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INTRODUCTION

This thesis focuses on the characterization and classification of ankylosaurs from Upper
Cretaceous strata of West Texas. Fossil evidence of almost every major Late Cretimosaus clade
has been collected from areas in and around Big Bend National Park invkidscontaingloral and
faunalassemblagesimilar to contemporaneous unitsUtah and New MexicoAnkylosaurspecimens
reported in the literaturieom theBig Bend regiorconsist ofa handful of teeth, osteoderms, a few long
bones, and a skull discovered by Barnum Brown inidgparkin 1940 (Carpenter and Breithaupt,
1986). There are more remains in collections dmaveendeavoedto find, list, anddocument all the
material in the collections of UT Austand the American Museum of Natural Histdry addition, | have
also compared ankylosaur specimens from Big Bend to those found in time correlative strata form the San
Juan Basirin New Mexi@ which are held in collections at the University of New Mexico at

Albuquerque.

In addition to standard osteological descriptions one goal of this pimjecitudy the
histology of some of thematerial This study will allow me to: 1) compare to ekisgt histological studies
and, 2) test the results of Scheyer and Sander (2004) and Burns and Currie (2014) that purport to use
osteaermhistology as a taxonomic tool. Ultimately the overall goal of this projectpsoddea better
understanding aboubsthern ankylosaur diversity in the Western Interior of North America at the end of

the Cretaceous.

STRATIGRAPHY

Thestratigraphic unitshat are the primarfocusof this study aréhe Aguja Formation and
the Javelina Formation (Tornillo Group) of Big Bend National Paodssil assemblages from the two
formatiosar e al | i ed tate Ctetaceousifaunas of NeevrMexico and Wtathman, 1985

and Lehman et al., 2019hese unitsange from the Early Campaniantbe LateMaastrichtiana time



span of approximately7.5 Ma) a period of time which records tfinal regression andliosingof the

Western Interior SeawgyVIS), theonsetof the Laramide Orogenwandthe subsequerdeposition of

sediment in the Tornillo Basihehman and Busbg{2007)hypothesized that the Cretacedtmleocene
boundary was preserved locally within the lower Black Peaks FormB&éemently Leslie et al. (2013)

revised the chronostratigrapHramework of the Dawson Creek locality of Big Bend and determined that
the latest occurrence of dinosaur fossil in the Black Peaks is LghenMaastrichtian approx. b

Ma) with the CretaceouRaleogene boundapfaced near the base of the Blagaks Formation.

However, no ankylosaur fossils have been found within the Black Peaks Formation, suggesting that either
ankylosaurs were not present at the end of the Maastrichtian or that environmental conditions were not

conducive to preserving their rams.

Previous studie€Sankey 2001Lehman 1985Lehman et al. 20)%have suggested that
dinosaurfaunal assemblages from Big Bend were paleoecologically distinct from contemporaneous
Anorthernd faunas duri ng t.mhsofalaathesank@osauts are mmcerred o f
this theory might need to be altengith the possible discoveyf southerrEuoplocephalusp.
specimens in recent yea&tratigraphic terminology from Lehma al.,(2018 2019 is used to describe

these units @thesarethe most recent stratigraphic studies of this region.

The Aguja Formation

The AgujaFormation is a eastward thinningerrestrial unithatcan be divided intéwo main
subunitstwo shale members known as tbevershalemember and thappershalemember.These two
subunits are separated pgralicmarine depositdenoted athe Pen Formatigmwhich intertonges with
the Aguja Formation (Lehman et al., 201Bihe ae of the terrestrial deposits of the Aguja Formati@s
determined using ammonite biostratigraftom the interbedded Pen Formatamdradiometric dating
of pyroclastic depositshe uppermost Pen Formation was dated utiagammoniteéscaphites

hippocrepidll, which establishes the lower linaf the Aguja Formatioas82 Ma (Wagjoner, 206;



Gradstein et al2012) Bacuites haresis found within the McKinney Springsemberof the Pen
Formation This ammonite ranges as far as Baeulites obtusugone, which has been dated using
40Ar/3°Ar isotopes from an intercalated tuff beshddesignateshe age of this marine depoai80 Ma
(Obradovich, 1993)The upper age limit of the Aguja Formation veeetermineds between 77 Ma t@3
Ma, as determined by U/Pb datingiatiercalated pyroclastic deposiBréyer et al., 207; Befuset al.,

2009.

Thelowershalemember of the Aguja Formatiaronsistof thick lignitic clay-rich shale and
carbonaceous mudstgnaryingin thicknesdrom 40 m to 100 mThere are several promindntervals
of sandstone, concretions, and coal beidsin thelower shale membett should be notethat most
outcropsof the of thdower shale membdie on private landso access to study outcrops is limited
(Lehman, 2019)Thelower shale membavasinterpretedoy Lehman (1985) to have been ast
wetland environment such agnarsh or swamp. The sandstone intervals within thisuené associated
with tidal creek or estuarirgepositsassociated witthe coastal wetland¥ertebrate fossils in thewer
shale membedire sparseith most specimens from this unit being fragmentglated osteoderms were
identified asbelonging to thé&Nodosauridadased orthe lack of a highly excavated internal surface a

sparsely pitted external surfaffeurns and Currie, 2014ehman 201%

Theuppershalemember of the Aguja Formation consistsvafiegated mudstones and
sandstones witbonglomeratidags of paleecaliche nodules. The deposgieinterpreted to be fluvial
systemsn a coastal or inland floodplain. This unit is lested to be the last of the ptaramidedeposits
in this region (Lehmat985 1991).The only known ankylosaur specimens frimauppershalemember
were found near thil Carricito township oCoahuila Mexico. These specimegsnsist otthirteen
osteodermgranging from keeled osteoderms to thoracic spines), fragment® akrvical vertebrae, a
distal humerusposterior illium, proximal scapul@ne cervical ribsix fragments othoracic ribsand

additional unknown appendicular elements (Riveyévaet al., 2011).



The Javelina Formation

TheJavelina Formationonformablyoverlies the Aguja Formatioithe Javelina Formation
represents the sediments depositetthe Tornillo Basin during thearamideOrogeny. This unit ranges
in thickness from 123 m to 183 mndthickensto the east. The Javelina Formation contains-well
indurated sandstone beds, widsalchertpebble conglomerate lenses marking the lower contact with the
Aguja Formation. This unit contains alternating beds of sandstone and mudstones, with thin beds of
lacustrine fossiliferous limestone in the eastern areas of the basin. These thiménbests are evidence
for a change from fluvial to lacustrine facies in the basin. In addition, these lacustrine facies seem to be
restricted to the eastern exposures of the Javelina Formation. This could indicate that the rate of
subsidence in the basin svgreatest on its eastern side. This formation is the oldest unit within the
Tornillo Group, which ranges in age from timéd- middle Maastrichtian to thearliestEocene. The
Javelina Formation itself rangrom themid-middle to lateMaastrictian. Mosvertebrate fossils are
found in the upper half of the Javelina Formatidehman et al., 2018). Ankylosaur fossils have been
recorded from the Javelif@rmation;however they are less abundant than other verteb(atvson,

1976).
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Figure 1.Stratigmphic crosssection ofLate Cretaceous strata modified friv@hman et al., 2019 and
Sankey, 2001.



VERTEBRATE PALEONTOLOGY

Osteologicallerminology

Due tothe natureof this studyit is important to outline certaiterminology regarding the
osteology and histology of the specimens heK@ateological terminology (any terminologgferring to
skeletal elementsuch as their size, shape, and anatonpicsitionon the organism) for the ankylosauria
weretaken fromCoomis (1978) Carpenteand Currie (1990, andCarpentef2001) Whereasmost of
the osteological termssed here argtandardor anystudy onlarge hebivorous dinosaurspecial
consideratioimust be paid tthe ankylosauria becausétheir extensive dermal armdefore the work
of Scheyerand Sandef2004) little effort wasmadeto create aconsistenbsteologicavernaculato
describeankylosaur osteodesnAdditionally, ambiguousynonymss u ¢ hp laast e66, 6scut eb6, a
@ s t e owercwgecaidterchangeably until Vickayous &ie (2009)discouraged the use of such
terms.Therefore, this study uséhe terminologyf Scheyer and Sandé004 which waslater expanded
upon byBurns and Curri€2014). The term osteoderm Wbe used to refer to any bony structofehe
dermal skeleton which develops from the dermis of an orgaMsmdian will refer to the position of the
keel or apexelative to osteoderm itsedindmedial, distaland lateral will refer to the positiori the
osteoderm on the organisiiterms such as dorsal and ventral will be usetktwte the plane of view on
any image of illustration of a specimérerminology referring to bone textui@lows (Hieronymuset al.,
2009).Morpholagical shape of osteodermsll be describedising the terminologof Ford 000) and

Blows (2001).

Standardistologicalterms (terminologyeferring to the internal structure and composition of
bone)were take from (Padian and Lamnp2013). Again, naonsistenterminologywas in use until
Scheyer and Sandé&2004) The t er m 06 ke smterhabsurfaee fofehe estedderm where the
bone was attached to the dermis itdelfcontrast, the terrexternd @fers to the surfaabatis
connectedd the more externdadyer of skin known as the epidermis, which might have even been

partially exposed above this lay@steoderms are defined has havirgjglecortexor cortices(which



can be basal or exterpalvhich surrounds coreof varying compositionThe cortices themselves are
composed of a wovefibered bonamatrixmade up otollagenfibersreferred to in the literature as

Interwoven Structure Fiber Bundles or ISFB for skiBrrns and Currie, 2014)

METHODS

Specimens werergpared for microCEcanning by 8. Chris Sagebiel and Maew Colbert of
the University of Texas at Austiitach scan producestveral hundred image slices of the specimens
which were then convertdd 16 bit tiff files. The files were downloaded into Dragonfly ORS3D
imaging progranthatwhich can stitch together tisticed images and create digital models of each
osteodermBy using the active contouring tool on Dragonfly to identify different bone testine bone
analysigtool was used to segment out the cortical and trabecular Inmoseme casesvhere the core of
the osteoderms where made up of Haverstarg the segmentation of the core and cortices hadmto
done manually, as the programuldnot distinguish between cortical and Haversian b@rce the
segmentation was complétee histology of each specimen could be studied. In terms of an osteologic
study thesize, morphology, and external texture of each osteoderm wasamatedmpared to kmvn
specimens from the Late Cretaceous of North AmeTiba.osteologic study also included axial or
appendiculaelements from ankylosaurs found in Big BeGBomparisons were made based on
descriptions in the literatundon specimens studied theVertebrate Paleontology Lab of the
University of Texas at Austinhe University of New Mexico, and the American Natural History Museum
in New York.Osteoderntharacteristics were added to the latest character matrix assembled by Arbour
and Currig(2015) andanalyzedusing the phylogenetic softwakéesquite3.61 (Maddison, W. P. and
D.R. Maddison2019) A phylogenetic tree using 50% majoritgnsensusule was created using this
program and was thexompared to the latest ankylosaur classificasimly conducted bgrbour and

Currie (2015.



ABBREVIATIONS

TMM -Texas Memorial Museuny,PL- Vertebrate Paleontology Lab, TVPexas Vertebrate
Paleontology AMNH- American Natural History Museu,PG ColeccionPaleontoldgicale Coahuila,
UABC FCM- Universidad Autbnoma de Baja California Facultad de Ciencias MaiMa€; Western

Science CenterlSFB- Interstitial Structure Fiber Bundles.

ANKYLOSAUR SYSTEMATICS AND TAXONOMY

Osborn(1923)definedthe groupAnkylosauria as subordesharinga common ancestry with
the StegosauriaTogether they form theladeThyreophorgNopcsa, 1915) butthe time of divergence
between these two groups is yet to be determifiegl first appearance of ankylosaigbelieved to have
occurred during the Eartp Middle JurassicThe thyreophoranScelidosauruand Scutdosaurusare
believed to be thearliestmembers othe subordemwith Scdidosaurusconsidered the most basal
ankylosaurCarpenter, 2012)his dinosaur had osteoderms similar to more derdwéglosaurs and
showedevidence that thidia of the pelvishadstarted taotate tobecomemorehorizontaj unlike the
condition inother ornithischiansThe horizontal ilia would leer come to be aynapomorphy foderived

ankylosaurgCarpenter, 2012)

Ankylosaurswerewell established by the Lafeirassicthese earlynkylosaursveregrouped
into thesubfamily Polocantimaeby Kirkland (1998. Theseankylosauraredistinguished bygmall
ossicles covering thaorsal part of their skull, grooved neakd distal spinesand osteoderms with
uniformly thick external and basal cortices enclosing a trabecular core (Scheyer and Za0¢i&urns
and Currie, 2014) Howeve, the bestwell-known North American polocanthin@argoyleosaurus
(Morrison FormationLate Cretaceoud)as a pelvic condition similar to the more derived ankylasaur
from the CretaceouCarpenter et al2013. Due to a combination of bottasal and derived

characteristic# has been suggestéapromote this groufo its own family withinthe Ankylosauria



(Carpenteand Currie 1990) By the Early Cretaceoupolocanthinaiversity was ebbingoecoming
extinctby the start oBarremian 129 Ma) and theankylosaursghendiversified once agaifthese
Cretaceousnkylosaursvere split into two families by Cooml($978: the Nodosauridae and the
Ankylosauridaelnterestingly @ough the disappearance of the polocanthines arehibegence of
nodosauids occurred simultaneously with tlestablishment of angiosperms. However, there is no direct

correlation between these events to suggest cause and effect (Carpenter, 2012)

The early evolutionary history of nodosalgrisunclear, as most taxa are only known from
fragmentary remaing.he genus Emontoniafrom North America is an exception to this rule, as it is
known throughout the continent fraseveral skull@ndpartial sleletons preserved in the life positions.
Nodosauridexhibita longer and narrowekull than other ankylosauasd lack the tail clubs of derived
ankylosauridsinstead they had specialized osteodeimatstook the form of shouldspikesthatpointed
upwards. Although the ilia are positioned more horizontally thahebasal ankylosaurthe pelvisas a
whole, is narrowerthan those of ankylosaurids (Carpenter, 2012)egatand SandgfP004 studyfound
thatnodosaurids hae osteodermsvith a thick external cortex and thinner basal coteth cortices
consis of three sets ofSFBs at 48 angle3 and a trabecular cardodosaurids were so prolific th#teir

range extended to North and South Ameriearope, Asia, and Antarcti¢@arpenter, 2012)

Ankylosaurids emerged as a group during the Eargtaceoushe earliest ankylosaurids
were assigned to the stdmily Shamosaurinae bumanova1983. These ankylosaurids lacked the
intricate cranial ornamentation atadl clubsof the more derived sutamily ankylosauinaewhich were
prolific in the Late Cretaceou$he most basal member of this grougCedarpels; the shamosaurines
diversified during théAlbian (113 Ma) It is hypothesized that ankylosaurids originatetlotth America
during the EarlyCretaceousind migrated to Asihere theyfurtherdiversified into the sufamily
AnkylosaurinagSereno,1998. This subfamily is characterized bgomplex cranial ornamentation
(including squamosal horns which projecte@iothe eye orbithoney tail clubsfully horizontal ilia

whichis also rotated outwards from the bodypd a boxy skulith a tapered muzzig€arpenter, 2012)



Ankylosaurid osteoderms from both sfamilies exhibitthin externaland basatorticeswith a core of

dense Haversianbonee SFB6s are still found within the cortic
orientation(Scheyer and Sander, 200By the Cenoranian(100.5 Ma) the shamosaurines were extinct

in North America and thankylosaumes were reintroduced to North Ameridi ankyosaurines have

been found in Europe or the Southern Hemisplsrggesting that thdyad a mordimited range then

contemporary nodosauridBhe bestknownankylosaumes from North America includénkylosaurus

magniventris andEuoplocephalus tutushich bothsurviveduntil the K/P massextinction(66 Ma)

(Carpenter, 2012)

RESULTS

Each specimen was first studied by noting osteologitatacteristicsuch as bone
morphology, texture, and external features such as vascular canals or foramtha. selected
osteoderms a histological study was also preformed using DragonflyT@RBistological study focused
on the type of bonexhibitedin each osteoderm, as wie amounbf eachtype present in the specimen.
This was determined biypeasuring the percent of total bone thickness thattgpeltompromisedThe
presencef primary a secondary osteons were also recorded for each osteodemyyvesl| asinternal
vascular canals present in the specimidrese features are markers of bone remodeling, which can be
used to determine in the osteoderms came from adult or juemitels Finally, osteological and
histological characteristics were combined and compared to previously known taxa to ddtegmine

identity of the specimen.

TMM 310781 (Figures 2&3)

This specimen wasstovered in an undermined ldita in Brewster Cq Texas This
osteoderm is compressddrsoventrallyto give it a bladed appearance. Tiadelike sides othe
osteoderm terminate in an apex which projects posteriorly. The shape of the osfetidermder the

Type B morphology (a circular osteoderm withadficenterapex) introduced by Ford (2000) and Blows



(2001). The base of the osteoderm is highly coneatlemost of the cortical surface eroded away

leaving the core exposed on the ventral side of the osteoderm. This specimen is almost intact; however, it
has been heavily fractured throughout, and has a piece missing from the base of the apex on the medial
edge. No large foramina or vascular canals are present on the surface of the osteoderm. Additionally, no
pitting or projecting rugosities are present on the external surface, giving the specimen a smooth external
texture. These features could have beegesrdy the high amount of weathering preserthen

osteoderm surface.
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Figure 2. TMM 31078l is a large bladed osteoderm witbamcave base and exposed core as set
in ventral view (A). From the dorsal view (B) it can be observed that the apex of the osteodern
projects posteriorly. In right lateral view (C) and left lateral view (D) the exterior surface of this
specimen is highlyveathered and rugose. Additionally, the core of the osteoderm is seen proje
out from the base of the osteoderm in anterior (E) and posterior (F) view.
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The thickness of the cortices and the core were taking from a transverse section of the
osteoderm from the left and right lateral sides through the apex. No measurements of the basal cortex
were taken due to its absence in this specimen. The external maites up 12.3+2% of the total
osteoderm thickness. The external cortex is slightly thicker on the left lateral side and thins toward the
apex. The external cortex is composed of cortical bone, vetialbit sparse ISF8located close to the
edge of thexernal cortex. The fibers appear to be orientated randionthe cortexwhich matcheghe
cortical bone in most ankylosadiosteodermgScheyer and Sander, 200%he core makes up 2%
of the total osteoderm thickness. Just as with the exterriakcibre core is thickest at the base and thins
toward the apex. The core of this osteoderm is made up of compact Habersanith a welldefined
border between the external cortex and the core iT®f.dense Haversian tissue in the das
undergone extensive secondary remodeling, with secondary osteons cuttingiadoveslappingother
each otherlNo primary tissue ostructures remain after secondagynodeling(Padian and Lamm, 2013).
The apex of the osteodeprneserves the primary vascular tissue, widdte the form of faint trabecag
thatescaped secondary remodelimge absent basalortex, concave base, and quaat core made up of
denseHaversian bonareall characteristics of derived members of the ankylosaurilaecifically, these
histologic featurescombined with the bladed, Type B morpholpgsemble distal osteoderms of the
Ankylosaurinae; a group whidncludes taxa such &ioplocephalusp Ankylosaurus magniventriand
Ziapleta sanjaunensidiayashi et al., 201@urns and Currie, 20)4The osteodermaloselyresembles
known specimensf distal thoracic osteoderms Btioplocephalusp The size of the specimen and the

secondary remodeling of the core suggest that the specimen came from.an adult
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Figure 3. Transverseiaw showing dense Haversian bone, reabsorption cavities ir
external cortex, and leftover primary vascular tissue in the apex of the osteoderm (A).
D model shows what the osteoderm would look like in right lateral view (B}DAirBage

of the traisverse view (C) shows the distribution of cortical bone (yellow) and the Have
core (red). A close up of the Haversian tissue (D) shows the overlap of secondary ostt
the external cortex reabsorption cavities are identified by the darkenedpsdadidges (E)
Primary vascular tissue is preserved in the apex of the osteoderm (F), which had

undergone secondary remodeling.
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TMM 456054 (Figures 4 & 5)

This osteoden, foundin the Aguja Formation,was incomplete and so highly fractured that
theanterioredgeand part of the right lateral side hado®reconstructed with putty and PaleoBdfcim
the dbrsal viewthe specimen islongateand leaf shapedith a median keel whicbxtends
anteroposteriorlyvith a slightdownwardslopeposteriory. These features fall under MahologyType A
(puptent shaped osteodermi) Ford (2000) and Blow$2001). The specimen exhibits no projecting
rugosities ands sparsty pittedaround theékeel. On the right lateraide,the specimehas two large
vascular foraminarientated obliquely to the osteoderm surface. This sideda@ptays a large angell-
developedcheurovascular groov&he ventral view of the osteathe shows a highly concave basee left

and right lateral sidesr e angl ed so that the base has a deep i
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Figure 4 TMM 456054 elongatedeaf shaped osteodernittva length that is much longer than its width.

Fromthe anterio(A) and posterior (B) viewa mediarkeel can be seen running the anteroposterior

length of the osteoderrithis view also shows the extensive reconstruction this specimen had to undergo.

The right lateral (Cyiew and left lateral (D) view show the ptgntmorphologyof the osteodermith a

slight posterior projectiorThe dorsal view (E) shows the symmniedl leaf shape of the osteoderthis

morphology is consistent with thoracic osteoderfe ventralview is shown in part by image F

(ventromedial axis)the basal side of the osteoderm is concavetwithe | at er al si des maki
shape.
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The external cortex is thin compared to the core of the osteoderm, hois¢hiekness
remains constant. The external cortex has a thickness of 8.7%, while the basal cortex is slightly thinner
with a thicknes of 6.1%. The cortices are composed of cortical bonad®iBFBs can be observed
possibly due to the mineiahtion of the specimeMhe bordebetween the cortices and casenot well
defined, as there are many areas where cortical bone and thelwabsfdhe cancellous core overlap.
The core itself is 85.2% thick and is composed of a type of cancellous bone called trabecular bone.
Trabecular bone is highly vascular, with large void spaces between trabeculae and often contains many
vascular canald'hese canals are reticular in shape and can be observed running the length of the
osteoderm with several bifurcations. In transverse view a vascular canal @asebesd with concentric
circles of lamellarbone around itfThe diameter of the vascular chizmapproximately 0.26m; much
larger than any other vascular canal found in the osteodérenconcentricings around the canal
suggest tht it was in the process of beirgmodeled into a primary ostedPadian and Lamm, 2013
The 3-D segmentation also reveals that areas of the external and basal cortices are so eroded that the
trabecular core is exposed. This feature would be very difficult to distinguish with the human eye given
the preexisting thinness of the corticebhe sizeand morphology of this osteoderm is typical of a medial
cervicalosteodermperhapsven part of a cervical half ringlthough the base of the osteoderm is highly
concave, the thinness of the basal cqiitexelation to the thick trabecular corg indicative ofa
nodosatid (Scheyer and Sander, 2004). Due to the sparseness of neurovascular grooves on the surface
this specimen is more likely to be relatededmontoniaandPanoplosaurus miruthanGlytodontopelta
mimus The oval shapef the osteoderm and concentration of pitting around thedkstéguishes this
specimen aPanoplosaurus mirug/hich exhibits longub-oval to oval cervical osteoderms compared to

the square arectangulacervical osteoderms &dmontonigCarpenteard Currie 1990.
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Figure 5. Theransverse view of TMM 45608 show thin external and basal cortices compared to a th
trabecular core, with a prominent vascular canal on the right side of the slice (A). A close up of the
vascular canal is seen in image B. In image C the concellitiicdieen to form concentric rings of lamell
bone around the canal. A close up of the cortices and core (D) show the relative thickness of these
in the specimen. A-B model of the transverse view reveals that part of the basal cortex is @epdad
dorsal view of the ® model also shows erosion of the external cortex (F).
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TVP 458662 (Figures 6&7)

TVP 458662 (field numbefTL-05-01) was collected from a sandstone bed within the Aguja
Formation byDr. Lehmanof Texas Tech University and Steve Wick in 2005. In 2019 Dr. Lehman
confirmedthat this specimewas an osteoderm belang to a then unknown ankylosafirehman pers
comm.).This osteodernis sub-oval shapedwith slight erosioron theanterolaterakdgg with a median
keel Given the almost circular basedkeel structuréhis osteoderm falls under the Morphology A shape
for ankylosaur osteodermbhe external surface of the osteoddeaturesxtensive pitting with
projecting rugosities along the keel and left lateral Sitie. dorsal side of this specimen exhilbasr
foramina and onprominentneurovascular grooyevhile theventral side is smooth and almost
completely flatOn the ventraside 3D imaging shows that the basal cortex is extrerttélyandhas
undergone extensiverosionto the point where the core of the osteoderm has been exptuseever, tke
erosion of the basal cortegvealsa large bifurcategtascular canal to be viewed in hand samplasal
to the vascular canghe external cortex of the osteoderm projects Idyesad is thickened at the base
forming a small shelf. This region of the osteoderauld have beewhere the dermis and small muscles

attached to the osteoderm to hold it in place.

5cm

Figure 6. The ventral side of TVP 4588&xhibits a smooth flaurface that is partially eroded (A).
The dorsal side of the osteoderm has extensive pitting and projecting rugosities along the kee
left lateral side, as well as several foramina and one vascular canal (B).
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The core othis osteoderm is made uptoabecular bonewhich is81% of the total osteoderm
thicknessThe trabecular core exhibits contrasting mineralvihich made segmentation particularly
difficult. Thebasal cortex igxtremelythin and even missing in some areas, SO no accurateg¢sisk
could be taken for this cortex. The external cortex is well preserved and accounts for 19% of the total
osteoderm thicknesReabsorptioravities are present in the external coitelcating that the osteoderm
underwent remodeling as theimalgrew.A large primary osteon can be seen at the base of the keel in
transverse viewthe concentric lamellar bone around the osteon is well presdrwedirst occurrencef
ISFBsin this studyis observed in the external cortex of T¢®8662. These fiber bundlemre arranged
3-dimensionalyin the external corteand intersect at 45° angléhis is indicative of the orientatiaf
ISFBsin nodosauid osteoderms (Scheyer and Sander, 2004@. morphology of the osteoderm is similar
to that of the distal cervicalsteoderms cdEdmontonigCarpenteand Currie 1990).This alongthe

histology of thespecimersuggest that this specimenfrom a nodosaurid.
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Figure 7. TVP458662: Erosion of the basal cortex reveal bifurcating vascular canals in trabecular c«
(A). Dorsal view real four vascular foramina and one neurovascular groove (B). Pitting and projectir
rugosities are also observable in dorsal view. The transviensaeveals the eroded basal cortex and th
external cortex (C). This image also shows a thick trabecular core with constating mineral fill and a
vascular canal. A-B model of the transverse view exhibits the relative thickness of the core and cor
(D). The external cortex contains ISFBs orientatelinf3ensionally and intersect at 45° (E). A slice
through the left lateral side reveals that the vascular had not undergone perforation (F).
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