf taphofacie® and
B werepreservedvithin unrecognizedburrows,with thoseof taphofacieA having
experiencedquickerburial and/orburial in waterloggedurrows.Additional evidencefor
socialgroups,aswell asparentakare,is indicatedwith someof the Oryctodromeus

specimenslescribedWhereasdwo-thirds of articulatedto associatedpecimengonsist
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of apparentlysingleindividuals,occurrencesf two or threeindividualsarecommonin
the WayanandVaughn,with groupingsof largepresumablymatureindividuals(3.5m
length)aswell asassociationsf juvenileandmatureindividualsof similar sizes to the
holotypeandparatype.

Whereagheoccurrencef assemblagedominatedoy the remainsof fossorial
taxa,or atleastwith commonlyoccurringfossorialtaxapresevedwithin their burrows,
is not highly unusualeg. Smith 1993;Sundell,1997),anexampleof aterrestrial
Mesozoicassemblagdominatedoy the remainsof fossorialdinosaursnearlyto the
exclusionof othertaxanumericallyandin mostfacies,is anunusualcircumstanceThe
occurrencendrelativeabundancef Oryctodromeusn the very thick (1,344meter)
WayanFormation,aswell astheabundancef burrowingvertebratesn other
anomalouslythick (ontheorderof manyhundredgo thousand®f meters) sediments
suchasthe Balfour Formationand TeekloofFormation whereburrowingvertebratdaxa
alsooccur,mayindicatearelationshipbetweerratesof sedimeninputandpreservation
of burrowingtaxa(Turner,1981;Smith,1987;Abdalaetal., 2006;0ghenekome2012).
Studiesof thetaphonomyof modernburrowingvertebratesaswell asactualisticstudies
of thetaphonomi@grocesseassociatedavith the preservatiorof vertebratéourrowsand
associatedkeletalremains arelargelylacking. Furtherstudies in theseareashave
potentialto possiblyrecognizesimilar asyet-unrecognizedossorialassemblageandto
facilitate greaterunderstandingn this largely unexploredareaof Mesozoicvertebrate

paleontology.
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Formationthat have produce@ryctodromeuspecimensTincup Canyon is not included
due to excessive cover. Modified from Krumenacker (2010).



of the Blackleaf Formation €E); Wayanburrow in lateral (AB) and ventrolateral (D)
views, with interpretive sketch overlain photographs on the right (B, D). In ascending
stratigraphic order the lithologies consist of calcareous nodule bearing red siltstone, red
mudstone, and sandstone. The area that the partial skeleton of IMNHG&847

collected from prior to recognition of the burrow is highlighted in red in D. Vaughn
burrow associated with MOR 8660-f which consisted of a silty green mudstone in a
gray mudstone. Scale bars in lower left of A and B equal 10 cm, scale barqualg ®

cm.
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Fig. 3.5. Location of discovery of IMNHI9842. Outcrop with fossil locality marked with
X (A). Crossbedded sandstones adjacent to specimen (B). Fossiliferous and featureless
sandstone before collection of specimen (C).



