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Abstract

The richer and taxonomically more diverse dinogaarph fauna of the Dockum
Group, as comprehensively documented for thetfirst in the present work, provided
new insights on the Late Triassic land vertebradelyonology and paleobiogeography,
especially for the late Carnian-early Norian insgnAlthough the most recent
geochronologic works now enables for a recalibratibthe Late Triassic phytosaur
biochronology relative to the marine sequenceyecticorrelation with South America is
still lacking. In this context, the dinosauromorgatie proposed here as a prospecting
biostratigraphic tool to correlate North Americamsouth America. Especially, the first
appearance of dinosaurs and their early globahtiadi at the late Carnian-early Norian
interval provides a direct correlation with tRaleorhinus Fauna in northern continents
(and India) and thelyperodapedon Acme Zone in southern continents. Conclusive
evidences in both northern and southern contineatsfest that the occurrence of
earliest dinosaurs was global even from the begmrischigualasto and Tecovas
formations are the primary candidates to pinpdietdenter of origin for dinosaurs by
keeping each step of the dinosauromorph evolutioagcord with the new alignment
which considers the lagerpetids as the basal taktire dinosauromorph clade and the

silesaurids as the sister group of dinosaurs.

Vi
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Chapter 1

| ntroduction

Triassic Period is important moment in the histoirife, at least for the
terrestrial vertebrates. During this time, manyteferate groups first appeared in the
fossil record including lissamphibians, turtlesyaaates, dinosaurs and the precursors of
crocodiles and mammals while aerial vertebratelh assdkuehneosaurs, pterosaurs and
possibly birds also originated at the time to carghe sky (Chatterjee 1997). The
Triassic Period was also the time when highly sgdexad marine reptiles such as
ichthyosaurs, placodonts and nothosaurs invadeddbans.

Terrestrial biota quickly recovered their diversitiyer the catastrophic Permian-
Triassic mass extinction. In Gondwana continengsirffan Ottokariales (e.g.
Glossopteris) flora is replaced by Umkomasiales (ebgcroidium) flora, where the
pteridophytes (lycophytes and sphenophytes) hadrafourished rapidly (Anderson et
al. 1999). Therapsids rebounded from their sevasges to dominate the Pangaean
landscape in Early Triassic (Parrish et al. 19B6@),their sizes were generally small,
except dicynodonts. Consequently, larger protetusiscand erythrosuchids ruled Early
Triassic terrestrial ecosystem as the top predai@smnospondyli amphibians were also
quite diverse in Early Triassic and often usechdgex taxa to establish non-marine
tetrapod biostratigraphy of Lower and Middle Triasespecially in Russia and Eastern
Europe (e.g. Ochev and Shishkin 1989). Togethdr dittynodonts, the diversity
archosauromorphs (predominantly rhynchosaurs aret ioicertae sedis groups)

increased during Middle Triassic, but it is thed atiassic period that we see the real
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worldwide dominance of archosaurs. The Carnianasked by the appearance of
pphytosaurs, aetosaurs and other crurotarsanddhahated the tetrapod faunas,
especially in North America, until the end of theripd.

The oldest definitive records of basal dinosaungrhe are documented from the
Anisian strata of southern Africa with the bodydibs of Asilisaurus kongwe (Nesbitt et
al. 2010) and.utungutali sitwensis (Peecook et al. 2011; 2013); whereas some fodtprin
evidence from Poland might move back the origibadal dinosauromorphs to the
Olenekian (Brusatte et al. 2010c). It is traditibpnaccepted that dinosaurse(isu Padian
and May 1993) first appeared in the latest Carraamnd 230 million years ago. A
series of discoveries which predominantly occuinetthe 2f'century clearly manifested
that a large array of dinosauromorphs had exisspdaally during Late Triassic and
they had lived in close association with crurotaraechosaurs and other land tetrapod
elements (e.g. Irmis et al. 2007a). Unlike the sitzd theories which championed a
dinosaur take over during the Late Triassic baseghysiological superiority (e.g.
Bakker 1968, 1971, 1972) or as a consequence efharnmental perturbation (e.g.
Benton 1983a, 1986, 1991, 1994, 2006) the earlysdiar diversity was relatively low
both in diversity and abundance compared to cresates. Thus, the prevalence of
dinosaurs did only happened after the end-Triasdiaction where most of the
crurotarsans went extinct (Brusatte et al. 2008888, 2010b, 2011; Langer et al. 2010).
Nevertheless, the origin and early evolution obgewrs still receives much attention,
especially in terms of understanding the evolutigrieckground (i.e. the phylogenetic
fuse), revealing the trends in Late Triassic pal@gdography and improving the

terrestrial biostratigraphy.
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Besides the first two summarizing chapters aboeigeneral geology and
taphonomy of the Dockum Group sediments, the m@opes of this work is to provide an
extensive documentation of Dockum dinosauromorpiseras for the first time and to
display their biostratigraphic, paleobiogeogra@md evolutionary significance. The
Dockum Group dinosauromorphs are widely distribpyfesin the lower levels of the
Tecovas Formation and to the upper levels of thé@anyon Formation. Together with
the comparative anatomy section of the vertebraleontology, the dinosauromorphs of
Dockum will contribute to improve two aspects of tipper Triassic land tetrapod
biostratigraphy: (1) provision of an intercontingrbiocorrelation, especially with South
America, in corroboration with the phytosaur biaigraphy and the marine-correlated
chronostratigraphy, and (2) evaluation of the danwdossils in context of the evolution
and radiation of early dinosaurs.

All of the dinosauromorph fossils presented iis thork are present in the
repository of the Museum of Texas Tech Univeraicept a set of specimens which are
on loan from the West Texas A&M University (i.e. WWIU specimens). Necessary
preparations were performed by using air-scribataléools and pin vices; whereas
various glues (Parloid B-72, Vinac B-15, Butvarjuese sculpting medium) were used
to repair broken fragments. All the specimen ph@pls are taken by a professional
photographer (Bill Mueller) and edited by the authfn Olympus SZH Stereo-
microscope system with camera adapter attachedYoraonitor was used for viewing

small sized specimens at higher magnification.
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Chapter 2

Geological Setting

The Triassic Period was a time of transition, ipafarly in global tectonics and
the evolution of vertebrates. All the landmassersevgdll coalesced into a one
supercontinent called Pangea, which means allitaadcient Greek. Pangea was the last
configuration of supercontinent in geologic histdtywas surrounded by the Panthalassa
Ocean, the ancestral Pacific Ocean, and was suledivnto two main landmasses
Laurasia in the north and Gondwana continentserstiuth. Those two supercontinents

were separated by the Tethys Ocean (Paleo- ang idethe east (Figure 2.1).

Figure 2.1 The Late Triassic Pangea (modified &tekey 2011). Abbreviations: Panth.,
Panthalassa Ocean; Laur., Laurasia landmass; Géaddwana continents; P.-Teth.,
Paleo-Tethys Ocean; N.-Teth., Neo-Tethys Oceanati@t of the Dockum Group is
roughly marked by the dot.

Pangea

Pangea began to coalesce in the Mid-Carbonifg@esnsylvanian) by the

collision of Gondwana continents with Laurentiatiza (Veevers and Powell 1987;
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Veevers 1989) and was finalized in the Mid-Latea$sic to Early JurassiS€ngor 1984;
Zunyi et al. 1986) by the accretions of other laadses such as South Chifar{gor and
Hsl 1984; Lin et al. 1985; Xiong and Coney 1985%) @mmeria §engor 1984) to the
northern Paleo-Tetyhan margin.

As the initial phase of major intra-Pangean rgtieast coast of North America
and the northwest coast of Africa began to pullaipalLate Triassic (Manspeizer 1982).
Those rift basins are correlated by the palynom®gathered from non-marine
sequences the High Atlas Mountains at south of &k&ch and North American Triassic
groups of Newark (Virginia, North Carolina, Pennvaylia and New Jersey), Chinle
(Arizona and New Mexico) and Dockum (New Mexico drekas); the shared biozone
demonstrated that rifting began no later than neidetrnian time (Cousminer and
Manspezier 1976). Moroccan and North American padyratigraphy is also in direct
correlation with Swiss and English Middle Keupée type Carnian of Austria and
Keuper of Switzerland and North Sea (CousminerMadspezier 1976 and references
therein).

Although the initial rifting of the Pangea in Laleassic produced extensional
basins around the future Atlantic Ocean, no ocelghmmsphere was generated until Early
Jurassic, when the opening of the Central Atla@tean had started. The age of the
oldest basalts from the entire Central Atlantic khadjc Province (CAMP) is dated circa
200 million years (Ma) ago with a maximum activity2 Ma (Deckart et al. 1997
Marzoli et al. 1999, 2004; Hames et al. 2000; Khggral. 2004) in accord with the

radiometric date of the base of Jurassic (Palfl.2000b).
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The Dockum Basin and the History of Dockum Group

Most early workers believed that the Dockum Basiata were entirely of fluvial
origin. Riggs et al. (1996) reconstructed a huge Oaiassic river system, the Chinle-
Dockum Paleoriver, which ran northwesterly from Trexas Panhandle to New Mexico,
Arizona, Utah, Wyoming and parts of Nevada and ¢gahen poured into the ancient
shoreline of a back-arc basin (Figure 2.2). Theegh@o main depocenters within this
fluvial deposition, one is the Dockum Basin whistekposed at the western part of
Texas and the eastern New Mexico; the other i€tiiale Basin which is located in the
states further west in the Four Corners regionufe@.2). The main sequences of these
basins, the Dockum Group and the Chinle Formatiomjn direct correlation with each
other, as recognized by the second half of the eé&tiury (Reeside et al. 1957, p. 1464)
despite different nomenclature and diverse litladgjraphic subdivisions. The Dockum
Basin is a broad alluvial-lacustrine depositiorasin about 400 km in width and 800 km
in length; where the total sediment thickness gafiem 70 to 700 meters (Chatterjee
1986a). There are two main exposures of the Dodkunup; one is located through the
Canadian River Valley in northeastern corner of Ndexico and the northwestern
corner of the Texas Panhandle; and the otherridésel western part of the Panhandle
along the eastern and southeastern margins ofitime [Estacado and Southern High
Plains (Figure 2.3). There are also some westeigraps along the Pecos River valley.
The escarpments on the eastern side of the Llataz#&io are the scope area of this work

(Figure 2.3).
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Figure 2.2 The drainage area of the Chinle-Dockahed?iver and surrounding
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paleogeography in the Late Triassic (simplifieceaRiggs et al. 1996; Dickinson and
Gehrels 2008, 2010; Dickinson et al. 2010).
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Figure 2.3 The locality map of the Dockum Group@syres (based on Lehman 1994a;
Lehman and Chatterjee 2005). The scope areassodtildy are indicated with the dashed
rectangles.



Texas Tech University, Volkan Sarigul, Decemberf201

The history of the Dockum Group extends back to018Distinctive Triassic red
beds composed of clay, sandstone and conglomevatel are covering vast areas in
western Texas are first recognized by Jules Mantdi835; however an official
nomenclature applied much later in 1889 by Cumr(i890, 1891, 1892) in his survey
reports about the Permian of Texas. Cummins idedtthese sediments as Dockum
Beds, after a small town in Dickens County, Texaske (1892), who was Cummins'
assistant at the time (Lehman 1994a), used aftitgaubdivision: a lower sandy clay
unit at the bottom, a mid sandstone/conglomeraiteabove it and another sandy clay
unit with some sandstones on top. Gould (1906, 18@&Kated Dockum beds to Dockum
Group, and he was first to formally subdivide Dogkinto two formations. These are the
Tecovas Formation which is composed of shale dtedaie at the bottom and the
overlying Trujillo Formation which is made of satmse and conglomerate. Gould's
nomenclature, nevertheless, is in correlation Withke's subdivision where the Tecovas
Formation corresponds to the lower shale unit wdeetke Trujillo Formation covers the
latter two levels (Lehman 1994a). Gould, and alsttd? (1923), mapped the two
formations exposed along the Canadian River valley.

By 1920's, geologists realized that all the Triasscks around the caprock
escarpment (i.e. Llano Estacado) belong to the ggralogic unit. Darton (1922, 1928)
marked a basal sandstone unit, the Santa Rosat8aegdsut of the coarse clastics at the
base of the Tecovas Formation in Pecos River valléyew Mexico. This sandstone unit
is traceable around the caprock with the previoigsntified quartoze conglomerates and
sandstones (e.g. by Gould and Patton). SubsequémliRedonda Member (later raised

to formation by Griggs and Read [1959]) is recogdim New Mexico as a distinct
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sandstone unit on the top of Dockum sequence (doby@and Summerson 1946, in
Lehman 1994a). The last lithostratigraphic unitngf Dockum Group was recognized
towards the end of the century. Chatterjee (1986=ferred to rank the Dockum Group
as a formation and distinguished the Cooper Memileich is composed of "upper"
shales and a peculiar "upper” fauna, by modifyimgkig's upper unit.

Although it was studied since the laté"i@®ntury, a decent and consistent
lithostratigraphic nomenclature for the Dockum Gravas proposed quite recently.
Accordingly, the Dockum Group consists of five fations, namely Santa Rosa
Formation, Tecovas Formation, Trujillo Formatiommdper Canyon Formation and
Redonda Formation (Lehman and Schnabel 1992; Leli®@4a, 1994b). The Cooper
Canyon Formation (Lehman et al. 1992) was the fosulstitute for the previous
Cooper Member/Formation (see Chatterjee 1986a)hwhias preoccupied for a Tertiary
marl unit (e.g. Cooke and MacNeil 1952). During tferval between naming the
Cooper Formation and re-naming the Cooper Canyom#&imon, the Bull Canyon
Formation was described (Lucas and Hunt 1989aingithe Bull Canyon Formation

priority (contra Lehman 1994Db).

Depositional Setting and Lithostratigraphy of the Dockum Group

Although it is now accepted as a Late Triassicifllsacustrine sequence of red
beds around the Southern High Plains of westerm3 ard eastern New Mexico, the
depositional setting for the Dockum Group was dedbat previous works. A lacustrine
model for Dockum was mainly proposed by McGoweal (1979, 1983) but also by

Johns and Granata (1987). They speculated thera \Wwage lake in the area and it was
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fed by large rivers, originating in the surroundimghlands with large deltas and river
mouths pouring into this lake. This assumption based in the sandstone isopach
mapping where it shows thick sandstone bodies eoviire periphery and the lithology
grades into mudstones towards the center of tha.bHsis endorheic accumulation with
a fining upwards trend was indicating an altermabbgently dipping delta foresets and
river channel deposits of the whole Dockum sequence

On the other hand, concurring with earlier studiegs, suggested that the Dockum
Group is predominantly made of fluvial depositg(&urry 1989a; Lehman and
Schnabel 1992; Lehman 1994a, 1994b; Lehman andejeat2005). Based on the
reinterpretation of the outcrops, Lehman pointetitioe true nature of paleocurrents
which were not draining into a single basin buiythwere dispersing in different
directions. Moreover, the thick sandstone and naurgstiepositions were separated into
two main sequences (which does not corresponcettidiver” and "upper" sequence
subdivisions of the previous lacustrine schemed byajor disconformity (i.e. Tr-4 in
Figure 2.4); therefore the isopach data is impcable now since the sequence is not
continuous. The provenance rocks of the Dockunnsewlis are another paleocurrent
indicator, where the sediments were mainly comroghfthe eastern and southern
metamorphic basements, therefore the paleocurneation was towards west-northwest
(e.g. Riggs et al. 1996; Dickinson and Gehrels 2668 below). The lacustrine
deposition was indeed present in the Dockum Grbupit is mainly restricted to lower

part of the Tecovas Formation rather than domigatie whole sequence.
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The lower boundary of the Dockum Group is unconfalsia with the fluvial
Middle Triassic Anton Chico Formation (Figure 2.4#he Anton Chico Formation
predominantly consists of dark red and gray colditedrenites with conglomerate and
mudstone interbeddings (Lucas and Hunt 1987). & evaginally included in the lower
part of the Santa Rosa Sandstone of Darton (1@22alsove) and remained associated
until the discovery of Anisian vertebrates withiru¢as and Hunt 1987). The vertebrate
biostratigraphy indicates a direct correlation kegw Moenkopi and Anton Chico
formations, and therefore, manifest the presentkeo$ame unconformity (Tr-3,
Pipiringos and O'Sullivan 1978) which separatesehdiddle Triassic units from the
Upper Triassic sequences (i.e. Chinle Formationoxkum Group) (Figure 2.4). Anton
Chico Formation is restricted to the New Mexicotgets; therefore it is not included in
the present study.

The Palo Duro Geosol was former prior to the depsbf the Dockum Group,
either on top of the Anton Chico Formation or dilgon the underlying Permian strata
(Kanhalangsy 1997; Lehman and Chatterjee 2005Yidugly recognized as the "mottled
unit/strata” (Steward et al. 1972; Dubiel 1987is th a multicolored paleosol horizon
which can be up to 5 meters in thickness anddbmposed of a siltstone with early
diagenetic carbonate (calcrete/caliche) and séidi€arbonate (silcrete) alongside of

mottling iron-oxide mineral formations and biogergevorking (lungfish burrows).

11
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Cretaceous and younger strata

REDONDA : Cretaceous and younger strata
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Figure 2.4 Generalized sequence of the Upper Tci&ssckum Group and the Anisian
Anton Chico Formation (left) and the exposed paoriio Texas area (right) (redrawn after
Lehman and Chatterjee 2005). The two unconforminléal sequences are labeled as 1
and 2. Sequence boundaries after Pipiringos andll®&h (1978) and Lucas (1991).
There are two unconformable fluvial sequencesiwitiie Dockum Group, both
grading from channel sandstones to floodplain nmorest (Figure 2.4). The lower one is
a thinner (less than 80 m., Lehman and Chattef)@&)2sequence and consists of the
Santa Rosa and Tecovas formations. The basal RastaFormation is a conspicuous
sandstone unit within the Dockum Group with exaamily high quartz content
(Lehman and Chatterjee 2005). The vertical sedtisplays a typical fining upward
sequence of a river channel deposit; it starts tgital conglomerates and proceeds to
trough and tabular cross-bedded sandstone, folldyezhrallel-laminated sandstone and
ripple-laminated sandstone, and finally siltstondap. The scarcity of mudstones and

carbonized wood fragments indicate a braided faeies (Lehman and Chatterjee, op.

cit.). The Santa Rosa Formation gradually pass#ésetd ecovas Formation, which is a

12
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claystone-mudstone unit with intertonguing finedstone layers in the lower part
(Lehman and Chatterjee 2005). Lower part the Tex&eamation is characterized by
significant lacustrine deposits which consist adagr/yellow colored claystone beds
composed largely of smectite (Na-smectite) witlséesamounts of illite and kaolinite and
also with some scattered nodules of mainly carleo(faitz 1991; Lehman and Chatterjee
2005), whereas the upper part displays floodpliEyey and micaceous mudstone facies
with minor channel deposits (May 1988; Lehman ahdt@rjee 2005). This highly
aguatic environment had a very rich fresh watendaincluding unionid bivalves (e.g.
Elder 1987), ostracods (e.g. Kietzke and Lucas 1, 3biarks (e.g. Johnson 1980; Murry
1981) and various bony fishes (e.g. Warthin 192811986, 1987b, 1989a, 1989b,
1989c). The Tecovas Formation is equivalent td_tteEstros Member of the Santa
Rosa Formation (Lucas and Hunt 1987), the GarieelkCFormation (Lucas and Hunt
1989a) and the Colorado City Formation (Lucas 1993)

The overlying fluvial sequence is much thickergo¥50 m, Lehman and
Chatterjee 2005) and it consists of the Trujilla &ull Canyon formations (Figure 2.4).
It is separated from the lower sequence by the Omebnformity, that resulted after
subaerial erosion and reworking phase (Lucas 1991B).Trujillo Formation typically
consists of micaceous litharenitic sandstones, wwere eroded from a high grade
metamorphic rock provenance (Long and Lehman 19934, 2009). It represents a
typical fining upwards sequence of a meanderingrriacies, that starts with basal
conglomerates, fines into massive or parallel-lat@d sandstones, then passes to trough
and tabular cross-bedded sandstones and finistiesed siltstone and mudstones

(Lehman and Chatterjee 2005). The upper boundatythve Bull Canyon Formation is

13
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very smooth since the upper mudstones are latexgiljvalent. The Bull Canyon
Formation is predominantly made of reddish siltstand mudstones with local
sandstone lenses and distinctly high mica contéhtaibundant metamorphic fragments
(Long and Lehman op. cit.; Lehman and Chatterjéb2p. 329). It is a clear example of
a floodplain facies with steeply dipping mud layet® the gullies in various angles,
accompanied with abundant unionid bivalve fosstleifler 1987; Lehman and Chatterjee
2005).

The Redonda Formation is the uppermost unit oDibhekum Group sequence. It
is a lacustrine unit with both clastic and carbenaput that crops out only in
northeastern New Mexico (Hester and Lucas 2001) tla@refore will be excluded in this
study. The Redonda Formation displays an altematiGcandstones and mudstones of
fluvial/deltaic facies with minor micritic limesteninterbeds. The lack of aridity features
(e.g. evaporites), abundant bioturbation and atesehorganic rich layers indicate that
the Redonda Lake was a perennial, shallow butexgijenated lake (Hester 1988;
Hester and Lucas 2001).

In addition to the formal lithologic subdivisiortbyee main facies are recognized
within the Dockum Group (Lehman and Chatterjee 200B6e channel-related facies
comprised of sandstone and conglomerate accumusaitioa fining upward sequence;
the overbank floodplain facies is predominantly maticlayey and micaceous
mudstones (predominantly for the Bull Canyon Foramgtintercalated with thin, local
sandstone lenses; and the lacustrine facies meamigisted of claystones with occasional

caliche and clastic layers. Those three facieespond to Santa Rosa and Trujillo

14
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formations; upper part of the Tecovas FormationBuil Canyon Formation; and the

lower part of the Tecovas Formation, respectivElgire 2.4).

The Tectonic Evolution of the Chinle-Dockum Paleoriver Basin

Tectonic evolution of the Chinle-Dockum PaleoriBasin has a long geologic
history. The initial phase of the basin formati@ghan in the Late Proterozoic-Middle
Cambrian interval with the opening of the South®@ktahoma Aulacogene (Shatski
1946, in Hoffman et al. 1974), or the Arbuckle-WtahAmarillo fault system (see
Thomas 1983, figure 1). The embedded mafic intnssibat followed this tectonic event
created an excessively sunken slab on the conéihenist into the mantle. This
uncompensated basin was filled by a thick marimgnsentation during whole Paleozoic
Era, especially during Carboniferous and Permiaitlep. Subsidence of the basin was
reactivated (DeRito et al. 1983) by the initiating of the Pangea in the Late Triassic.
The rifting caused uplift around the future Gulféxico; thus regenerated the sediment
sources from the Late Paleozoic Ouachita-Maratitogemic belt and triggered the
westward accumulation of Dockum and Chinle flug@tjuences into the previously
formed Permian basins (Johns and Granata 1987)P&tmeian units are unconformably
overlain by the Middle Triassic fluvial units ofe¢liMoenkopi Formation (Tr-1
unconformity, Pipiringos and O'Sullivan 1978) ahd equivalent Anton Chico
Formation (Dickinson and Gehrels 2008) (Figure.2.4)

Additionally, detrital zircon analysis pointed autltiple provenance areas for
the Chinle-Dockum Paleoriver deposits (DickinsoaleR007; Dickinson and Gehrels

2008, 2010). The Cambrian granite floor of the Aff@aiVichita Uplift supplied the
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Texas exposures of the Santa Rosa Formation armbéval basal sandstones of the
Eagle Basin in Utah and Colorado (Figure 2.2), whsithe recycled grains of the Late
Proterozoic Grenville Orogeny and the NeoproteroRaleozoic basement of the Late
Paleozoic Ouachita Orogeny supplied the rest ob#sal sandstones of the Chinle-
Dockum deposition (Figure 2.2), including New Mexiexposures of the Santa Rosa
Formation (Dickinson and Gehrels 2008, figure 4lldwing sequences (i.e. Trujillo and
Bull Canyon formations and the coeval strata of@hénle Formation) were continued to
be supplied by the Grenville Province and alsongy@uachita Mountains in a lesser
extent (Dickinson and Gehrels 2008, figure 5). Aeotmajor contributor was the
Mesoproterozoic Yavapai-Mazatzal Basement (Figu2g ?r the Mogollon Highlands.
The Yavapai-Mazatzal basement had a greater irdRiengrain composition of the
Moenkopi Formation and the basal sandstone urgisialents of the Shinarump
Member) of the lower sequence of the Chinle Foromaith Arizona and Utah. The
influence of grain accumulation from the YavapaizZdi&zal basement was diminished in
the upper parts of the Chinle-Dockum deposits shllttraceable in the Sonsela Member
of the Chinle Formation in Arizona and New Mexico.

Considering the Dockum Group sediments in TexesSanta Rosa Formation
differs from the overlying units by having a diféet source area (Amarillo-Wichita
granite, see above), whereas the rest of the sequegs mainly supplied by the
Grenville and Ouachita orogenic provinces with gadty increased influence of the
former province, especially in the upper sequeneeTecovas and Bull Canyon
formations). This situation concurs with the prexdonterpretations (Long and Lehman

1993, 1994, 2009; Lehman and Chatterjee 2005,%aBd references therein). On the
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other hand, the lower sequence (i.e. Santa Rosaerualas formations) includes
significant amount of grains from the Yavapai-Maahtbasement, compared to the upper

sequence.
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Chapter 3

Dockum Tetrapod Fauna

The Dockum Group represents one of the finest anst diverse Late Triassic
land tetrapod assemblages in the world (e.g. Oljedt@986; Murry 1986, 1987hb, 1989c;
Parrish and Carpenter 1986; Long and Murry 1998nman and Chatterjee 2005). The
first discovery of tetrapod fossils was made byRMCummins in 1890 northwest of
Spur, Dickens County, Texas. These bones wereifigehby the famous paleontologist
Edward Drinker Cope in 1891-92 (Cope 1893). Inghdy 20th century, E. C. Case of
the University of Michigan began systematicallyledling the Dockum fossils,
especially from Crosby, Dickens, Garza, and Hovearahties of Texas and he made
major contributions to the understanding of the kma fauna (Gregory 1972). By the
early 1980s, the current phase of Dockum vertelegdéoration has been carried out by
Sankar Chatterjee of the Museum of Texas Tech WsitygfMoTTU) and his students
with a significant collection of various temnospghdtherapsids, procolophonids,
sphenodontians, and a rich assemblage of archasatpb fauna (e.g. Lehman and
Chatterjee 2005) (Figure 3.1). This entire vertebesssemblage was collected from the
overbank flood plain facies (i.e. Tecovas and Bidhyon formations) of the Dockum,
but the intervening channel facies of Trujillo Fation is virtually sterile and contain
few bone fragments. Similarly, the basal Santa Fasenation is equally poor in fossil

content.
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Figure 3.1 Cladogram for the non-archosaurianpetta of Dockum (phylogenies of
temnospondylians after Schoch [2008]; cynodoner &ftio [2002] and Lui and Olsen
[2010]; procolophonids and lepidosauromorphs dkeBraga and Rieppel [1997];
archosauromorphs after Dilkes [1998], Modesto ames§2004], Dilkes and Sues
[2009], Neshitt et al. [2009a]). Taxon name defams are neglected in the cladogram.

Non-Archosaurian Tetrapod Fauna of Dockum

Basal Tetrapods

Temnospondyli tetrapods represent the anamni@en@n-amniotic) tetrapods of
the Dockum Group (Figure 3.2). Temnospondyli arenigaepresented by
metoposaurids from various horizons of TecovasBultlCanyon formations, including
Koskinonodon (replacement name f@&uettneria, Mueller 2007) and\pachesaurus (Hunt
1993). Metoposaurids or metoposaurs were gendaatig, semi-aquatic animals about 2
to 5 meters in length and widely documented inUpger Triassic strata (Hunt 1993;
Schoch and Milner 2000; Schoch 2008), howe\gachesaurus was a very small
member with a length of 50 cm. Metoposaurs havindisparabolic and flat skulls on
which the orbits are dorsally placed on the rogimation, and they contain a large pineal
opening on the posterior portion of the skull. Bkall is heavily ornamented with
distinctive lateral lines on each side. The othenthers of the Dockum temnospondyli

areLatiscopus digunctus (Wilson 1948) andRileymillerus cosgriffi (Bolt and Chatterjee
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2000). Both taxa are collected from the Tecovasnation; the former one from the Otis
Chalk Quarry and latter one from the Post QudRrkeymillerus, though superficially
resembles atiscopus, is a much smaller animal; the skull is only ageiwcentimeters
long and possesses quite different cranial morgyollban other temnospondyli by
having a cylindrical skull and orbits on the sidehe skull (Bolt and Chatterjee 2000).
Both Latiscopus (together with almasaurids) aRileymillerus are placed closely to the

Metoposauridae (see Schoch 2008, figure 10) (FigLire

Figure 3.2 Late Triassic temnospondyls of Dock&eymillerus (upper left, scale bar =
1 cm) andKoskinonodon (right, scale bar = 10 cm) skulls (photo creds#l Mueller).
An illustration for a group of metoposaurs in ad.d@tiassic morning (lower left, image
credit: Douglas Henderson in Fraser [2006]).
Therapsids

Therapsids were one of the first land tetrapodsftourished after the great

Permian-Triassic extinction; however their divergtadually decreased during the

Triassic and only few cynodonts survived to thelf{edurassic including the precursors
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of mammals, whereas some researchers claim thatationts also survived to the
Cretaceous Period (Thulborn and Turner 2003). ndpmts of the Late Triassic were
about 3-4 meters in length, as large as a cowtladhad edentulous jaws with no or
tiny tusks. North American dicynodonts were somevenaaller than their South
American relatives. Dicynodonts are rarely collddi®m the North American Triassic;
they were previously known from few localities bétChinle Formation, including the
famousPlacerias Quarry of Arizona (e.g. Lucas and Heckert 2002dqitionally, their
presence has also been reported recently fromusliealities in the Tecovas Formation
(Mueller and Chatterjee 2007). The Dockum dicynddganay represent several new taxa

but the material is yet to be formally describemjdiFe 3.3).

Figure 3.3 Late Triassic therapsids of North Amerigrtist's impression of the
dicynodontPlacerias with unusually large tusks (left) from the Chiflermation, a taxon
which is possibly related to the undiagnosed didgmts from Dockum (image credit:
Jeffrey W. Martz). Life restoration @fdelobasileus (right), which was a rat-sized animal
(image credit: Mary Sundstrom for the New Mexicogdum of Natural History and
Science, http://www.nmnaturalhistory.org/adelolasstcromptoni.html).

Cynodonts of Dockum included a small, rat-sizétietedontidPachygenelus
milleri (Chatterjee 1983) and a stem mammaddd obasileus cromptoni (Lucas and
Hunt 1990; Lucas and Luo 1993) (Figure 3.3). Battatwere collected from the Tecovas

Fomation;P. milleri from the Post Quarry whereAscromptoni from the

stratigraphically lower Kalgary Locality?achygenelus is represented by a partial dentary
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with distinctly serrated teeth, where&del obasileus is diagnosed on a partial
endocranium. Phylogenetic analyses indicate tleat #ine closely related to mammals

(e.g. Luo 2002; Lui and Olsen 2010).

Non-Archosauromor ph Sauropsids

A variety of parareptiles, stem-turtles and legalarians were also presented in
the Dockum Group, including some poorly diagnosednzertainly placed taxa.
Libognathus sheddi (Small 1997) was discovered on the Double U Rancality
(formally UU Sand Creek locality, MOTT 3882) in tBall Canyon Formation.
Although it is diagnosed solely on the lower jaagments, another well preserved skull
leaves little doubt about its procolophonid affiniMueller and Chatterjee 2003). The
other procolophonid collected from the Dockum Gr@golognathus obscurus (Murry
1986, redefineckenognathus obscurus of Case [1928]) from the Kalgary Locality,
located in the Tecovas Formation, is known onlyfjaw fragments. An ancestor of the
turtles,Chinlechelys tenertesta from the New Mexican outcrops of the Bull Canyon
Formation is mainly recognized by the highly fragmaey remnants of the carapace
(Joyce et al. 2009). Rhynchocephal@evosaurus (Lehman and Chatterjee 2005) and
various fragments of other sphenodontids and diphtabaurids are also present in the

Dockum collection, but the material awaits detadiganosis and description.

Archosauromor phs

The Dockum Group has yielded a great diversitgrohosauromorphs, including

the three main groups: Prolacertiformes, Rhynchasamd Archosauriformes.
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Prolacertiformes are probably paraphlyletic; mostmbers have a mosaic of ancestral
and derived characters, making their affinity utamier Recent cladistic analysis showed
the genu$rolacerta is closer to Archosauriformes (e.g. Dilkes 199&ddsto and Sues
2004; Gottmann-Quesada and Sander 2009). Thefriwt prolacertiforms are now
clustered in Protorosauria (e.g. Rieppel et al32B8&nesto et al. 2010), which appeared
in the Late Permian (i.€rotorosaurus) and radiated especially during the Middle and
Late Triassic. In this realignmemiy epanosaurus sp. andVialerisaurus langstoni are the
protorosaurian representatives in the Dockum Grdbp. half-meter long
Drepanosaurus and related forms are grouped in a new clade Samida and they are
hypothesized to be arboreal/scansorial forms witing and strong prehensile tail and
bears a huge claw on the second manual phalange(2€04; Renesto et al. 2010)
(Figure 3.4)Malerisaurus langstoni of the Dockum represents the Late Triassic
equivalent of modern-day basilisk lizard in sizeggortions and behavior (Chatterjee
1986b; Figure 3.5).

Trilophosaurus is an archosauromorph from the Late Triassic efsibuthwestern
North America (Figure 3.6)rilophosaurus buettneri (Case 1928; Gregory 1945)
possessed a somewhat high skull with secondaoked lower temporal fenestra and
peculiar mediolaterally elongated teeth (or deplaies) with multiple cusps for grinding
vegetationTrilophosaurus was originally recognized as a cotylosaur (Cas8),3hen a
protorosaur (Gregory 1945), an euryapsid (Rome6),96d finally as an
archosauromorph (Gauthier 1984; Benton 1985). Tweerspecies ofrilophosaurus
are identified so fafT. jacobs (Murry 1987a) and". dornorum (Mueller and Parker

2006). All three species drilophosaurus are present in Dockum sediments,
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predominantly in the Tecovas formation but few rams are also reported from the Bull

Canyon Formation.

Figure 3.4 A sketch fdbrepanosaurus unguicaudatus (after Pinna 1984, drawing by M.
Demma). The size of this animal is around 40-50rciength.
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Figure 3.6 Artist's impression fdrilophosaurus (image credit: Jeffrey W. Martz).

Rhynchosaurs were the dominant herbivores in #ie Lriassic Maleri
Formation of India, Ischigualasto Formation of Argea, Santa Maria Formation of
Brazil and the Lossiemouth Sandstone of ScotlahdyTre characterized by specialized
dentition with three peculiarities. First, the amdepart of the jaws is edentulous, with
the development of beak-like premaxilla and antezid of the dentary. Second, the
ventral part of the maxilla bears multiple rowdiaf teeth running subparallel to the jaw
margin. Third, the dentary has a sharp tooth bgardge that fits into the groove of the
maxillary plate (Chatterjee 1974). Rhynchosaurgaiely represented in the Dockum
based on some unpublished jaw fragments, mosthy thee lower portion of the Tecovas
Formation (e.g. McCarty Ranch, MOTT 069Q}ischalkia elderae (Hunt and Lucas
1991c) which is known from few isolated limb elertsefiom the Otis Chalk Quarry is
now regarded as an invalid taxon (e.g. MukherjekRay 2014) and the true affinity of

the skeletal parts is still in study (Bill Muellgrers. comm. 2014).
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10cm

Figure 3.7 Reconstructions for Indian rﬁ;%nchosﬂaradapedon". Dorsal and palatal
views of the skull (upper); and mounted skeletow@r) (After Chatterjee 1974).
Archosauriformes

The archosauriforms of the Dockum Group had tigadst diversity compared to
other tetrapods. There are two stem archosaurifaxa collected from the lower part of
the Tecovas FormatioWancleavea campi andDoswellia kaltenbachi. Vancleavea campi
is diagnosed based on fragmentary postcranial elesnaad distinct dermal armor from
the lower Petrified Forest Member (now the Blue Mbtember) of the Chinle
Formation (Long and Murry 1995). A nearly complskeleton olV. campi from the
Whitaker Quarry of the Chinle Formation revealadafinity as a stem archosauriform
(Neshitt et al. 2009a). Unique morphologies/o€ampi includes imbricated osteoderms
covering the entire body; a short, highly ossis&dll and relatively small limbs and

special adaptations such as dorsally oriented nerdisate a semi-aquatic lifestyle which
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is consistent with previous assumptions (see SamallDowns 2002) (Figure 3.8).
Despite the wide stratigraphic occurrence of in@énle Formation (Long and Murry
1995; Hunt et al. 2002)/. campi is reported only from the Tecovas Formation in

Dockum.

Figure 3.8 Life restoration dfancleavea (image credit: Jeffrey W. Martz).

Doswellia kaltenbachi is originally discovered in the Newark Supergradip
Virginia (Weems 1980) (Figure 3.9). Nevertheleswesal vertebrae and osteoderm
fragments oD. kaltenbachi are collected from the lower part of Tecovas Fdronma(e.g.
Long and Murry 1995). This animal exhibits simitaorphology to proterochamsids by
having an elongated skull with narrow snout, alegs number of aetosaurian
characters in dermal scute patterns which had en#gntly evolved, thus it is
traditionally placed together with Proterochamg€ésen 1989, pp. 54-55, in Long and
Murry op. cit.). Recent phylogenetic studies plBoswellia kaltenbachi as the sister
group of Proterochampsia (Dilkes and Sues 2009.distribution of doswellids seems
to be global in the Late Triassic with two South émman genera (Arcucci and
Marsicano 1998; Desojo et al. 2011) and a mosntde€eropean genus (Schoch and Sues

2014), in addition to the North Americ@voswellia.
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Figure 3.9 Skeletal reconstruction@dswellia kaltenbachi (modified after Weems 1980,
black areas are inferred by the author).

There are also some problematic non-archosaurc@dmosauriforms from the
Dockum Group, such agecovasaurus murryi (Hunt and Lucas 1994r otecovasaurus
lucasi andCrosbysaurus harrisae (Heckert 2004) which were collected from the Texov
Formation, whild_ucianosaurus wildi is described from the Bull Canyon Formation
(Hunt and Lucas 19947. murryi andP. lucas are also reported from the Chinle
Formation. All four taxa are diagnosed solely arlaged teeth which are reminiscent of
the ones of ornithischians by having an asymmetnicaphology with sub-triangular
cusps and distinct carinae and denticles of varstapes. However, these features
appeared to be plesiomorphic among archosaurif¢ass see below fdRevueltosaurus
spp. andlrechnosaurus smalli), therefore the phylogenetic placement for thega bn the
basis of tooth morphology remains uncertain (neertae sedis, Irmis et al. 2007b).

Spinosuchus caseanus (von Huene 1932) is another problematic taxon fthen
Dockum Group, documented only from the Tecovas Rtion so far. Some cervical and

anterior dorsal vertebrae together with a basiaranvere originally identified as
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Coelophysis (Case 1922, 1927), and then they are designataschew taxors. caseanus

by von Huene (1932). However, the referred braessater affined with rauischians or
poposaurids and the referred vertebrae may nohfetoa saurischian (Chatterjee 1985;
Gauthier 1986; Murry 1986; Murry and Long 1997)eNertebrae probably represent an
undetermined neodiapsid with possible archosaurpmaffinities (Long and Murry

1995, p. 198). It was also proposed a link betwe@aseanus and ctenosaurids (Krebs
1969; Fa-Kui 1975, in Murry and Long 1997). Moreantly, the suggested relation®f
caseanus with Trilophosaurus based on zygopophyseal characters of the cervical
vertebrae (Richards 1999a, 1999b; Spielmann €08b) is rejected due to
plesiomorphic distribution of such traits and coesed as an indetermined

archosauriform (Nesbitt et al. 2007).

Dockum Archosaurs

Archosaurs were the ruling reptiles of the MesoZia and the dominant
vertebrates of the Dockum. The clade Archosauchides the most recent common
ancestor of crocodiles and birds and all of itxcdadants (Gauthier 1986). Classically, it
is split into two major clades on the basis of ardtructure: Crurotarsi and Ornithodira
(Sereno 1991a) (Figure 3.10). The clade Crurotmee rise to crocodilian lineage and it
is distinguished by the crurotarsal ankle structuit a peg-and-socket joint between the
astragalus and calcaneugiving them a plantigrade foot stance. The cladeit®odira
consists of pterosaurs and dinosauromorphs (inodubiirds) and it is characterized by a
mesotarsal ankle joint, where the hinge lies betwbe proximal and distal tarsal rows

and accompanied by a digitigrade stance in dinosaorphs (Figure 3.11).
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Crurotarsi "
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Dinosauromorpha
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Figure 3.10 Cladogram comprised of Dockum archasaaly, except Pterosauria
(phylogenies compiled after Sereno 1991a; Parker 2Brusatte et al. 2010a; Stocker
2010, 2012b; Nesbitt 2011; Desojo et al 2012).doepresented taxa, see text. Filled
circles are for node-based taxa, arrows are fon$tased taxa. The alternatively
placement of the clade Archosauria excludes phytss&.g. Nesbitt 2011).

The Dockum ornithodirans are represented solelhbydinosauromorphs; no

pterosaurs have been discovered as yet (Figurg. 340 early records of pterosaurs are

restricted to shallow marine environments (e.glddecchia 2013). Archosaur

specimens/taxa which are poorly diagnosed oristpreparation are not included to the

following section.
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tibia fibula Crurctarsal tibia fibula Mesotarsal
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distal tarsal

Figure 3.11 Ankle jointzlaz:ﬁzd;tp:nces. Left, theegalized crurot[;?zgid;:elzle joint with the
characteristic plantigrade stance; right, the naasat ankle joint with the characteristic
digitigrade stance in dinosauromorphs (after Chatel997).
Crurotarsans

Phytosauria, Aetosauria and Rauisuchia are tlee ttiroups of the Crurotarsi
which are dominant in the Dockum Group (Figure 3.Bhytosaurs have a crocodilian
body shape, but easily recognizable with recedéereal nares on the skull roof that sit
above the antorbital area and the body length megezl 7 meters in length (Figure
3.12). Phytosaurs are ubiquitous in the Upper $itageposits of North America and
Europe. The clade Phytosauria is traditionally aered as basal group of the Crurotarsi,
however some recent cladistic analysis place thremsaster group to Archosauria due to
homoplasic distribution of the traditional phytosan characters among pseudosuchians
(Neshitt 2011; Stocker and Butler 2013) (Figured3.Phytosaur fossils are widely
distributed throughout the Dockum Group. Severed taf phytosaurs are known from

the Dockum Group, including/annia scurriensis (new senior synonym fdPaleor hinus

scurriensis, Stocker 2012bRromystriosuchus ehlersi, Paleorhinus spp.,Leptosuchus
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spp.,Rutiodon spp. andviachaeroprosopus spp. (Figure 3.10)V. scurriensis is recently
placed as the basal member of the clade Phytod&taeker 2012b), whereas the
placement oP. ehresi is considered uncertain (Stocker and Butler 2013).
Machaeroprosopus is now considered as the new senior synonynP$emdopal atus

(Parker et al. 2013) ariRedondasaurus (Hungerbuhler et al. 2013) (Figure 3.12).

50cm

Figure 3.12 The holotype skull (TTU-P10076) kdachaeroprosopus lottorum (scale bar
=10 cm, after Hungerbihler 2013) and the artistfsession for the same genus (image
credit: Jeffrey W. Martz).

Members of the clade Aetosauria are charactexagda distinctive morphology,
including a bony dermal armor composed of disonsteoderms or scutes with large
spikes in some taxa. They have a toothless, upluraak with specialized posterior
dentition for herbivory. The fossil record indicatiat they might have been the earliest
worldwide radiation of herbivorous/omnivorous arsaors (Harris et al. 2003). The
aetosaur genera from the Dockum Group represestadaxa includingtegomus
arcuatus, Coahomasuchus kahleorum, Calyptosuchus wellesi, Adamanasuchus

eisenhardtae, Typothorax spp.,Redondasuchus spp., Tecovasuchus chatterjesi,

Rioarribasuchus chamaensis, Paratypothorax andressorum, Apachesuchus heckerti,
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Serritasuchus macal pini, Longosuchus meadi, Lucasuchus hunti, Desmatosuchus spp.
(Figure 3.10). The 4.5 meters loBgsmatosuchus holds the title of being the largest
aetosaur discovered so far (Figure 3.13). Fragnudr8®gomus arcuatus, which were
originally discovered in the Newark Supergroup, @esent in the collection of the
Texas Tech Museum but this taxon was recently daghas invalid (Desojo et al. 2013).
Apachesuchus heckerti is a new taxon erected on previously known fragsehain
neoaetosauroid from the Redonda Formation, prokemblsal form (Spielmann and

Lucas 2012, pp. 84-86) just likepahomasuchus.

Figure 3.13 Skeletal drawings from dorsal (uppend side (middle) views and life
restoration (lower) oDesmatosuchus, the largest aetosaur so far (modified from
drawings of Jeffrey W. Martz).
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Revueltosaurus callenderi (Hunt 1989b), collected from the Bull Canyon
Formation as well as from the Petrified Forest Memtdf the Chinle Formation (Padian
1990), was initially associated to an ornithischearthe basis of asymmetrical and
subtriangular isolated teeth which are well searftom the alveolar portion with a
neck. The holotype consisted solely of isolatethtg@owever, the subsequent discovery
of the related jaw fragments with preserved tealttmgside of various cranial and
postcranial elements provided more details abauathinity of this animal. Presence of a
postfrontal, a calcaneum fits into the crocodilemal ankle joint and paramedian
osteoderms with anterior bars have suggestediltatienderi is a crurotarsan or a
closely related form (Parker et al. 2005), possdbbge to aetosaurs (Irmis et al. 2007b;
also see Desojo et al. 2012, figure 20).

Rauisuchians are derived crurotarsans that selyiresemble theropod
dinosaurs in body plan, especially in skull andebigl posture, but they lack the
traditional dinosaurian hallmarks such as a petéoracetabulum or a mesotarsal ankle
joint. Rauisuchians are now considered as a g&sten to Crocodylomorpha (e.g. Wu
and Chatterjee 1993; Long and Murry 1995; Neslpitk ldorell 2006; Nesbitt 2007;
Nesbitt et al. 2013). Members of this group displag main types of morphology; they
are either large sized formidable carnivores Roposaurus andPostosuchus or gracile,
ostrich-like omnivores lik&huvosaurus (Figure 3.10). Over 9-meters-loRgstosuchus
kirkpatricki which was the largest carnivore of the Triassihdrto discovered, belongs
to the first group (Figure 3.14). It has a massigad with serrated teeth, relatively short
limbs and hands with erect and powerful hind limbhew uncanny resemblance to

theropods (Chatterjee 1985). On the other h8hagljosaurus inexpectatus is a gracile,
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ostrich-like animal with toothless beak and bipguadture (Chatterjee 1993) (Figure
3.15).Shuvosaurus was originally diagnosed based on a solitary craniNonetheless,
further analysis of an associated a postcranidétke namedChatterjeea elegans (Long
and Murry 1995, pp. 161-162) clarified its identiyhereC. elegans became a junior
synonym forShuvosaur us inexpectatus (Nesbitt and Norell 2006; Nesbitt 2007). Both
aetosaurians and rauisuchians had independeniigvacherect gait by modification of
the ilium and dorsally shifted acetabulum, so thatfemur could align to a vertical
position. In spite of their erect posture, aetoisensr are obligate quadrupeds whereas

rauisuchians are facultative bipeds.
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Figure 3.14 Skeletal restorationdstosuchus kirkpatricki (after Weinbaum 2013) with
guadrupedal and bipedal stances respectively (iroaght: Jeffrey W. Martz).
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Figure 3.15 Mounted skeleton castShfivosaur us inexpectatus (photo credit: Bill
Mueller) with two different impression for the sata&on (image credit: Jeffrey W.
Martz).

The remaining crurotarsan clade Crocodylomorpladsis represented in the
Dockum Group (Figure 3.11). Three crocodylomorptatiiom the Dockum Group were
erected so faParrishia mccreai andHesperosuchus agilis, both from the Tecovas

Formation (Long and Murry 1995) aédondavenator quayensis from the Redonda
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Formation (Nesbitt et al. 2005). Unfortunately,aydylomorph fossils in the Museum of
Texas Tech collection occur mostly by isolated epts, such as the preserved complete
femur from the Post Quarry (i.e. TTU-P11443, Matal. 2013). The rest of the
crocodylomorph specimens are still in preparatiod ey will not be discussed in this

section.

Ornithodirans

Ornithodirans of the Dockum are represented owmlglibosauromorphs (Figures
10 and 11), as no pterosaurs have been discovemdyat, and the putative basal forms
are excluded in this study (i.e. Atanassov 2002 mtocoelous taxa in Martz et al. 2013).
In contrast to the crurotarsan material, the dinom@orph material of the Dockum is
incomplete, often represented by isolated elem&udar, there have been three taxa
describedDromomeron, Technosaurus andProtoavis, all unearthed from the Post
Quarry near Post, Texas.

Dromomeron was a small, around a meter in length and bipgidalsauromorph
which contains two specieb, romeri andD. gregorii. Dromomeron romeri was
discovered in the Norian Petrified Forest MembeC€binle Formation, New Mexico
based on hind limb elements (Irmis et al. 2007 &gne&addromomeron gregorii is
diagnosed based on a complete femur and assoanaiey other hind limb elements
from the Otis Chalk Quarry, Texas (Nesbitt et 802b).D. gregorii was also collected
from thePlacerias Quarry in Arizona (ibid.), which lies within thewer part of Chinle
Formation (Heckert 1997; Parker and Martz 2011)isatated left femur oD. gregorii

(TTU-P11282) was published for the first time iwark about the Post Quarry vertebrate
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assemblage (i.e. Martz et al. 2013), alongside antlinspecified dinosauriform tibia
(TTU-P11127)Dromomeron is now clustered together witlager peton chanarensis
(Romer 1971; Sereno and Arcucci 1993) and bothrgeare classified under the clade
Lagerpetidae (Nesbitt et al. 2009b) (Figure 3.10).

Technosaurus smalli is estimated to be about 1.8 meters long andagvkrfrom
jaw fragments with triangular teeth with a well é®ped neck and denticular edges, a
vertebra and an astragalus in mesotarsal pattéhnaniascending ramus (Chatterjee
1984). However, following reexaminations of thedtgpe (Sereno 1991b; Irmis et al.
2007b; Neshitt et al. 2007) only the premaxilla #meldentary can be assigned to
Technosaurus. T. smalli was originally allied with Fabrosauridae (ChaterjL986; Murry
1986) on the basis of tooth morphology which redesbasal ornithischians such as
Pisanosaurus (Norman et al. 2004); however such similarity nbaythe result of
convergent evolution. Based on highly similar jawrphology,Technosaurus is
currently allied with silesaurids which is consigero be the sister group of Dinosauria,
(Brusatte et al. 2010a; Langer et al. 2010, 20E%hit et al. 2010) (Figure 3.10).

Protoavis texensis (Chatterjee 1991, 1997, 1999) is probably the mostworthy
and most controversial discovery from the Dockuroupr(see Ostrom 1991; Chiappe
1995; Padian and Chiappe 1998; Nesbhitt et al. 200i8)considered to be the earliest
bird based on the confluence of the upper and legraporal fenestrae and the orbit as in
extant birds (see Goodrich 1958), along with a lyiglerived braincase and flight
apparatus. It is regarded as a member of the aviddale and more derived than

Archaeopteryx (Chatterjee 1997).
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No sauropodomorph fossils are hitherto reportedhfthe Dockum Group or from
the Triassic of North America, whereas the allegedthischians were previously
discarded by the subsequent discoveries and phydbigeanalyses (see above, also Irmis
et al. 2007b; Nesbitt et al. 2007). However, ttemesome unequivocal basal theropod
fragments from the Dockum Group (Figure 3.10) aw preliminary papers about this
theropod material (TTU-P10071, 10072, 10082, 1043841 11044) has been published
(Lehman and Chatterjee 2005; Nesbitt et al. 20@&0Nt and Chatterjee 2008; Martz et
al. 2013). These theropods are reported tGdmbophysis or at least close to
coelophysoid group. On the other ha@dseosaurus crosbyensis (Hunt et al. 1998) was
described for an isolated ilium from the Tecovaskation (see Case 1927) and is
considered a junior synonym f@hindesaurus bryansmalli from the Petrified Forest
Member gensu Parker 2005) of Chinle Formation (Long and Murg®3). Some other
skeletal fragments @. bryansmalli are also reported from the New Mexican outcrops of
the Bull Canyon Formation in (Long and Murry, ofi.,@. 174). Another described
theropod from the Bull Canyon Formation in New Mexis theGojirasaurus quayi
(Carpenter 1997) that is considered as a putate®physoid (Nesbitt et al. 2007).
Together with the unpublished fossils, the affimfythese theropods and other

dinosauromorphs from Dockum will be evaluated ifof@ing chapters.

Taphonomy of the Land Tetrapodsin Southwestern North America

The term taphonomy was coined by Russian paleagitillvan Antonovich
Efremov (1908-1972), which corresponds to the stfdyonditions and processes by

which organisms become fossils. It appears thaétaee two main components of land
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tetrapod taphonomy: Death and burial. The procesgppbonomy initiates with death,
where an organism is either killed by the environth{@ooding, mass movement,
volcanic effects etc...) or it dies by natural esi§redation, disease, drowning etc...).
Environmental perturbations in large scale createsmss mortality which involves
multiple species; whereas perturbations in smdigrees only reflects a death
assemblage of a single species, as exemplifieldpdcasional mass mortalities in

various tetrapod taxa (e.g. birds) due to a sudtiange in their habitat (Figure 3.16).

Magnitude Implications

Occasional deaths of

Natural Causes Individual fossils individuals

Mass mortality

(Single or few taxa) Local disturbance

Environmental Perturbations

Mass mortality

(Multiple taxa) Global/Regional catastrophe

Figure 3.16 Summarizing table for the mortality & taphonomy

Being covered by sediment very quickly or presérnvea quiet medium
significantly increases the chances for a dead bothgcome a fossil, where in both
cases it is crucial to get minimally exposed toghgsical and chemical agents,
especially to oxygen. It is not surprising to obgeintact preservations in autochthonous
burials (Figure 3.17 and 3.18). Autochthonous bumidicates that the animal is
preserved at the death site or where the parwdiscarded (Behrensmeyer and Hook
1992, page 19). An autochthonous burial generaigyces intact preservation in two
main patterns. One is the instant burial (e.g.itlitibs, mudflows, debris flows, lahars
etc.); including a thick sediment cover after astbphic event which accumulates to a

particular area in a very short time, as documeinte¢de Late Cambrian Burgess Shale

40



Texas Tech University, Volkan Sarigul, Decemberf201

biota in Canada and in the Early Cretaceous Jettd m China. The other can be
termed as calm burial, indicating an undisturbetlisg area due to properties of the
aqueous medium (stratification, anoxia, depth.¢td.hese quiet environments are
perfect for an intact preservation of fossils whaeh typically exemplified by huge
permanent lakes as the Green River Formation infdityg and the Messel Shale biota in
Germany, both from the Eocene Epoch. Quaternamitsof La Brea in California can
also be counted as another type of conservativeumed\ll these fossil sites represent
mass mortality of whole community in exquisite detasnapshot of ecological
interaction with intact fossil preservations (Konsg-Lagerstatten). However, not all
autochthonous burials produce intact preservatioaphemeral lakes, carcasses of the
riparian animals which have died around the lakesaasonally revealed. Thus, those
carcasses become exposed for further degradatiaveisging and trampling and finalize

with an attritional preservation due to loss of skeletal elements in high numbers.

Carcass
/ \
Articulated (intact) Disarticulated
/ \
Brief exposure Continuous exposure
N |
Associated Disassociated Attritional

Figure 3.17 Summarizing diagram for the preserveatypes of a tetrapod carcass.
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Regime Mechanism Preservation |Examples from Chinle and Dockum
High energy
(e.g. turbidites, mudflows, | Covered by sediment Intact N/A
& volcanic activities)
=
=]
s Preserved by the
E (e Lioxévle::ergr ¢ pits) properities of the Intact N/A
= .g. quiet lakes, tar pits medium
=]
=
< - Boren Quarry
Low energy Revealed for further Attritional - Kirkpatrick Quarry
(e.g. ephemeral lakes, degradation ritiona
sabkhas)
s
5 - Whitaker Quarry
m - Trilophosaurus assemblage
. Associated (Otis Chalk Quarry)
=] - Abandoned channels
Low ener o
c ay :
2 (e.g. seasonal flooding) Covered by sediment (Macy Ranch and Patricia Quarry)
E - Placerias Quarry
] Disassociated | - Lamy Quarry
‘é - Post Quarry
T
[ : - Many of the floodplain fossil
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Figure 3.18 Summarizing table for the burial phasaphonomy for tetrapods in a
fluvial environment, including the examples fromida and Dockum.

On the other hand, disarticulation of a skeletotiates when a preserving
medium is absent (Figure 3.17 and 3.18). A ripargrapod carcass lying on a river
bank or floating in a river channel is commonly eg@d long enough for disarticulation,
as experienced ordinarily in nature, whereas phaysiorasion, trampling and chemical
oxidation is directly related to the disassociatdlisarticulated skeletal elements. In a
long-term exposure to those external factors akktpart in attrition and scattering
which corresponds to the loss of skeletal elemémtsther words, the association and
attrition of skeletal elements depends on how libvegcarcass is exposed to the external
agents. Besides the environment, extensive scavgiogidegradation might take part in
disassociation and attrition; however modern cas#iess indicate that this type of

consumption and decay won't let the carcass predemthe geologic record in most
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cases (Behrensmeyer 1975, pages 476-479 and redsrdrerein). Only the skull might
be an exception due to the excessive ossificatidnpassession of the least flesh and
viscera in quantity.

Therefore, disarticulating carcasses could onbobee a fossil if they are
transported into a preserving environment. In fir@invironments, carcasses of the
riparian tetrapods generally transported withingame fluvial habitat, if not carried
away to paralic settings, and buried in close Wgiwhich is termed as
parautochthonous. Unlike allochthonous burial whigdtects that the body is transported
both from the original site of death and out of ¢inginal habitat; parautochthonous
burial refers to the transportation of the bodyrfrtine original site of death but still
preserved in the original habitat (Behrensmeyertamok, op. cit.). The dominant regime
in fluvial environments which influences parautdarious burial is flooding. There are
two types of flooding: seasonal flooding and fléisleding. Seasonal floods occur in
annual cycles, as the inundations of the River MilEgypt or the Ganges-Padma River
in India and Bangladesh. Seasonal floods do ngtgleonsiderable part in killing
organisms but they rather are important in bugaj.(floodplain sedimentation, crevasse-
splay deposits). Low energetic seasonal floods kiesgpticulated skeletons either
associated or disassociated but always protedatwass from further attrition (Figure
3.18). On the other hand, a flash flood fits todleénition of a catastrophic mortality
which might cause a mass mortality for the ripatetrapods. Especially in arid and
desert regions like modern day Arabia and Northcafrheavy rains usually create flash
floods. As well as mass movements which createcatitonous preservations with

instant burial, flash floods are also originatezhirheavy rains. Therefore, only
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sediments that a flash flood can carry are the onats pathway. Although flash floods
carry much coarser grains compared to the seafiondk due to their higher current
velocity, they are more of an erosional agent rah@n a sedimentary in larger scale
(e.g. Channeled Scablands in Washington Statégrims of taphonomy, flash floods
mainly contribute to the dispersal and scatterihtipe disassociated body parts to a
larger area (Figure 3.18). As another high enexgeédium in fluvial environments, the
active river current will also scatter the skelgtatts if the disarticulated body parts fall
into the river channel (Figure 3.18). Thus, atritfor the riparian tetrapods in fluvial
environments is related to the current velocityhef medium (i.e. water); but it is also
proportional to the surface area and volume ofk@detal parts (Voorhies 1966;
Behrensmeyer 1975, 1988). Lighter particles suckedgbra and ribs (Group | of
Voorhies) are transported further away relativentwe robust parts like limb elements
and pelvis (Group Il of Voorhies) and skull and jasithe most durable parts (Group IlI

of Voorhies).

Taphonomy of the Chinle Tetrapods: a Prelude to Dockum Taphonomy

The taphonomy of the Chinle Formation is bettesviin and more extensively
worked relative to the Dockum Group, where bothadés are rich in occasional fossil
findings of individual deaths. No catastrophic masstality events are recorded in any
Chinle or Dockum sites; however, there are varimogsiotaxic mass mortality sites,
especially within the Chinle Formation, where thare three main sites of these unusual

preservation sites: Whittake€gelophysis) Quarry,Placerias Quarry and Lamy Quarry.
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Figure 3.19 Taphonomy of tl&el ophysis individuals of the Whitaker Quarry (after
Schwartz and Gillette 1994). This slab is redrawnhe cited authors based on the block
no. IX in the American Museum of Natural Histom¢luding the highlights by Edwin H.
Colbert.

The Whitaker Quarry (or the Ghost Rar@@tel ophysis Quarry of Colbert) is a
fossil locality situated in Rio Arriba County, NeMexico, and belongs to the uppermost
portion of the Upper Triassic Chinle Formation. g uarry is the most famous fossil site
in the Chinle-Dockum Basin which produced exce#lgreservations of the theropod
Codlophysis. This quarry includes a concentration of numeiedidt and juvenile
Codophysisindividuals, even with stomach contents in somekvlare recently
reevaluated (Nesbitt et al. 2006). Although itengrally suspected from an
asphyxiation/heat during a volcanic eruption or aost of poisoning/disease for this
mass mortality, it is proposed that those animadgr@ost likely perished during a

drought and their carcasses were washed downstrearshort distance during a

seasonal flooding and accumulated in a small ceevelsannel (Schwartz and Gillette
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1986, 1994; Hunt and Lucas 1989). It is also asslutima the recurved necks and tails of
Coelophysisindividuals and the presences of aridity structgtesh as caliche layers and
mud cracks indicate that their demise precedetuhial. AlthoughCoelophysis
individuals were buried relatively soon after treath before any serious scavenging or
disarticulation, this type of preservation poir@satparautochthonous burial where 70 to
75 per percent of the remnants are disarticulatesine extent (Figure 3.19).

Placerias Quarry is discovered by Charles Camp and Samudéggvie 1930's
and it is located in lower part of the Chinle Fotima near St. Johns, Apache County,
Arizona. Alongside of various other taxa like ael@s, rauisuchians and various
microvertebrates (e.g. Kaye and Padian 1994; Lowig\durry 1995; Lucas et al. 1997a;
Irmis 2005; Parker 2005), this site is particulanhportant by the discovery of
dicynodontPlacerias hesternus (or P. gigas of Camp and Welles 1956). This quarry
reflects another mass mortality probably due tinéanse drought, similar to the
Whitaker Quarry (Fiorillo et al. 2000). Current sadntologic evidence supports this
theory against the marsh/pond assumption of CardMélles (1965; Jacobs and Murry
1980) where those animals typically congregatehbypresences of typical aridity
structures such as pedogenic (secondary) carboodtées, root casts and mottled strata,
together with the absences of coal or organic mattk horizon, and of the aquatic and
amphibian fossils. This dead assemblage was cavieg by the low energetic seasonal
floods to a short distance and parautochthonousiet. Although the bones stand
disarticulated and unassociated, they also displagrrow range of bone weathering (i.e.
little post-mortem damage) which indicates a re&dyi slower burial with more exposure

to decay but not enough to get introduced to playsicavenging or trampling. The
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relative abundances of skeletal elements mostlgrfapipodial elements such as
humerus and femur (Voorhies Group 1), suggestingld sorting by the seasonal
flooding. Skulls and mandibles are often crushetl@ilected in pieces of individual
elements.

Lamy Quarry is another case study to evidence ssmmertality (Romer, 1939;
Colbert and Imbrie, 1956). This quarry is locatedhe lower part of the Garita Creek
Formation (Lucas and Hunt 1989a) in Santa Fe CoiNgw Mexico. The death
assemblage in the Lamy quarry is actually pauatarcluding few taxa as evidenced by
isolated phytosaur teeth, an archosaur sacrum amalig microvertebrate remains. But
the fossil record in dominated by teskinonodon perfectus (new senior synonym for
Buettneria perfecta, see Mueller [2007]) mass mortality (Figure 3.20diginally, the
cause for this mortality is also tied to a seridusught, where those amphibians were
assembled together in a drying pond and died gétteer,in situ (Romer 1939; also
Gregory 1980). However, reexaminations on this iguahich provided disarticulated
and mixed skeletal elements revealed a fluviaisgrin a floodplain, executed by a
seasonal flooding event (Hunt and Lucas 1989, 1998)ough the carbonate nodules;
rhizoliths etc. are found widespread within thegagzhically modified floodplain
mudstones, absences of such direct evidencesditfyan the fossiliferous layer of the
Lamy Quarry are argued to question the real etiearidity in this mass mortality

(Lucas et al. 201@ontra Fiorillo et al. 2000).
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30 om :
Figure 3.20 A large slab from the Lamy Quarry whicmtains both cranial and
postcranial elements &foskinonodon perfectus, situated in the Museum of Comparative
Zoology, Harvard University (after Colbert and In#1956; Lucas et al. 2010).

Unlike Whitaker andPlacerias quarries, transportation and sorting might have
played a more important part in the Lamy Quarrpeesally creating a peculiar situation
for robust skulls and mandibles. In Lamy Quarrythbaelicate (vertebral and shoulder
girdle elements) and robust (skull and mandiblejrents of thé&oskinonodon are
preserved together. This represents a contrakiviaf sorting (see Voorhies 1969)
which might explained in two different models: ethhese elements were accumulated
in two different regimes or highly flattened metspar skulls acted as a rib or a girdle
element which had a higher surface area propodioméhe volume unlike any other
tetrapod skull (Zeigler et al. 2002). Howeversiteported that numerous limb bones

were also collected from the Lamy Quarry, whicmgigs a main enrichment of Group

Il elements alongside of Group IIl elements of laes (1969) (Lucas et al. 2010).
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All three forecited Chinle quarries reflect ditat stages of parautochthonous
burial after a mass mortality (see Figures 3.16&at8).Coelophysis skeletons of the
Whitaker quarry are disarticulated to some poirttdtilli found associated. On the other
hand, bottPlacerias andKoskinonodon skeletal elements show complete disarticulation
and disassociation, predominantly due to hydraditing with slight wearing due to
chemical corrosion in the former one. All three jigs are located in floodplain
deposits, where it is assumed that those mass Iiiegt@robably occurred due to intense
drought periods, and the carcasses are coverdteldgltowing seasonal flooding before

any serious physical disturbance.

Dockum Taphonomy and Fossil L ocalities

As already discussed above, three main facieseaognized in the Dockum
Group as the channel-related facies, the overdankiplain facies and the lacustrine
facies, predominantly made of sandstones, mudstameslaystones respectively (see
Lehman and Chatterjee 2005). All three facies amesponding formations host various
fossil sites (Figures 3.21 and 3.22), but they display different taphonomic patterns.
The taphonomy of the Dockum Group is very muchealikthe one of the Chinle
Formation (see Figures 3.16, 3.17 and 3.18). Therseveral fossil localities with
occasional deaths, as well as some important madslity sites. The riparian tetrapod
fossils of Dockum and Chinle are buried either alatbonously or parautochthonously.
All the tetrapod fossils are collected within theirginal habitat of fluvial deposits, and
they show all three types of preservation patternassociated, disassociated and

attritional.
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lithostratigraphy, sequences (1 and 2) and théigiaphic positions of the
dinosauromorph bearing quarries (modified afterrhah and Chatterjee 2005; Martz et
al. 2013 and Bill Mueller, pers. comm. 2014). PRloo Canyon Locality is within the
Tecovas Formation; however its stratigraphic posits unknown.
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The Channel Facies

The Santa Rosa and Trujillo formations which repre the main channel facies
are not fossiliferous due to the high environmeatedrgy. So far, only a couple of
metoposaur bone fragments and a phytosaur sklatrfia scurriensis, Stocker 2012b)
were collected from the Santa Rosa Formation. Snhgiin Trujillo Formation, only one
osteoderm of the aetosdusngosuchus meadi was reported. There are no quarries within
this study from any of the two formations (see Fegu3.21 and 3.22). The channel facies

represents the active river channel with massinasscbedded sandstones; the
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abandoned, crevasse or other passive channelprediominant mudstone lithology are

included in the floodplain facies.

The Floodplain Facies

The floodplain deposits, especially the proxinzaliés, are generally the richest in
fossil content but the tetrapod fossils are raagticulated (e.g. Smith 1993). Dockum
deposits display quite a variety of floodplain tafdties, including the remnant channels
of the main river channel which are highly fossitdus. These abandoned river channels,
including oxbow lakes, display beautiful examplésawtochthonous preservation pattern
(Lehman and Chatterjee 2005). Accordingly, thistgp depositional structures
correspond to the channel-fill taphofacies (Behmesger 1988) with fine grained
sediments which contains relatively more associgketetons, in contrast to the channel-
lag taphofacies which represents the active ritanoel itself with coarser sediments,
high flow and active reworking (see Behrensmeyercdp table 1). The main separation
of the channel-lag and channel-fill taphofacie8@ehrensmeyer (1988) also explains the
lack of fossil material in the Santa Rosa and Tlauformations (see Figure 3.22). The
tetrapod fossil content in those abandoned chatemsits is mainly dominated by the
aquatic or semi-aquatic animals (Lehman and Che¢t@005), as exemplified in Macy
Ranch (MOTT 3927) and Patricia Quarry (MOTT 38 &&dlities in the upper part of the
Bull Canyon Formation (Figure 3.23). In both quasriit is documented associated
skeletons of the phytosaltachaeroprosopus within the "abandoned channel facies"”
(Lehman and Chatterjee 2005; Hungerbuhler et dI3R(Figure 3.23). This type of

burial probably occurred in a quiet oxbow lake vehtre carcass exposed to a low pace
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seasonal flood which have gently carried the setictdated and associated skeleton into

a depression in a short distance.

Figure 3.23 The associatdthchaeroprosopus skeleton in the Museum of Texas Tech
University gallery from the Macy Ranch (MOTT 392@gality, together with the
holotype skull oM. lottorum (lower right) from the Patricia Quarry (MOTT 3870)
(Photo credit: Bill Mueller).

However, both Macy Ranch (MOTT 3927) and Patr@iarry (MOTT 3870)
localities produced only a few well preserved indirals. Channel-fill deposits show
noteworthy preservations in some cases, as ifirih@ohosaurus assemblage of the Otis
Chalk Quarry. It is argued that the taphonomy ef@htis Chalk tetrapods, at least
partially, affected by the flash floods (Elder 1971887). Tetrapod fossils of the Otis
Chalk are found in two different preservation paise Quarry 1 (TMM 31025; MOTT
1998) displays an accumulation of mostly associadtddphosaurus skeletons, together
with abundant freshwater bivalvddr{io) and coprolites. A mixture of delicate and

robust bones of this quarry shows no signs of ama®n the other hand, Quarry 3

(TMM 31100; MOTT 2000) although it also compriseslvpreserved delicate bones,
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dense bones are abraded and display biologic réemgprRccompanyindJnio shells and
coprolites are also fragmented. Quarry 2 (TMM 310dQTT 1999) and Quarry 3a
(TMM 31185) are similar to quarries 1 and 3 respety. This contrast between two
taphonomies is interpreted by different energymeg; a quick deposition after a
catastrophic flooding (quarries 1 and 2); and gdascale transportation with gradual
deposition after a low pace flooding (e.g. crevagday model) which is responsible for
the attrition of the elements (quarries 3 and 3a).

However, there are some discrepancies in Elder&4. Even if a flash flood is
considered as the cause for Tmdophosaurus thanatocoenose in Quarry 1, flash floods
do not carry enough sediments in order to providsstant burial (see above), and also,
the preservation of both delicate and dense boinéisarticulated skeletons directly
eliminates the presence of a high energy enviromh@rmng the burial phase
(Behrensmeyer 1975, 1988). As happened in the WéritQuarry, mass accumulation of
Trilophosaurus (also see Gregory 1945) is similar to the on€ad ophysis by means of
gentle sediment covering which succeeds the masslity In this context, the
Trilophosaurus assemblage of the Otis Chalk Quarry is consideegd &s the
taphonomic equivalent of the Whitaker Quarry (sigifé 3.18). Most likely, the
biogenic material would affect minimum damage gradual flooding, thus for the
Quarry 3 (and 3a), worn bones and broken shellp@ssibly related tpost-mortem
corrosion, scavenging and trampling, rather timesitu fluvial abrasion.

In addition to the Elder's observations, many &umembers of the Otis Chalk
qguarries are represented mostly by skull, limbsavapace (e.g. Lucas et al. 1993) which

indeed points out a dominant parautochthonous lbwitla attritional preservation (see
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Figure 3.18). However, it seems that those padrcgliarries of Otis Chalk cannot be
characterized by any exclusive preservation tye. fivo other important elements of
the Otis Chalk fauna, the problemafitischalkia (Hunt and Lucas 1991c, see Chapter 2)
andDromomeron gregorii (Nesbitt et al. 2009b) are represented predomiypnagtthe

limb bones (i.e. Group Il of Voorhies) which ardlected from Quarry 1 and Quarry 3,
respectively. This situation clearly represent®erasional sorting by the medium (i.e.
water) in each quarry, where the bones were wisiedytered.

An exceptional preservation area with lots of siksiated skeletons is also
present in the Dockum sequence. This area is teeQuarry, perhaps the most
productive and the most famous quarry among alkDorclocalities, which is located to
the upper part of the Tecovas Formation. The Past@ (MOTT 3624, formerly known
as Miller Quarry) was regarded as a type secticgh@fCooper Canyon Formation.
However, recent mapping suggests that it belongjsetdecovas Formation (Martz 2008;
Martz et al. 2013). Post Quarry has yielded thetypkes of the iconic genera
Rileymillerus, Pachygenelus, Technosaurus, Postosuchus, Protoavis andShuvosaurus as
well as many complete crurotarsan skeletons su€reamsatosuchus, the largest aetosaur
hitherto discovered, and many other tetrapods dthetpApachesaurus. Post Quarry has
also produced other dinosauromorphs includingmomeron andChindesaurus which

will be discussed in the present work.
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Figure 3.24 Taphonomy of thostosuchus kirkpatricki speci;n(;ns in the Post Quarry
(after Chatterjee 1985).

The taphonomy of the Post Quarry is complex.dfiitj it was interpreted as a
flash flood event for the concentration of this titakic bone bed in very small area, both
juveniles and adults (Chatterjee 1985). Howevanestong term process of bone
concentration is suggested for the later dispefsdie disarticulated skeletons with both
delicate and robust pieces, of which the long akisones are found aligned (Lehman

and Chatterjee 2005). No matter what is the catidf@somass mortality, it strongly
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signifies a low energetic seasonal flooding whiokered the decaying and

disarticulating carcasses. In this context, thdapmy of the Post Quarry displays high
similarities with thePlacerias Quarry with the parautochthonous and somewhat ddlay
burial (see Figure 3.18). One significant differemt Post Quarry is that the

disarticulated fossil parts are found clusterethige chunks of mudstones, as seen in the
holotype ofPostosuchus kirkpatricki (Figure 3.24), however the scattered nature of the
bones falls into the disassociated preservatidrerahan associated preservatioonfra
Lehman and Chatterjee 2005).

On the other hand, the main depositional pateparautochthonous for the rest
of the Dockum floodplain facies localities includithe remaining localities of Macy
Ranch, Patricia Quarry, Otis Chalk quarries (se®@pand the Palo Duro Canyon
Locality (Figures 3.21 and 3.22). The tetrapod reshare often isolated and scattered
bones with occasional damage and distortion, sigigfan attritional burial (Figure
3.18). Similarly, the Dockum dinosauromorphs arestiyaepresented only by a single
bone, mostly by a femur or tibia. They do not pessebvious bite marks or any other
traces of scavenging but diagenetic distortiorsome. Both femur and tibia belong to
Group Il of Voorhies (1966) which has a mediums&sice to dispersal and
transportation (see above), signify a small scalesportation for these limb bones and

therefore more powerful flood currents than usBahfensmeyer 1975, figure 5).

TheLacustrine Facies

The lacustrine facies of Dockum contains variassil sites, where the bones are

largely disassociated with calcareous coating. H@wneunlike the regular lacustrine
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facies which are generally characterized by red¢dyideep and permanent lakes with
exquisite preservation, the Dockum settling was@ldo sabkha/playa lakes which are
ephemeral with a very shallow water level (see Fed118). This is a peculiar lacustrine
facies which had accumulated in local floodplaipréssions, probably formed by
dissolution of the Permian salt layer beneath awdmpanied subsidence (Lehman and
Chatterjee 2005). The vertebrate fossil assemblagedominated by occasional deaths
of aquatic and semi-aquatic animals which werawabchthonously buried. The bones
are found in the coarse carbonate granule laysmsel as within the lacustrine
mudstone. Many of these elements are delicate eaditifully preserved. The burial
phase includes re-exposition of the fossils fottfer degradation due to the total
evaporation of these peculiar lakes; which bringstéritional preservation. This
lacustrine facies is mainly restricted to the lowart of the Tecovas Formation, as

documented in Boren and Kirkpatrick quarries (Fegu8.22 and 3.23).

The Boren Quarry (MOTT 3869, formerly known as ey Quarry) situated at
the lowermost part of the Tecovas Formation amlthe lowermost quarry in this study.
It is associated with few sandstone and siltstats lof channel and over-bank deposits.
Although only one associated skeleton which beldadfaleorhinus is preserved in
Boren Quarry, most of the faunal elements are camgbof disassociated parts of both
aguatic and terrestrial tetrapods. An attritiomaht also appears for the dinosauromorph
remains from these sites. Above it, the Kirkpati@karry (MOTT 3828, the "Kirkpatrick
Sites" of Lehman and Chatterjee [2005]) is ricklisarticulated but well-preserved

microvertebrates in carbonate fine conglomerat#ings with unionid bivalves. This
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composition indicates also a high non-vertebradéolgic activity was also present in

these freshwater systems (Figure 3.25).

Figure 3.25 Characteristic structure and facigdafkum ephemeral lakes in the
Kirkpatrick Quarry (modified after Lehman and Clegie 2005). Tetrapod bones are
found within the carbonate granule conglomeraté witionid bivalves (c) in a typical
Dockum lacustrine sequence of very fine ripple sfiasninated and parallel-laminated
sandstone (a); thinly bedded red siltstone (b);smasdark red mudstone (d); green-gray
claystone with coprolites (e); and tan-yellow moast with carbonate filled burrows.

In summary, we have two main fossiliferous fadgreBockum: the floodplain
facies and the lacustrine facies. The floodplaiargas provide beautiful examples of
parautochthonous burial, where the skeletal elesnana mostly found attritional under
high environmental energy. THeilophosaurus assemblage of the Otis Chalk Quarry and
the Post Quarry assemblage represent the two masality sites in the Dockum
floodplain facies. The former one consists of mentyviduals of the cited taxon with

associated preservation, whereas the latter yieltsy different taxa in close temporal

sequence but the skeletal elements are dispereedaphonomy of lacustrine facies in
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Dockum is attritional, possibly due to the occasiaxposition of the carcass for further

scavenging, trampling or physicochemical degradatio
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Chapter 4

Descriptions of the Dockum Dinosauromor phs of Texas

The clade Dinosauromorpha (Benton 1985) was atexd@ne of the first clades
after the cladistic tradition had entered the femsihosaur studies (Figure 4.1). The
definition for Dinosauromorpha is a node-basedexpatessed dsagerpeton
chanarensis, Marasuchus lilloensis (n. combLagosuchuslilloensis, Sereno and Arcucci
1994),Pseudolagosuchus major, Dinosauria (including Aves) and all descendantheir

most recent common ancestor (after Sereno 1991a).

Stance and Locomotion of Archosaurs

The locomotor module is one of the main distingung parameters of
dinosauromorphs (e.g. Bakker 1968; Charig 1972hably the most important one. In
lepidosaurs and stem archosauromorphs, the ationulsurfaces of the femur lie on
counter sides where the capitulum faces dorsaliyte condyli lie ventrally, regarding
the articulatiorin vivo. Such configuration and related features on fesedinitely
mandates a sprawling posture (e.g. Romer 1956;hthgaen 2001b) (Figure 4.2).
Trilophosaurus is a good example for sprawling archosauromorphsra/ithe femoral
head is very faint and positioned closely to athetdy large internal trochanter. On the
countering posterolateral side, protraction/leggwnuscles are attached to the posterior
ridge which is separated from the femoral headhleyinitertrochanteric (adductor) fossa

(e.g. TTU-P18247).
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Figure 4.1 Simplified cladogram showing the phyloggc relationships of the Dockum
archosaurs (Points for node-based clades, arravetdm-based clade#)rchosauria:

no teeth present on vomer, palatine and pterygaidaneal tuber directed more than 45°
posterolaterally, calcaneum with contiguous articsurfaces for fibula and distal tarsal
4; Crurotarsi: Crurotarsal peg-and-socket ankle joi@tnithodira: Mesotarsal (hinge-
like) ankle joint;Dinosaur omor pha: ventrally descending articular surface on proximal
femur for pelvic antitrochanter, prominent cnenaigst on tibia, ascending process on
astragalus; metatarsal V unhookBinosauriformes: proximal femur with trochanteric
shelf and protruding lesser trochanter (also ittisi"D. gregorii), posterior process on
distal tibia, anterolaterally placed ascending psscon astragaluBjnosauria: iliac
acetabular wall concave, reduced IV. and V. maimgaisd(manal records are very poor in
non-dinosaurian dinosauromorphSaurischia: propubic pelvic patternf her opoda:
Intramandibular joint well developed, hollow longres, aligned posterior condyli on
tibia; Neotheropoda: furcula (no preservation in herrerasaurids),\afibrevis fossa on
ilium, concave surface between cnemial crest astiepior condyli on the proximal
surface of tibia, fibular crest on tibia, deepearemion of the ascending process of
astragalusAverostra: Promaxillary fenestra on snout; advanced astréigaojoint;
Tetanurae: Derived maxillary and humeral features, modifieghms with three digits,
more robust pelvic and hind limb features in mbd&aniraptora: Vertical quadrate,
interdental plates absent on dentaries, epipopiptaesd proximally to
postzygapophyseal facets on cervical vertebrae¢ga synapomorphies after Marsh
1881, 1884, Seeley 1887; Chatterjee 1982; Gauil®igé; Novas 1989, 1996; Sereno and
Arcucci 1990; Sereno 1991a; Sereno and Novas X233ie 1997; Padian and Chiappe
1998; Paul 2002; Kellner 2004; Langer and Bentdd62d urner et al. 2007; Nesbitt et
al. 2009d; Nesbitt 2011; Carrano et al. 2012; Largal. 2013). In the Dockum Group,
Six successive taxa of Lagerpetidae, Silesauridagerasauridae, Coelophysoidea,
Maniraptora and Avialae are represented (bold fauitts asterisks), thus filling the major
gaps in the early evolutionary history of dinosaurs
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The femur ofProterosuchus is also very similar to primitive archosauromorphs
and the same plesiomorphic configuration is obskalso inErythrosuchus (Parrish
1992; Gower 2003) where&sythrosuchus differs from the ancestral forms by having
both intertrochanteric fossa and a fourth trochafRarrish, op. cit.), which receives the
main hip retraction muscle (Figure 4.3). The horgglof the fourth trochanter is still
unresolved; however its prominence is in directeation with the diminishing internal

trochanter (Hutchinson 2001Db).

o n:-jﬁﬂ: [“;gi-“l '!'(g‘-b ns:n oot
Figure 4.2 Posture sketches for sprawling (leétinserect (middle) and erect (right)
poses (Gatesy 1991, modified after Charig 1972).

Erythrosuchus Alligator

Figure 4.3 Sketches showing the flexor sides ofitjle femora ofEerythrosuchus (after
Parrish 1992) andlligator (Hutchinson 2001b). Abbreviationd, femoral headft,
fourth trochantergt, greater trochanter, internal trochanteiif, intertrochanteric fossa;
pr, posterior ridge.

63



Texas Tech University, Volkan Sarigul, Decemberf201

The switch in hind limb positioning under the bddgds to a semi-erect or an
erect gait that is a shared trait for the out-grofiproterosuchidae and Eryhtrosuchidae
(Benton and Clark 1988; also see Kubo and Bent®7R2d he orientation and
kinematics of femur affects posture dramaticallizeve in non-sprawling posture the
intertrochanteric fossa gets less pronounced,naterochanter and adductor ridge fade
away (Figure 4.3). In modern crocodiles (&digator), the sigmoid or "S-shaped”
femur positioned the projected femoral head dorsbatlg which enables a semi-erect
posture termed as "high walk" (Gatesy 1991). Simype of twist in the femur of
Euparkeria (Ewer 1965), and of the members of Proterochanaps(d.g. Trotteyn et al.
2012) and Phytosauria (e.g. TTU-P14330) strongljcates a semi-erect gait. The study
of the pelvic girdle and hind limbs indicate tiaiparkeria was a facultative biped where
it mostly stands on four limbs, where the membétb® latter two groups are
presumably obligate quadrupeds, like modern crdesdin the rest of suchians, despite
the sigmoid femoral pattern, an erect gait is gaithge to the evolution of the
supraacetabular crest, a laterally prolonged psoog&the ilium which covers the
proximal end surface of the femur and possibly sighe vertical alignment with
trochanteric ligaments (Figure 4.4). This postgranformally called "pillar-erect” in
literature (Bonaparte 1984; Benton and Clark 1988).

Erect crocodilian kin such as rauisuchians andsaeirs solved this problem by
re-positioning the hip articulation towards dorsigle, whereas dinosauromorphs also
independently achieved an erect gait. Despiteitirea@dal shape of the femur in non-
dinosaurian dinosauromorphs and also in basal diregas well as many crurotarsans,

Nesbitt 2011), erect gait in dinosauromorphs ialdisthed by (1) an expanded
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trochanteric fossa (facies articularis antitrockanot) that articulates to the
corresponding antitrochanteric facet of the pedwid positions the long axis of the femur
closer to the sagittal axis; (2) a prominent cnégriast on proximal tibia that receives
the iliotibial musculature; and (3) an ascendingcpss on astragalus which braces the
distal tibia and forms a more compact ankle stmec{see Figure 4.1). In dinosaurs, the
femoral head articulates into the hollow hip soakih a right angle (i.e. straight
"dinosaurian” femur) that assures the erect stéihbcatress-erectSensu Schachner et al.
2011, Figure 4.4); together with a derived gretatmrhanter that receives the hip
stabilizer muscle, M. iliofemoralis (Welles 198%he great trochanter seems to be
evolved from the ancestral posterior ridge (Hutsbm2001b, also see Figure 4.3) that is
further accompanied by other derived characterthemelvis and hind limbs in higher
theropods. Ultimately towards modern birds, in @hwith the reduction of the tail, the
ilium gets enlarged anteriorly and attains largefece area from where the hip stabilizer
muscles originate, whereas the femur gets small@pared to the tibia and the femoral
shaft is positioned more horizontally, thus resantlesser degrees during locomotion
(e.g. Hutchinson and Gatesy 2000; Hutchinson 2000@1b).

As a consequence of this hind limb configuratioreiect archosaurs, it only
allows parasagittal movement with the notable ettcemf pterosaurs. Pterosaurs
probably had an erect gait too, although theiramgtim is not perforated. The femoral
head is dramatically projected dorsomedially frdva $haft in pterosaurs, analogous to
the human femur. Such extension creates a verynagrfeamur, with a ball-and-socket

joint movable in all 3 spatial axes.
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Figure 4.4 Sketches showing A, the "buttress-engasture offyrannosaurus rex (after
Brochu 2003) and B, the "pillar-erect” posturdPoposaurus gracilis (Schachner et al.
2011). Note the projected femoral head penetrateshe perforated acetabulumTin
rex, whereas the dorsally pronounced femoral heathiw@&ced by the iliac
supraacetabular crestihgracilis, both resulting in an erect stance. Abbreviatidas:
femur;il, ilium; sab, supraacetabular buttress/crest.

Phylogenetic Relationships of Dockum Dinosaur omor phs

In this section, all the dinosauromorph specimeribe repository of the Museum
of Texas Tech University (TTU-P) are described disdussed in details. It is followed
the dinosauromorph phylogeny given above (Figuté 4. describe these specimens
from basal groups to the most derived forms repiteskein the Dockum Group of Texas.
These include several major clades as Lagerpet@ilsauridae, Herrerasauridae,
Coelophysoidea, Maniraptora and Avialae. They mlewritical insights on the origin

and early evolution of theropod dinosaurs.
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L ager petidae
ARCHOSAURIA Cope 186%ensu Gauthier 1986
DINOSAUROMORPHA Benton 1985
LAGERPETIDAE Arcucci 198&ensu Nesbitt et al. 2009b

Brief description Lagerpetidae is currently the basal group of thde

Dinosauromorphd.agerpeton chanarensis (Romer 1971; Bonaparte 1984; Arcucci

1986; Sereno and Arcucci 1998y,omomeron romeri (Irmis et al. 2007a) and
Dromomeron gregorii (Nesbitt et al. 2009b) are the only representatofethis group.
Lagerpetids are small sized, about a meter longllasosauromorphs and they are
known mainly by their pelvis and hind limbs (Figy®). Alongside the sacral vertebrae,
some adjacent dorsal and caudal vertebrae wer@adserved foLagerpeton

chanarensis. Lagerpetids have a typical archosaurian pelviseas in basal
dinosauromorphs with relatively small preacetabatad postacetabular processes which
are demarcated by a narrow central portion of iliithia is slightly longer than femur,
indicating cursorial adaptation. Although no metsahor tarsal elements are preserved in
Dromomeron, a didactyly pes ilhagerpeton was linked to a possible saltatory habit
(Sereno and Arcucci, op. cit.). Despite the limitedure of the referred skeletal elements,
Lagerpeton was previously assumed as an insectivore (Borai882), whereas

Dromomeron is considered as a small carnivore (Irmis et @D72; Nesbitt et al. 2009b).
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Figure 4.5 The possible reconstruction of a lagetp8keletal portion belongs to
Lagerpeton chanarensis (after Sereno and Arcucci 1993). Scale is 10 cm.

Revised diagnosis(1) a hook-shaped femoral head; (2) lack of theratateral

tuber; (3) enlarged posteromedial tuber on proxii@alur, which now becomes the
largest tuber on the proximal femur; (4) anteroraliylplaced emarginated surface
below the femoral head; (5) enlarged fibular cordgkista tibiofibularis) on the distal
end of the femur which is now larger than mediaddyde; (6) anteromedial corner of the
distal femur is squared or makes an acute angle fosteriorly situated ascending
process on the astragalus (Sereno and Arcucci 19813, et al. 2007a; Neshitt et al.

2009b; Nesbitt 2011).

Dromomeron Irmis et al. 2007a

Revised diagnosis(1) a fibular condyle (crista tibiofibularis) withconcave

posterolateral surface; (2) a distinct depressrasctar on the anterior side of the distal
femur; and (3) a ventrally deflected lateral cordyt tibia, distinguishes the genus

Dromomeron from Lagerpeton and other dinosauromorphs (Irmis et al. 2007 apltiest
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al. 2009b; Nesbitt 2011). There are several aspedstinguish the tw®romomeron
species known so faD. romeri andD. gregorii (Nesbitt et al. 2009b; Nesbitt 2011). The
proximal portion of the femur dd. gregorii differs from the one dD. romeri by having

a fourth trochanter and an anterior trochanter witklated trochanteric shelf. Moreover,
the femur ofD. gregorii is more robust in both ends, especially the dstadyli are
relatively enlarged which reduced the intercondglaove into a slit in larger forms. On
the other hand). romeri carries a sharp ridge on the anteromedial edg¢jeeadistal

femur (if not as prominent as . romeri, an anteromedial ridge is also described in
someD. gregorii specimens by Nesbitt and colleagues [2009b, p|) 51ibiae of both
species are similar except the distal configuratwbiere distal tibial surface @f. romeri

is elongated mediolaterally with a concave surfateéhe anteromedial side and a
tuberosity on the lateral side. The concave surfacthe anteromedial side receives an
anteromedial process of the astragalus (not tab&ised with the anterior or posterior

processes of the astragalus).

Dromomeron romeri Irmis et al. 2007a

Type specimen GR 218 complete left femur (holotype) and assedigiaratypes

(Irmis et al. 2007a).

Horizon and locality Hayden and Snyder quarries, Petrified Forest Mermbe

Chinle Formation, Ghost Ranch, New Mexico (Irmiset2007a).
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Dockum L ager petids

The Dockum Group of Texas has yielded a varietagérpetids (specimens
TTU-P11282, TTU-P12537, TTU-P12539, TTU-P18331, TH2D046 and TMM
31100-1306 [holotype dDromomeron gregorii], WTAMU-X1, WTAMU-X2,

WTAMU-X3) as described below.

TTU-P12537
(Figure 4.6)

Referred specimenProximal tibia, right

Horizon and locality Headquarters South locality (MOTT 3898), Bullngan

Formation, Garza County, Texas
Collector- Doug Cunningham

Description and remarksProximal surface is triangularly shaped and almost

equilateral in border length. Cnemial crest is prent and tip of the crest slightly

kinked laterally, as well as rest of the laterafate, and produces a sharp anterior edge.
Posterior condyli are aligned, not pronounced ahsated by a very shallow cleft.
Lateral condyle is ventrally deflected as diagrmosfiDromomeron (Nesbitt et al. 2009b)
whereas the medial condyle is mostly obliteratacgtrEhough the medial condyle is
obliterated, posterior condyli seem to be aligned sub-equal in size, a situation which
is more comparable . romeri (see Irmis et al. 2007a, figure 2; Nesbitt e280D9Db,

figure 4).
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ANTERIOR LATERAL POSTERIOR  MEDIAL PROXIMAL

Figure 4.6Dromomeron romeri (TTU-P12537), right proximal tibia. Abbreviations,
cnemial cresttc, lateral crestinc, medial crest. Hatches signify the damaged parts.
Arrow points the anterior side.

TTU-P12539

(Figure 4.7)

Referred specimenProximal femur, right

Horizon and locality Headquarters South locality (MOTT 3898), Bull Camyo

Formation, Garza County, Texas
Collector- Doug Cunningham

Description and remarksThe femoral head is broken but its hooked morphplog

is still traceable. On the proximal end, the pastezdial tuber and adjacent trochanteric

fossa (facies articularis antitrochanterica) astinict. Right below the broken capitulum,
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a very faint emargination is present on the anseohl side. Despite the inadequate

preservation, the smooth and gracile femoral shdftates the affinity t®. romeri.

ANTERIOR MEDIAL POSTERIOR LATERAL PROXIMAL

Figure 4.7Dromomeron romeri (TTU-P12539), right proximal femur. Abbreviatiorik;
femoral head (note that the femoral is brokem, posteromedial tubetf, trochanteric
fossave, ventral emargination. Hatches signify the damaapetls. Arrow points the

anterior side.

WTAMU-X1 (Specimen lacks catalog number)

(Figure 4.8)

Referred specimenDistal femur, right

Horizon and locality Palo Duro Canyon, Tecovas Formation, Briscoe Gqunt

Texas

Collector- Gerald Schultz, West Texas A&M University (WTAMU)

Description and remarksSlender shaft of the distal femur significantlydemns

distally with a distinct ridge on the anteromedile, which establishes its affinity (Irmis

et al. 2007a). Distal end is much larger medio&hlgthan anteroposteriorly. Condyli are
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small and do not projecting beyond the shaft. Meahal lateral condyli are well

separated by the intercondylar groove.

ANTERIOR MEDIAL POSTERIOR LATERAL DISTAL

Figure 4.8Dromomeron romeri (WTAMU-X1), right distal femur. Abbreviationsmr,
anteromedial ridgesénsu Irmis et al. 2007a)c, fibular condylejc, lateral condylemc,
medial condylemlr, mediolateral ridge. Arrow points the anterioresid
Dromomeron gregorii Nesbitt et al. 2009b
TMM 31100-1306
Holotype- Complete left femur
Paratypes Right femora (TMM 31100-464, TMM 31100-1308, TM34100-

1234, TMM 31100-764); right tibia (TMM 31100-278ft tibia (TMM 31100-1314)
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from the Otis Chalk Quarry 3 (see below), and alslistal portion of a left femur is
referred (UCMP 25815) from tHélacerias Quarry of the Chinle Formation.

Horizon and locality Otis Chalk Quarry 3 (TMM 31100 = MOTT 2000),

Tecovas Formation (Colorado City Formatssmnsu Lucas et al. 1993), Garza County,
Texas.

Other referred sectionsPlacerias Quarry (UCMP locality A269) near St. Johns,

Arizona which lies within the lower part of Chirff@rmation (Heckert 1997 and Parker
and Martz 2011).

Remarks Despite any of the specimens stated above areatedlwithin this
study, the holotype db. gregorii is collected from the Otis Chalk Quarry 3 (Nesbttal.

2009b) which is located at the lower portion of Trezovas Formation.

TTU-P11282
(Figure 4.9)

Referred specimenComplete left femur

Horizon and locality Post Quarry (MOTT 3624), Tecovas Formation, Garza

County, Texas.
Collector- Sankar Chatterjee

Description and remarksFemoral head is rounded due to extensive ventral

curvature and thus became hook shaped. Anteriagimef the proximal surface is
smoothly curved and possesses the anteromedialltub&acks the anterolateral tuber,
whereas the posterior margin possesses the chasticadly large posteromedial tuber.

The trochanteric fossa (facies articularis anthisoderica) standsosterolaterally on the
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proximal surface. Right below the proximal surfacethe anterolateral side, it stands the
anterior trochanter with a rugose trochantericfsfi¢le fourth trochanter on the
posteromedial side is relatively distinct. A degies/scar on the anterior surface of the
distal femur that might have served an origin farfénorotibialis externus (Nesbitt et al.
2009b, p. 502 and references therein) is bordeyeddistinct anteromedial ridge. Distal
end is distinctive with an enlarged fibular cresigta tibiofibularis) which is larger than
the lateral condyle and reduces the intercondylao\ge. Medial condyle is well
expanded posteriorly and it has straight antemok medial borders. This specimen was
previously assigned & gregorii (Martz et al. 2013), a diagnosis that is agreeti wit

this work.

TTU-P18331
(Figure 4.10)

Referred specimenProximal femur, left

Horizon and locality Post Quarry (MOTT 3624), Tecovas Formation, Garza

County, Texas
Collector- Sankar Chatterjee et al.

Description and remarksAlthough the damaged tip of the femoral head

obliterates the anteromedial tuber, the posteroahéaer is beautifully preserved. The
anterior trochanter with a trochanteric shelf stidict as a rugose ridge on the
anterolateral side. The trochanteric fossa is @thiposteriorly, where the fourth

trochanter bulges out more distally on the postentral side.
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ANTERIOR MEDIAL POSTERIOR LATERAL PROXIMAL

DISTAL

")

Figure 4.9Dromomeron gregorii (TTU-P11282), left femur. Abbreviationamt,
anteromedial tubegt, anterior trochantefg, fibular condylefh, femoral headft, fourth
trochanterp, groove;ig, intercondylar groovdg, lateral condylemc, medial condyle;
pmt, posteromedial tuber; ridge;s, scar;tf, trochanteric fossds, trochanteric shelf.
Proximal and distal views share the 1 cm. scaleAraows point the anterior side.
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ANTERIOR MEDIAL POSTERIOR LATERAL PROXIMAL

Figure 4.1Mromomeron gregorii (TTU-P18331), left proximal femur. Abbreviations:
at, anterior trochantefh, femoral head (note that the femoral is brokén)¥ourth
trochanterpmt, posteromedial tubetf, trochanteric fossds, trochanteric shelf. Hatches
signify the damaged parts. Arrow points the anteside.

TTU-P20046

(Figure 4.11)

Referred specimenDistal femur, left

Horizon and locality Post Quarry (MOTT 3624), Tecovas Formation, Garza

County, Texas
Collector- Sankar Chatterjee et al.

Description and remarksAs TTU-P11282, sizes and proportions of the distal

condyli indicate a fully adulD. gregorii in the ontogenic scale (Nesbitt et al. 2009b). The

muscle scar for M. femorotibialis externus is esgeal as a slightly damaged rounder
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fossa. The characteristic groove between the laterdhthe fibular condyle is also highly

reduced due to the relative enlargement of therlatt

ANTERIOR MEDIAL POSTERIOR LATERAL DISTAL

Figure 4.11Dromomeron gregorii (TTU-P20046), right distal femur. Abbreviatioris;
fibular condyle;ig, intercondylar groovdr, lateral condylemc, medial condyler,
ridge;s, scar. Hatches signify the damaged parts. Arrontpdhe anterior side.
WTAMU-X2 (Specimen lacks catalog number)
(Figure 4.12)

Referred specimenProximal femur, right

Horizon and locality Palo Duro Canyon, Tecovas Formation, Briscoe Gqunt

Texas
Collector- Gerald Schultz, West Texas A&M University (WTAMU)

Description and remarksThe anteromedial tuber of the femoral head

obliterated but the posteromedial tuber is quisgle. The ventral emargination is

located on the anteromedial side. Anterior trocliaand the trochanteric shelf are

78



Texas Tech University, Volkan Sarigul, Decemberf201

prominent with a rugose attachment surface. Ordytdlp part of the fourth trochanter has

survived.

ANTERIOR MEDIAL POSTERIOR LATERAL PROXIMAL

e~ |

pmt

Figure 4.12Dromomeron gregorii (WTAMU-X2), right proximal femur. Abbreviations:

at, anterior trochantefh, femoral head (note that the femoral is brokén)fourth
trochanterpmt, posteromedial tubetf, trochanteric fossds, trochanteric shelf. Hatches

signify the damaged parts. Arrow points the anteside.

WTAMU-X3 (Specimen lacks catalog number)

(Figure 4.13)

Referred specimenProximal tibia, right

Horizon and locality Palo Duro Canyon, Tecovas Formation, Briscoe Gqunt

Texas

Collector- Gerald Schultz, West Texas A&M University (WTAMU)
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Description and remarksProximal surface of the tibia is triangular in gpha

which is significantly longer in anteroposterioradition. Cnemial crest is prominent with
a small ridge on the tip. The tip of the cnemiastris slightly kinked laterally which
produces a sharp anterior edge. A small lateraledsppn which stands posterior to the
cnemial crest does not produce a strict sensé tibtah, since it does not extend down
along the shaft. Posterior condyli are aligned gratly but the medial condyle stands
higher. Lateral condyle is ventrally deflected @nahller than the medial one which is

well expanded posteriorly. Shaft is mediolateraliynpressed.

LATERAL ANTERIOR MEDIAL POSTERIOR PROXIMAL

Al

4

Figure 4.13romomeron gregorii (WTAMU-X3), right proximal tibia. Abbreviations:
cc, cnemial crestic, lateral crestmnc, medial crest. Arrow points the anterior side.

mc
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A New Basal Dinosauromor ph from Dockum
A new taxon of basal dinosauromorph (TTU-P10548,)3P19803) from the

Boren Quarry of the Tecovas formation is describeldw.

DINOSAUROMORPHA Benton 1985
Dinosauromorph gen. nov., sp. nov.
TTU-P10546; TTU-P19803
(Figures 4.14 and 4.15)

Referred specimensComplete tibia, right (TTU-P10546); distal tibraght

(TTU-P19803)

Horizon and locality Boren Quarry (MOTT 3869), Tecovas Formation, Garza

County, Texas
Collector- Bill Mueller

Description and remarksProximal side of the tibia is somewhat altered,

especially around the edges, and the tip of therimlty straight cnemial crest is missing.
Lateral condyle is positioned anteriorly compam@the medial one, as documented in
many non-theropod dinosauromorphs. There is nodoitelylar cleft to separate the
condyli. The shatft is slender; compressed medi@Hdyeand damaged in some parts.
Distal potion is better preserved which is verygdiestic. Both the anterior and medial
borders of the distal surface are rounded but tis¢epior corner is distally projected as a
posteriorly tapering process which is expressealtaber on the distal surface. On the
distal surface, a helical groove runs from the @ast side towards the lateral side where

the bone is beveled proximally at the end of thaoge.
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ANTERIOR  MEDIAL POSTERIOR LATERAL

10 cm

R e Tl

PROXIMAL

1cm
Figure 4.14 New dinosauromorph (TTU-P10546), righia. Abbreviationsb, beveled
surface;cc, cnemial cresty, groove;lc, lateral crestmc, medial crestp, distal process;
t, tuber. Arrow points the anterior side.

Despite the similarity at the proximal portionistspecimen differs from both
Lagerpeton andDromomeron by the anteroposteriorly elongated distal endietioee it
lacks the reception of the posterior ascendingge®@nd other features of the typical
lagerpetid astragalus (Sereno and Arcucci 1993bittext al. 2009b; Nesbitt 2011,

characters 355, 356, 366 and references therelitmough the distal portion of TTU-
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P10546 is similar to dinosauriforms by having &iak reception of the ascending
process of the astragalus, it also lacks the gosfi@rocess on the lateral sidser{su
Novas 1989) of the distal tibia with a proximodilst@riented groove which is
synapomorphic for all dinosauriforms (Langer e2&l13). Nevertheless, TTU-P10546
appears more derived than hitherto known lagerpetindl stands closer to
dinosauriforms. TTU-P19803 is only representedheydistal part of tibia which is

identical to TTU-P10546, only more compressed mathoally.

ANTERIOR MEDIAL POSTERIOR LATERAL DISTAL

1cm
Figure 4.15 New dinosauromorph (TTU-P19803), ridjktal tibia. Abbreviationsb,
beveled surfaceg, groove;p, distal procesg; tuber. Arrow points the anterior side.
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Silesauridae
DINOSAURIFORMES Novas 1992
SILESAURIDAE Langer et al. 2010

Brief description Silesaurids are herbivorous quadrupeds which hadrilwide

distribution during Middle and Late Triassic. Altngh most of the silesaurids like
Technosaurus smalli (Chatterjee 1984) arféseudolagosuchus major (Arcucci 1987) are
diagnosed based on fragmentary material, fairlypleta skeletons diilesaurus

opolensis (Dzik 2003) andAsilisaurus kongwe (Nesbitt et al. 2010) displayed a better
picture about the nature of this group (Figure %.16ws are known for many silesaurids,
which are equipped with generally leaf shaped testin occasional longitudinal
striations and denticles in various sizes on tl¢htéeel (Langer et al., op. cit.). In most
silesaurid taxa, the teeth are ankylosed (i.e dusethe alveolus (Nesbitt et al. 2010;
Kammerer et al. 2013). The other part of the bddy is mostly preserved in silesaurids
is the pelvis and hind limbs. The femoral head @arpronounced and ventrally
demarcated from the shaft by a notch which getpelesd in dinosaurs (Nesbitt et al.
2010; Nesbitt 2011, p. 147), whereas the acetalpoldion even gets perforated in some
(e.g.Agnosphitys cromhallensis, Fraser et al. 2002). Such derived feeding anonhator
modules raise the questions about whether the aim@ncestors were herbivore or
carnivore or whether they were bipedal or quadrapgzlg. Langer et al. 2010; Barrett et
al. 2011; Kubo 2011). Although it is a recentlyatesl clade, Silesauridae is important
for dinosaur ancestry; recent phylogenetic analptased them as the sister group of

Dinosauria (Brusatte et al. 2010a; Langer et &l02@013; Nesbitt et al. 2010), replacing

84



Texas Tech University, Volkan Sarigul, Decemberf201

the iconic position oMarasuchuslilloensis and other South American basal

dinosauromorphs (see Figure 4.1).

hY

Figure 4.16 Skeletal reconstruction of the sileiseHitesaurus opolensis (after Dzik
2003; Langer et al. 2013). Missing parts are omhiitethe figure.

Revised diagnosis(1) anterolateral edges of the supraoccipital @essugose

ridge; (2) acetabulum with a straight ventral may@8) distinct notch located ventral to
the femoral head; (4) proximal surface of the felmesirs a straight transverse groove
(Nesbitt et al. 2010). Other potential synapomaepluf silesaurids include a tapering
dentary with an edentulous tip and short crownethtéhat are fused (ankylosed) to the

alveoli (for the full list, see Nesbitt et al. 201@nger et al. 2013).

Dockum Silesaurids

Silesaurids are known from a single holotype speai (TTU-P9021) in Dockum
Group of Texas. Chatterjee (1984) described anrteskseries of material from the Post
Quarry as a primitive ornithischian, similar to fh@orly knownPisanosaurus of
Ischigualasto Formation. The material consistsrefrfaxilla, dentary, posterior part of
the lower jaw, an isolated vertebra, an astragahasthree claws. The most diagnostic
feature ofTechnosaurus was leaf shaped cheek teeth which are symmeinicabss

section, as seen in basal ornithischians. Seréfi ) evaluated the material and
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concurred with Chatterjee that the dentary belong Ibasal ornithischian but the
premaxilla may belong to a prosauropod. The otéterred material ofechnosaurus,
according to Sereno, is not diagnostic for ornghian affiliation. Only after the
discovery ofSlesaurus from the Late Triassic of Poland (Dzik 2003), the true

identity of Technosaurus becomes apparent. Nesbitt et al. (2007) and letngs. (2007b)
allied the premaxilla and dentafgchnosaurus with those ofSlesaurus on the basis of
dental morphology, but the rest of the material in@lpng to other taxa. Therefore, only

the premaxilla and dentary are described here.

Technosaurus smalli Chatterjee 1984
TTU-P9021
(Figure 4.17)

Holotype- Incomplete dentary, right side and premaxilla, $ede

Horizon and locality Post Quarry (MOTT 3624), Tecovas Formation, Garza
County, Texas
Collector- Sankar Chatterjee

Description and remarksThe description ofechnosaurus smalli holotype

originally includes a premaxilla, the posterior toam of a right side dentary, a dorsal
vertebra, an astragalus and three ungulae (Clest#g84). Following the original
description of Chatterjee (1984), both the morpbgland classification ofechnosaurus
smalli has been evaluated in great detail (Sereno 1961ils et al. 2007b; Neshitt et al.
2007), changing from basal ornithischians to suesis. Only the premaxilla and dentary

are included here as the diagnostic elements kbl
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LABIAL (LATERAL)

LINGUAL (MEDIAL)

Figure 4.17Technosaurus smalli holotype (TTU-P9021), left premaxilla (A, C, anyl E
and right dentary (B, D and F). Abbreviatios:special foramina (or window). Hatches
signify the damaged parts.
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Premaxilla bears three empty alveoli and two teetithe occlusal surface and a
distinct nasal process on dorsal side. In med@akyalveolar portion contains shallow
pits. These pits are termed as "special foramigdimund 1957, 1960) or "window"
(Chatterjee 1978b) where the upcoming tooth gertegto replace the former one. The
dentary lacks the anterior side, but the remaipimigion is nicely preserved. Six teeth are
preserved with at least four empty alveoli. Tegthankylosed to the alveolar portion, as
diagnosed in many silesaurids (Nesbitt et al. 20lxbitt 2011, character 174; Langer et
al. 2013). This type of dental pattern was previpteymed as ankylosed thecodonty
(Edmund 1960) or ankylothecodonty (Chatterjee 19WKckelian groove restricted to
ventral side, which posteriorly opens to a widesseb for the articulation of splenial.
Lateral side featureless except a large nutrien@nien on the anterior portion, which is
recognized here in first time. In comparison wdtvjmorphology of other silesaurids, it
is concluded that premaxilla and dentary do nobigko the same individual (Nesbitt et
al. 2007). Teeth are placed marginally on the dgnthey are leaf shaped with cusps and
rotated diagonally to each other, whereas teefbremaxilla are more conical in shape.
The surviving teeth are symmetrical in shape withasny curvature. Faint striations/ribs

are present in both premaxillary and dentary teeth.

Other Basal Dinosauriforms of Dockum
The only other non-dinosaurian dinosauriform speei from the Dockum Group
of Texas (TTU-P11127) cannot be placed definitelthie phylogeny due to the

insufficient preservation of skeletal elements.
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DINOSAURIFORMES Novas 1992
INCERTAE SEDIS
TTU-P11127
(Figure 4.18)

Referred specimenComplete tibia, left

Horizon and locality Post Quarry (MOTT 3624), Tecovas Formation, Garza

County, Texas
Collector- Sankar Chatterjee et al.

Description and remarksThe specimen is severely crushed however features

the both ends are still recognizable. Proximaliertdangular in shape which is longer in
anteroposterior direction. Cnemial crest is strgiglonounced and oriented
anterolaterally. Lateral posterior condyle stamugorly to the medial condyle and
smaller in size, despite the broken medial edgbe@Mmedial condyle. Despite being
seriously damaged, the shaft seems to be smoottewbdibular crest is diagnosed.
Distal end possess the helical (or step-wise) pattdere the anterior edge is beveled
parallel to the ascending process of the astrag@heslongitudinal grooves¢nsu Novas
1996) is restricted on the lateral side withoutaplpenetration into the distal surface and
to a small posterior process stands adjacentlymsal in non-dinosaurian
dinosauriforms (Novas 1989, 1996; Langer et al.320Although the morphology is
highly comparable to a typical silesaurid tibiazelt works couldn't pinpoint any

exclusive silesaurid character for TTU-P11127 (da&ttal. 2013).
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LATERAL  ANTERIOR

..

MEDIAL  POSTERIOR PROXIMAL

R

Figure 4.18 Dockum dinosauriform (TTU-P11127), tdfta. Abbreviationscc, cnemial
crest;lc, lateral condylelg, longitudinal groovemc, medial condylepp, posterior
process. Hatches signify the damaged parts. Prdenthdistal views share the 1 cm.

scale bar. Arrows point the anterior side.

90



Texas Tech University, Volkan Sarigul, Decemberf201

Herrerasauridae
SAURISCHIA Seeley 188%nsu Gauthier 1986
THEROPODA Marsh 188%ensu Gauthier 1986
HERRERASAURIDAE Benedetto 1973

Brief description Herrerasaurids are medium sized theropods; thegth is

about 3 meters, but they can grow up to 6 meteese(® and Novas 1992) (Figure 4.19).
They represent the typical Late Triassic carniverdimosaurs of South America with
three genera so far discoverétirrerasaurus ischigualensis (Reig 1963; Benedetto
1973; Sereno and Novas 199&purikosaurus pricel (Colbert 1970; Galton 197&nd
Sanjuansaurus gordilloi (Alcober and Martinez 2010). The distributionGHindesaurus
bryansmalli (Long and Murry 1995), the only herrerasaurid disred out of South
America as yet (see below), is restricted to soatern North America. Although they
possess a perforated acetabulum, herrerasauriésonee recognized as a dinosaur
ancestor based on several features such as thespmssof only two sacral vertebrae and
the absence of a brevis fossa on ilium (e.g. Paali@hGauthier 1985; Gauthier 1986;
Padian and May 1993). However, various dinosauwieracters identified based on the
new Herrerasaurus specimens which suggest theropod affinities fordrasaurids, on
both cranial and postcranial portions (e.g. Seedrad. 1988; Novas 1993; Sereno and
Novas 1992, 1993; Sereno 1993, 1999; Rauhut 2088piM et al. 2009c; Martinez et al.
2011a; Nesbitt 2011). A third point of view abol therrerasaurids is that they
constitute the basal stage of Saurischia, sinces ssaadlistic works showed closer
relations between theropods and sauropodomorphsraerasaurids (e.g. Holtz and

Padian 1995; Holtz 2000; Langer 2004; Langer anutd@e2006; Ezcurra 2010).
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A series of new discoveries of the non-dinosaudiaesauromorphs (e.g.
lagerpetids and silesaurids, see above) and diakal saurischians (e.g. Sereno et al.
1993; Bonaparte et al. 1999; Langer et al. 1999tiNz and Alcober 2009; Ezcurra
2010) quite expanded the array of characters tleatsed in the cladistic works. The
current cladistic picture indicates that the eaxlglution of dinosaurs is more
complicated than previously thought, where it isefved as a mosaic of traditional
"dinosaurian" and "non-dinosaurian” characters anynstages. The ongoing debate
about the phylogenetic placement of herrerasaisidat of the scope of this study,

nevertheless, herrerasaurs are considered hene badal group of theropods.

A

50 cm

Figure 4.19 Skeletal reconstructionHdrrerasaurusischigualensis (Langer 2004, after
Sereno and Novas 1992) Missing parts are omittéaeriigure.

Revised diagnosis(1) anteroposteriorly compressed "spool-shapedtgpior

dorsal vertebrae; (2) axially shortened and rohestal spines which become squared in
dorsal view on posterior dorsal and sacral verteh(@) deep and expanded sacral ribs on
the medial surface of ilium, especially the second; (4) proximal caudal vertebrae
possess vertical neural spines; (5) distal caugadygapophyses are elongated up to the
50% of the preceding vertebra; (6) acromial proexsends distally compared to the

scapular glenoid lip and forms almost a right aivglh the scapular blade; (7) distal end
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of the scapular blade is highly shortened (i.ehlyigeduced expansion); (8) distal half of
the pubis is anteroposteriorly expanded; (9) digtatess of pubis (i.e. pubic boot) is
axially broadened (thus the pubic pair display aHdped section, Benton and Langer
2006) and elongated more than 25% of the pubidlefidovas 1992); (10) absence of a
brevis shelf (lateral shetensu Hutchinson 2001a) on the lateral side of ilium y&l®
1993; see Hutchinson 2001a for the evolution ofatewis shelf and fossa). Another
synapomorphy of herrerasaurids is the possessitwootacral vertebrae (Novas 1992,
1993) which is still controversial. Different degtions ofHerrerasaurus and
Saurikosaurus revealed a third sacral vertebra which is conveirieah the dorsal
vertebra in the former one (Sereno 2007) and ftwercaudal vertebra in the latter one
(Colbert 1970; Langer 2004; Bittencourt and Kella@69). InChindesaurus, which is
grouped within the Herrerasauridae, presence of twd sacral vertebrae is
hypothesized based on the iliac morphology desyiteacral vertebra were found

attached (Long and Murray 1995, but see below).

Dockum Herrerasaurids
The Dockum Group of Texas has yielded a varietyasferasaurids (specimens
UMMP 8870, TMM 31100-523, TTU-P10072, TTU-P10082U-P11175, TTU-

P12531, TTU-P12587, TTU-P12790, TTU-P16789) asrde=t below.

Chindesaurus Long and Murry 1995

Revised diagnosis(1) a prominent cleft is present on the anteride ®f the

astragalus which continues posteriorly across ttaldastragalar surface as a groove; (2)
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outline of distal astragalar surface glutealforB);gnterior margin of the distal astragalar
surface is much wider than the posterior one; ¢fpgalus possesses a prominent
posteroproximal projection beyond the proximalctar surface (Long and Murry 1995,

page 173).

Chindesaurus bryansmalli Long and Murry 1995
(=Caseosaurus crosbyensis Hunt et al. 1998)
UMMP 8870; TMM 31100-523; NMMNH P-4415; NMMNH P-166; NMMNH P-
17325

Type specimen PEFO 10395 partial skeleton, including an incoreptervical

centrum, posterior dorsal vertebrae, two sacrdkebeae, caudal vertebrae, in addition to
numerous rib fragments and one chevron for thd akeleton; fragments for the left and
right side of the ilium, proximal portion of righubis and most of the left pubic shaft, a
complete but crushed right femur and the proxinaatipn of a left femur, fragmentary
right femur and a complete astragalus for the aghgatar skeleton.

Horizon and locality Upper Petrified Forest Member, Petrified Forestidvel

Park, Arizona.

Other referred sectiordn Arizona,Placerias Quarry (UCMP locality A269) in

the lower part of Chinle Formation (the Bluewatee€k Formatiorsensu Heckert 1997,
or the Blue Mesa Membeensu Parker and Martz 2011); Dinosaur Hollow (PF 2QJ an
Chinde Point N2 (PF 18) in the Petrified Forest N\demof the Chinle Formation; in New
Mexico, Bull Canyon Locality (NMMNH L00134), RevuelCreek Locality (NMMNH

LO0176) and Barranca Locality (NMMNH L00073) of tBell Canyon Formation, and
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the Hayden Quarry in the Petrified Forest MembeahefChinle Formation (Irmis et al.
2007a); in Texas, Otis Chalk Quarry 3 (TMM 3110MOTT 2000), Tecovas Formation
(Colorado City Formatiosensu Lucas et al. 1993), Garza County and an unknown
locality in Tecovas Formation, Crosby County.

Remarks The holotype ofC. bryansmalli is collected from the Chinle Formation
in Arizona, where some additional vertebrae collddtomPlacerias Quarry, Dinosaur
Hollow and Chinde Point N2 localities are also nefd to this taxon. Nevertheless, the
proximal portion of a left femur (NMMNH P-4415), nraus vertebra centra (NMMNH
P-16656) and a complete centrum of a dorsal vext@¥MMNH P-17325) are
documented from Bull Canyon, Revuelto Creek andd@®ma localities of the Bull
Canyon Formation in eastern New Mexico, as wed asmplete femur is documented
from the Petrified Forest Member in Hayden Quakgw Mexico (Irmis et al. 2007a). In
Texas, proximal extremity of a left femur (TMM 311623) is reported from the Otis
Chalk Quarry 3 (Long and Murry 1995, p. 174) andsatated ilium from the Tecovas
Formation (exact locality is unknown) that wastfolescribed by Case (1927), is referred
to Chindesaurus bryansmalli considering its identicalness to the iliac fragtseof the
holotype (Long and Murry 1995). Despite the erattba new taxonCaseosaurus
crosbyensis, for this particular ilium based on differencestba postacetabular portion
(UMMP 8870, Hunt et al. 1998), new analyses cacnafirm a clear-cut distinction
betweenChindesaurus bryansmalli andCaseosaurus crosbyensis (Langer 2004; Nesbitt
et al. 2007). Therefore in this woik, crosbyensis is considered as a junior synoymn for

C. bryansmalli, as previously suggested (Langer, op. cit.).
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cf. Chindesaurus bryansmalli Long and Murry 1995
TTU-P10082
(Figures 4.20 and 4.21)

Referred specimenDisarticulated pubis and postacetabular procegsiof with

the proximal portion of the ischium attached, bethside

Horizon and locality Tecovas Formation, Post Quarry (MOTT 3624), Garza

County, Texas
Collector- Sankar Chatterjee

Description and remarksPrevious works correctly identified TTU-P10082aas

unequivocal theropod, based on the traditionahitesn of having an open acetabulum
(Bakker and Galton 1974) and the morphology ofpibkeis bone. The absence of a pubic
fenestra disproves the coelophysoid affinity o$ thnimal (Nesbitt and Chatterjee 2008,
contra Lehman and Chatterjee 2005), which normally hagdad ventromedial to
obturator fenestra (Tykoski and Rowe 2004). Moreothe lack of a brevis fossa on the
posteroventral corner excludes TTU-P10082 also fileerclade Neotheropoda. The
anatomy of this specimen is resembles to herrergsaather to any other saurischian
group (Nesbitt and Chatterjee 2008; Martz et al3phowever the affinity of this
specimen at the generic level is hard to determueeto its mosaic of traits and also due
to lack of other diagnostic elements.

The postacetabular (posterior) process of theniisia rectangular, low and
robust piece which contains anteroposteriorly aaédmmuscle scars on the lateral surface,
especially on the posterior part. Those musclessmaithe distinct rugose surface on the

posterodorsal margin represent the origin for iialtflexor muscles in propubic
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theropods, whereas the ventrolateral side hougedtsn of the hind limb-tail muscles
(i.e. M. caudifemoralis brevis) in absence of avtséossa (e.g. Perle 1985; Carrano and
Hutchinson 2002; Grillo and Azevedo 2011). Two ahdbs are found attached to the
medial side and both ribs are overlain by the meshelf (sensu Hutchinson 2001a). The
ischial peduncle is a short and sharp process whifdund attached to the proximal tip
of the ischium. Ischium is not fused to the iscip@dluncle, but it partially contributes to
the antitrochanter which posteriorly frames an opegtabulum. The preserved part of
the ischium is mediolaterally compressed whereathieulation surface between ischial

peduncle and ischium is sub-triangular.

LATERAL MEDIAL

3cm

Figure 4.20 Dockum herrerasaurid (TTU-P10082)¢ipastacetabular process.
Abbreviations:act, acetabulumant, antitrochanterp, ischial peduncles, ischium;ms,
medial shelfyu, rugose surfacey, sacral rib. Hatches signify the damaged parts.
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LATERAL POSTERIOR MEDIAL ANTERIOR

5cm

Figure 4.21 Dockum herrerasaurid (TTU-P10082),pethis and pubic peduncle.
Abbreviations:act, acetabulumof, obturator fenestrggb, pubic bootpub, pubis;pup,
pubic pedunclesac, supraacetabular cresyym, symphysis for pubic apron. Hatches
signify the damaged parts.
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The pubis is nearly complete. Posterior surfadd@fproximal pubis delimits the
open acetabulum with the attached pubic peduntie.plibic peduncle is mediolaterally
compressed and it has a distinct supraacetabuwar @n the lateral side. The iliopubic
region possesses a distinct suture (i.e. no fusind)slightly curved, where the pubis
becomes ventrally oriented. This condition is corapke with the pubis of
Herrerasaurus, however the proximal curvature of pubis is greated extended more
posteriorly inHerrerasaurus which is regarded as a unique feature of this ah{iovas
1993). The suture region has some rugosity ondieedl surface. The obturator foramen
stands ventrally to the acetabulum with a restomdral margin. A characteristic tuber
for the attachment of M. ambiens cannot be idesttiin the anteroproximal area. The
shaft is gradually compressed mediolaterally anqmhaged anteroposteriorlgefisu
Novas 1992). The pubic apron is damaged but theameymphysis does not reach to
the anterior tip. The anterolateral corner of thbip tip is slightly rugose and there
seems to be a slight bevel on the anteromedialddittes pubic tip, smaller than the one
in Staurikosaurus which is autapomorphic to this taxon (Novas 1998 pubic boot is
missing on the posterior side that reveals a kabtilarge surface area. However, the
exact dimensions of the pubic boot cannot be iaterr

The postacetabular process of ilium was originedijected as two fragments:
one with the antitrochanter and the ischial pedunlesreas the other representing the
posterior blade, including the medial shelnu Hutchinson 2001a). Those two
fragments were glued together assuming that theg adjacent pieces, on which the
pelvic reconstructions of TTU-P10082 are based ljteand Chatterjee 2008, figures 1c

and 1d; Martz et al. 2013, figures 15a and 15bweier, the boundary of two fragments
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was discontinuous at the ventral border which iatdis that there is a missing portion in-
between. The missing part between the two iliagrfrants likely housed the origin for

M. caudofemoralis brevis. Moreover, the assumednsttuction creates an anatomically
implausible position for the posterior portion bétbone, where the sacral ribs aligned in
a posterodorsal-anteroventral axis.

The restored postacetabular process in this wagktneveal the true affinity of
this individual. In comparison with the only Nodmerican herrerasauridhindesaurus
bryansmalli (Long and Murry 1995) it shows distinct similaggion the postacetabular
ilium. Both share a long and low postacetabulacess with the posterodorsal rugosity
and also a pronounced medial shelf on the medial @i the bone. Although no attached
sacral vertebrae were found, it is stated @fahdesaurus possess the ancestral state of
having only two sacral vertebrae because of thdl sma of the postacetabular process
(Long and Murry 1995), where the medial shelf se@lorsal support only for the
second sacral rib (Langer 2004). However, its zmmparable with the TTU-P10082
which possesses two sacral ribs attached on thageabular process clearly indicates
that TTU-P10082 has a minimum three sacral vergebirace the first primordial sacral
rib is always placed anterior to the ischial pedengenerally around the acetabular area
(Novas 1996; Nesbitt and Chatterjee 2008). Unfately, the iliac blades in all
ornithodirans found in southwestern North Americaiacomplete in different parts, thus
it does not allow for a descent comparison (Nesiitt Chatterjee 2008, pp. 145-6). Also
the poor preservation of the pubisGifindesaurus holotype does not provide any
information for comparison. Nevertheless, concgrsnth the previous works, TTU-

P10082 is a herrerasaurid which is comparable @ithryansmalli.
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cf. Chindesaurus sp.
TTU-P12531
(Figure 4.22)

Referred specimenProximal femur, right

Horizon and locality Headquarters South locality (MOTT 3898), Bull Cany

Formation, Garza County, Texas
Collectors- Doug Cunningham and Bill Mueller

Description and remarksPeriphery of the proximal surface is slightly da®acd.

The capitulum is well rounded and medially offsétwva swollen anteromedial corner.
Proximal tubera of the femoral heagr(su Nesbitt 2011) and the femoral ligament
(ligamentum capitis femoris) groove are absenatdeast very poorly developed on the
anteromedial corner. Laterally, the helical trodkac fossa is highly developed and
expanded over the proximal surface, where it afaliess the typical longitudinal groove
as documented in many dinosauriforms (fossa trdeniaasensu Langer [2004]).

This expanded morphology of the trochanteric fossaeviously diagnosed in
Chindesaurus and in some specimensldérrerasaurus (Langer, op. cit.). Absence of the
femoral ligament groove demarcates TTU-P12531 fitmemeotheropods (Rowe 1989a),
but also fromHerrerasaurus (Novas 1993). Although no astragalus is presefoed
diagnosis, the absence of the femoral ligamentwgr@md the over-expanded trochanteric
fossa indicate that TTU-P12531 might be relate@himdesaurus bryansmalli (Long and
Murry 1995, page 180), but the smaller size anadidhexpansion of the femoral head
clearly distinguishes it fror®. bryansmalli. Therefore, no definitive diagnosis can be

made since only the proximal portion of the fensupieserved.
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ANTERIOR MEDIAL POSTERIOR LATERAL PROXIMAL

1cm 1cm

Figure 4.22 Dockum herrerasaurid (TTU- P12531)xpnal right femur. Abbreviations:
amc, anteromedial corner of the proximal femtlr, femoral headtf, trochanteric fossa.
Hatches signify the damaged parts. Proximal viesvitsaown scale. Arrow points the
anterior side.

THEROPODA Marsh 188%ensu Gauthier 1986
HERRERASAURIDAE Benedetto 1973
INCERTAE SEDIS
TTU-P10072
(Figures 4.23, 4.24, 4.25, 4.26, 4.27, 4.28)

Referred specimenAn associated skeleton of a theropod includeouari

vertebrae and pelvic fragments, proximal end dffeghur, distal end of left tibia and left
astragalus

Horizon and locality Lott Kirkpatrick locality (MOTT 3634), Bull Canyon

Formation, Garza County, Texas

Collectors- Yiao-Chun Wu and Sankar Chatterjee

Revised description and remark§he axial skeleton is represented by a series of

isolated vertebradresacral vertebrae include three articulatedraghfented posterior
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dorsal vertebrae. Only the anteriormost one ofitbrsal vertebrae has a survived
centrum which is partially damaged but well rounded slightly waisted. The articular
surfaces are amphiplatyasefisu Romer 1956) with faint rims which possess small
peripheral ridges. There is only one partially preed neural spine and transverse
process. The neural spine has a relatively largy bat since it is crushed, the exact
shape and dimensions are unknown. However the krymans still diagnosable on the
anterior side. The transverse process stands atettieal side and elongated laterally
with a diapophyseal facet at the tip. Ventrallytie transverse process, it bears
characteristic diapophyseal laminae of all saurgthdinosaurs (Wilson 1999) and a
distinct parapophysis. Caudal vertebrae includefragmented anterior caudal vertebrae
and a relatively robust articulated series of medtudal vertebrae, all
amphiplatyan/platycoelousgnhsu Romer 1956). Anterior caudals possess distinctaheu
arches with short and posteriorly located neuradesp Posterior caudals consist of 4
articulated elements where the first and the lassa@re represented only by their
attached halves. Compared to the anterior oneg afeethinner and elongated. They also
possess lower neural spines, triangular transyemmsses and extended zygapophyses
towards the adjacent unit. The remnant of a chelpneserved between the middle two
vertebrae. Chevron facets are not distinct on érgral side. None of the preserved

vertebrae possess any kind of lateral fossae/pteats or ventral groove.
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3cm

Figure 4.23 Dockum herrerasaurid (TTU-P10072), alorsrtebral series. Abbreviations:
c, vertebral centrunhtr hypantrummna, neural archns, neural spinepap,
parapophysistp, transverse process. Hatches signify the damaasl p\rrows point

the anterior side.
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3cm

Figure 4.24 Dockum herrerasaurid (TTU-P10072), ahudrtebral series. Abbreviations:
ha, haemal arch (remnant)s, neural spinepoz, postzygapophysigrz,
prezygapophysigp, transverse process. Hatches signify the damaaysl. pA\rrows

point the anterior side.

3cm
Figure 4.25 Dockum herrerasaurid (TTU-P10072)pilibic portion. Abbreviationsact,
acetabulum (the anterodorsal portigm); pubis;pup, pubic peduncle of iliumsac,
supraacetabular crest. Hatches signify the dampaes. Arrow points the anterior side.
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Pelvis is incomplete. The proximal part of theéhtigubis is a slender element
without any diagnostic features, slightly crushad attached to the pubic peduncle by a
sigmoidal suture. The pubic peduncle of ilium hasacave posterior surface which
constitutes a part of the acetabular border amthaand worn supraacetabular crest
above it which reaches to the iliopubic suture. iiddally, posterodorsal corners of both
ilia are also collected. Each iliac fragment posses rugose area on the posterodorsal
edge with a small process on the posteroventralecas visible on the left halfdntra
Nesbitt and Chatterjee 2008), and a medial sketi( Hutchinson 2001a) on the medial
side which is first identified in this work. The dial shelf is more prominent on the
sinistral element which projects over the edgéhefftat posteroventral end of the ilium.
This medial shelf dorsally bounds the sacral rdssseen ilChindesaurus (Long and
Murry 1995),Herrerasaurus (Novas 1993; Galton 2000) and basal sauropodomsorph
(Young 1942; Benton et al. 2000b). Below the mesled|f, there is a triangular facet
with lateral striations which is demarcated frora thst of the ventral surface by a

distinct ridge. This facet probably had receivesl st sacral rib.
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Figure 4.26 Dockum herrerasaurid (TTU-P10072), grastorsal corners of left and right
postacetabular processes. Abbreviati@assarticulation surface for the sacral ribs,
medial shelfru, rugose surface. Hatches signify the damaged.parts

Head of the femur is rounded and possesses a# finoximal tuberasénsu
Nesbitt 2011). Anteromedial tuber is pronounced @nded posteriorly. As well as the
groove for the ligament femoris capitis, both aoleral and posteromedial tubera are
well developed. In this context, TTU-P10072 stamise derived compared to the
plesiomorphic condition in dinosauriforms, inclugiather herrerasauridblesbitt and
Chatterjee 2008; Alcober and Martinez 2010, figtig. A distinct trochanteric fossa
(facies articularis antitrochanterica) runs distalh the posterolateral margin of the

proximal end which expands medially, however nahptetely as irChindesaurus and
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in some specimens éferrerasaurus (Langer 2004) since the proximal groove is still
present on the proximal surface. Greater trochgotetdorsolateral trochanter) stands as a
small ridge on the anterolateral margin, placettrizelow to the proximal end. The
anterior trochanter is damaged and the actual seap&nown. However, it appears that
a bulbous ridge had been present there possiblyantitochanteric shelf (Nesbitt and
Chatterjee 2008). The well-preserved fourth trotdais missing the distal end, whereas
the preserved portion of the proximal shaft is highactured which reveals the hollow

nature.

ANTERIOR MEDIAL POSTERIOR LATERAL PROXIMAL

Figure 4.27 Dockum herrerasaurid (TTU-P10072), pnax left femur. Abbreviations:
alt, anterolateral tubegmt, anteromedial tubeflg, femoral ligament (ligament femoris
capitis) groovegt, greater trochantelt, lesser trochantetf, trochanteric fossag,
proximal groovepmt, posteromedial tuber. Hatches signify the damagets. Arrow
points the anterior side.
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Outer surface of the distabia is rugose; especially on the anterior andialed
sides. The distal surface is sub-rounded, retairenéarged posterior descending process
(a post-fibular wingsensu Novas 1989) and a restricted ancestral longitudjraove
which turned into a deeply penetrated, U-shapedudation facet for the ascending
process of astragalus. The posterior processtisriled distally with a ventral notch
which fits to corresponding raised process on thetgrior border of the astragalus. This
type of reception was previously noted €hindesaurus bryansmalli (Long and Murry
1995)Coelophysis bauri (Nesbitt and Chatterjee 2008, p. 150). The comedimg left
astragalus has a subcardiform or bean-shaped ®utlth an anterior groove and bears a
foramen (extensor canal) on the anterior side ®Bdtending process. The ascending
process is an anterolaterally positioned wedgeedhapructure with a steep lateral border
which delimits the fibular facet. Posterior to #ecending process, a dorsal basin which
receives the post-fibular wing is demarcated fromrest of the tibial facet by an
anteroposteriorly oriented ridge. In this case tibi@l facet is now subdivided to an
anteromedial and to a posterior basin, as docurdentsgnosphitys (Fraser et al. 2002)
and various basal saurischians (see Long and M@9%; Langer and Benton 2006,
character 92 and references therein; Nesbitt 0@l9a). The broken posteromedial
corner of the astragalus is completed with cellilesulpting medium to a rounded and
raised one, concurrent with the rest of the pastdérorder. The raised process on the
posterior border connects to the correspondinghaicthe distal tibia (see above).
Astragalus articulates laterally to the calcaneuntika Herrerasaurus, Saturnalia and

other sauropodomorphs where astragalus slightlylap® with a ventrolateral

109



Texas Tech University, Volkan Sarigul, Decemberf201

articulation the calcaneum (Novas 1993; Nesbitt@hdtterjee 2008). Distal surface is

convex which had formed a hinge joint with distakals.

ANTERIOR

DISTAL

P
[/ tiamb) \Jp
/'. oo

3cm

Figure 4.28 Dockum herrerasaurid (TTU-P10072)afligbia and corresponding
astragalus of the right hind limb. Abbreviatioas; articulation facet for astragaliep,
ascending process of astragakes;extensor canal/forameff; fibular facet;p, dorsal
process of the astragalyog, posterior process; ridge;ru, rugose surfacef, tibial
facet @mb for anteromedial basipp for posterior basinyn, ventral notch. Hatches
signify the damaged parts. Arrow points the anteside.
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Additionally, those elements are clustered togethth the fragments of
vertebrae, ribs and various undiagnosable flat ®onlee affinity of TTU-P10072 is
previously assigned to Theropodansu Gauthier 1986) by Nesbitt and Chatterjee
(2008), which now corresponds to Neotheropoda dueceerasaurids are here considered
as the basal group of theropodanéu Sereno and Novas 1992; Novas 1993). However,
cumulative characters indicate a more ancestrabfdiar TTU-P10072, probably closer
to herrerasauridsensu Novas (1992, 1993). The absence of a brevis sindlfie
postacetabular ilium (Novas 1993) which concurdhie presence of a medial shelf
(Hutchinson 2001a) is the most prominent herrerggaynapomorphy of TTU-P10072,
whereas the absence of a longitudinal ridge ompdtsterior side of the distal tibia
excludes it from the Neotheropoda (Nesbitt 20113leAived proximal femur with
various tubera and trochanters and an enlargeénoasprocess on the distal tibia were
previously recorded iRlerrerasaurus andChindesaurus, respectively (Novas 1993;

Long and Murry 1995; Langer 2004). On the otherdhaime posterior dorsal vertebrae of
TTU-P10072 are not peculiarly spool-shaped, busitt@rably waisted as in

coelophysoids.

TTU-P11175
(Figure 4.29)

Referred specimenComplete right tibia

Horizon and locality Headquarters Northwest locality (MOTT 3899), Bull

Canyon Formation, Garza County, Texas

Collector- Doug Cunningham
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ANTERIOR LATERAL POSTERIOR MEDIAL PROXIMAL
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Figure 4.29 Dockum herrerasaurid (TTU-P11175),trtdfa. Abbreviationscc, cnemial
crest;lc, lateral condylelg, longitudinal groovemc, medial condylenf, nutrient
foramen;pp, posterior processn, tibial notch. Hatches signify the damaged parts.
Proximal and distal views share the 1 cm. scaleAraow points the anterior side.
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Description and remarksThe slender tibia has a sub-triangularly shaped

proximal surface with a crescentic cnemial creshwaismooth tibial notch and distinct
medial and lateral condyli. The medial border ightly elevated; the rest of the proximal
surface is mostly flat. The posterior condyli aredled, aligned posteriorly and separated
by a notch. The lateral (fibular) condyle has #dliaed lateral surface, whereas the
medial condyle and the intercondylar notch arehtliygobliterated by tool marks. No
fibular crest or any other neotheropod charactengwwresent on the proximal side. The
shaft is hollow and rounded in transverse secgets somewhat waisted towards the
distal end without any noticeable structure, exteptutrient foramen which stands
below to the lateral condyle. The distal end bedmngitudinal groove, contiguous with
the ventrolateral notclsénsu Novas 1989) on the distal surface for the receghe
ascending process of the astragalus. The ventralatetch does not deeply penetrate
into the distal surface, concurring with the heasaurid condition. The distal surface of

the tibia is sub-rounded and possesses a smalirpogbrocess.

TTU-P12587
(Figure 4.30)

Referred specimenProximal femur, left

Horizon and locality Macy Ranch (MOTT 3927), Bull Canyon Formation,

Garza County, Texas
Collectors- Bill Mueller and Doug Cunningham

Description and remarksThe topmost portion of the femur is preservedegxc

the missing posterolateral portion including sorhthe trochanteric fossa (facies

articularis antitrochanterica). TTU-P12587 is ideaitto the femur of TTU-P10072,
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except the minute size and missing proximal grotiverefore the same diagnosis is

applicable.

ANTERIOR MEDIAL POSTERIOR LATERAL PROXIMAL

Figure 4.30 Dockum herrerasaurid (TTU-P12587), pnax left femur. Abbreviations:
alt, anterolateral tubegmt, anteromedial tubeflg, femoral ligament (ligament femoris
capitis) groovetf, trochanteric fossgmt, posteromedial tuber. Hatches signify the
damaged parts. Arrow points the anterior side.

TTU-P12790

(Figure 4.31)

Referred specimenVertebral fragments

Horizon and locality Macy Ranch (MOTT 3927), Bull Canyon Formation,

Garza County, Texas
Collector- Bill Mueller

Description and remarksOnly a single vertebra is preserved in single @iec

which is suitable for a decent description amongedssociated but highly fragmented
vertebrae. The vertebra is somewhat elongated aisted; compressed dorsoventrally and
possesses enlarged articular ends and laterakfosssides. Both ends are severely damaged

and characteristic large rims around the articsimfaces are completely faded away. Neural

114



Texas Tech University, Volkan Sarigul, Decemberf201

spine is totally obliterated where the neural camatvealed. Comparative anatomy of TTU-
P12790 matches witBhindesaurus bryansmalli (PF 10395; Long and Murry 1995),
however it is not enough to pinpoint a taxon sobged on vertebral fragments.

LATERAL DORSAL VENTRAL

1cm

Figure 4.31 Dockum herrerasaurid (TTU-P12790),elmd. Abbreviationdf, lateral
fossa;nc, neural canal. Hatches signify the damaged parts.

TTU-P16789

(Figure 4.32)

Referred specimenPosterior dorsal vertebra

Horizon and locality Patricia Quarry (MOTT 3870), Bull Canyon Formation

Garza County, Texas
Collector- Bill Mueller

Description and remarkslt is a fairly complete vertebra, except damaged

anterior face and broken tips of the transversegsses and of the neural spine. The
neural spine retains saurischian characters opasphene-hypantrum accessory
intervertebral articulation (Gauthier 1986) anchpipal diapophyseal laminae on the

transverse processes as in all saurischian din@$dlilson 1999). The centrum is
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anteroposteriorly short and spool shaped whichagrebstic in herrerasaurids (Novas
1992). Tiny ridges decorate the periphery of thet@aor end. The parapophyseal facet is
not present on the centrum, therefore indicatirag TTU-P16789 belongs to the

posterior series of the presacral column. Centrism lzas blind fossae on sides. This type
of shallow excavations is previously documenteHiénrerasaurus (Novas 1993) and
Chindesaurus (Long and Murry 1995) among herrerasaurids, but #ve not considered

as "true" piercing pleurocoels of derived sauriaoBi(e.g. Wedel 2007).

ANTERIOR POSTERIOR

VENTRAL

Jcm
Figure 4.32 Dockum herrerasaurid (TTU-P16789), griwt dorsal vertebra.
Abbreviations:c, vertebral centrunhisp, hyposphendjtr hypantrumif, lateral fossa,;
nc, neural canalpap, parapophysigyoz, postzygapophysigrz, prezygapophysis.
Hatches signify the damaged parts.
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As a result of convergent evolution, both diapg@af laminae and hyposphene-
hypantrum articulation may occur in paracrocodylgohg (Wilson 1999; Weinbaum
2013). However, the vertebral centra are relatiediyigated in paracrocodylomorphs
(sensu Nesbitt 2011) rather than being spool shaped Ragiosuchus kirkpatricki [TTU-
P9002]) and both zygapophyses and hyposphene-hypaatticulations are relatively

gracile in herrerasaurids.

Coelophysoidea
THEROPODA Marsh 188%ensu Gauthier 1986
NEOTHEROPODA Bakker 198&nsu Sereno 1998
COELOPHYSOIDEA Holtz 1994ensu Nopcsa 1928

Brief description Pioneering cladistic works (Gauthier 1986; Row898

1989b; Rowe and Gauthier 1990; Holtz 1994, 200®&o8ki and Rowe 2004) have
regarded the clade Ceratosaruia as the cumuldtislassical coelophysoids and
ceratosaurs, a view which is mostly abandoned tadayertheless, a stem-based
definition is produced for the clade Coelophysoidééch covers all ceratosaurs closer to
Coelophysis than toCarnotaurus (Sereno 1998), whereas it is also suggested that a
similar type of grouping was previously used by bkg(1928), under the suborder
Coelurosauroidae. However, the recent attemptslawat identify any clades within
Coelophysoidea in all most parsimonious trees @arand Sampson 1999, 2008;
Carrano et al. 2005; Nesbitt et al. 2009). Theeef@oelophysoidea serves as a "catch-
all" clade that includes all the transitional forbetween herrerasaurids and averostrans,

in other words, the basal neotheropods (Figure 4.1)
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Coelophysis is the best known taxon within this group with teautiful
preservations in Ghost Ranch Quarry of the Chintaud, New Mexico (see Taphonomy
section).Coelophysisis a slender-built theropod about 2.5 meters [gngure 4.33) and
it is one of the primordial Norian-Rhaetian dinosatihat extends to the earliest Jurassic
(see Rowe 1989a; Irmis 2004). The most completeisigm among three described
genera (Cope 1887a, 1887b, 18&Xelophysis bauri was selected as the lectotype by O.
P. Hay in 1930 (Colbert 1989). In following decadéselophysis has become a subject
of comparison with other similar type of theroposisch aSyntarsus rhodesiensis
(Raath 1969, 1977). A remarkable similarity betw€erlophysis andSyntarsus is also
recognized by Colbert (1989) and he consid€egophysis as the ancestral form of
Syntarsus. Later on,Coelophysisis referred as the senior synonym $gntarsus (Paul
1988, 1993; Bristowe and Raath 2004). The genencabyntarsus is abandoned
recently since it is turned out to be a homonymeftweetle in Colydiinae group (lvie et
al. 2001), and the proposed nallegapnosaurus is considered another junior synonym
for Coelophysis. Rioarribasaurus (Hunt and Lucas 1991a) is an invalid attempt taase
new holotype foCoelophysis and it is also regarded as another junior synofoym
Coelophysis (Paul 1993)Coelophysisis also regarded as a senior synonym for
Podokesaurus Talbot 1911 andlongosaurus Welles 1984 (Colbert 1964, 1989). Species-
level synonym ofCoelophysis bauri andCoel ophysis rhodesiensis are listed in taxonomy
related publications (e.g. Carrano et al. 201227). Documented bone fragments of a
small crocodylomorph within the stomach content€ad ophysis, which once
interpreted as cannibalism, suggests that thisanras an active predator (Nesbitt et al.

2006).
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Figure 4.33 Skeletal reconstructionC@del ophysis bauri (after Paul 1993)

The rest of the unequivocal coelophysoids candtedias:

Camposaurus arizonensis (Hunt et al. 1998; Nesbitt et al. 2007; Ezcurrd an
Brusatte 2011) from the lower part of the Chinleration, Arizona (lower
Norian).

Procompsognathus triassicus (Frass 1913; Ostrom 1981; also see Sereno and
Wild 1992 and Knoll 2008) from the middle Stuberdstein of Germany (upper
Norian)

Liliensternus liliensterni (Welles 1984, as the senior synonymHatti cosaurus
liliensterni of von Huene 1934) from the Knollenmergel (Trogsim Formation,
Germany) (upper Norian).

Lophostropheus airelensis (Ezcurra and Cuny 2007, or the "Airel theropod'h€u
and Galton 1993) from the upper sections of Frafainper (upper Norian-
Rhaetian).

Gojirasaurus quayi (Carpenter 1997; also see Nesbitt et al. 200T) ftiwe Bull
Canyon Formation of New Mexico (upper Norian).

Dilophosaurus wetherilli (Welles 1954, 1970, 1984) from the Kayenta Foramati

Arizona (Lower Jurassic).
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e Coeophysis kayentakatae (Rowe 1989a) from the Kayenta Formation, Arizona
(Lower Jurassic).

e Segisaurus halli (Camp 1936; Carrano et al. 2005) Navajo Sands#nzona
(Lower Jurassic).

e Coedophysis sp. (Irmis 2004) anflinosaurustriassicus (Xing et al. 2013, n.
comb. forDilophosaurus sinensis Hu 1993) from the Lower Lufeng Formation,
China (Lower Jurassic).

e Panguraptor lufengensis (You et al. 2014) is the most recent coelophysoid

discovery from the Lower Lufeng Formation, China\iter Jurassic).

Zupaysaurus rougieri from the Los Colorados Formation of Argentina asnped
out as a putative Triassic coelophysoid which wagirally described as a basal
tetanuran (Arcucci and Coria 2003; Ezcurra and N@&@07).Sarcosaurus woodi from
the Lower Lias of England (Andrews 1921) might ddetong to the coelophysoids as
recently suggested (Carrano et al. 2005, but sd=$\E84; Gauthier 1986).

Diagnosis- No strict consensus is present on the monopbivilge clade
Coelophysoidea as discussed before (see the destqart above), nevertheless, some
conditional synapomorphies (i.e. co-existence oftipla characters on the same
element) of those coelophysoids or basal neothelope proposed here only for tibiae
and ilia relevant to the Dockum specimens as: €tivdd ilium with sub-equal peduncle
sizes which receives less than six sacral vertefingeoski and Rowe 2004; Carrano and
Sampson 2008) and (2) although it is fused withxipnal tarsals in some specimens (e.g.

Raath 1969; Colbert 1989; Ezcurra and Brusatte R@ltypical rhromboidal distal tibia
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which is consisted of an expanded posterior desoegmocess (or a post-fibular wing
sensu Novas 1989) on the lateral side and a longitudiidigie on the posterior side which
is recently recognized as a synapomorphy of neofioels, including a deeply penetrated
diagonal articulation groove on the anterior sidéhthe consequent reduction or loss of
the lateral longitudinal groove (Novas 1989, 1996sbitt 2011). In contrast, the
astragalotibial articulation pattern of ceratosgeeasu Carrano and Sampson 2008) is
closer to tetanurans, where the outline for theatigia is mediolaterally expanded and
triangular (Rauhut 2008, character 208), whichdsia looser bracing for the ascending
process due to the vertical distortion of the dlepprocess on the anterior side of the
distal tibia and the subsequent migration of treeading process attachment more
anteromedially. Additionally, the ascending procesn gets more laminar in some
ceratosaurs and fused to the anterior side ofigtal dibia (e.g. Madsen and Welles

2000; Carrano et al. 2002; Wilson et al. 2003).

Dockum Coelophysoids
The Dockum Group of Texas has yielded a varietyoglophysoids (specimens

TTU-P10071, TTU-P10534, TTU-P11044, TTU-P14786Jlescribed below.

TTU-P10071

(Figure 4.34)

Referred specimenllium with the missing preacetabular process,trigh

Horizon and locality Tecovas Formation, Post Quarry (MOTT 3624), Garza

County, Texas
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Collector- Sankar Chatterjee

Revised description and remark§he iliac squama is well extended posteriorly;

mediolaterally compressed and relatively elevatmdally. The postacetabular process is
trapezoidal in shape, possesses a deep but naresg bbssa. The posterior tip of the
postacetabularprocess is missing. On the latatal the supraacetabular crest is highly
damaged but its extent on the pubic peduncle bmadr crest is clearly traceable.
Caudally, the supraacetabular crest doesn’t sedra tmntiguous with the lateral shelf of
the brevis fossasénsu Hutchinson 2001a)xontra Nesbitt and Chatterjee 2008; the
"lateral brevis shelf$ensu Carrano and Sampson, character 118) and such tiaaioy

is distinguishes TTU-P10071 fro@oelophysis, at least fronC. rhodesiensis (Raath

1977, also see Ezcurra and Cuny 2007, figure 5ilidllg, the exact number of attached
sacral vertebrae is not clear (Nesbitt and Chaee2D08); however personal observation
shows that there was probably five vertebral attaaftsin vivo, including the

dorsosacral on the missing anterior process. fndbintext, a caudosacral and a
dorsosacral joined to the first two primordial sdswhere a second caudosacral
supported the ilium only by the transversal proesssSince the ilium fossilized as an
isolate element, it clearly lacks the fusion of giedvic bones. Pubic peduncle is robust,
has an oval and plano-concave articular surfadh@nentral side and a concave
posterior side. Ischiac peduncle is sub-trianguahape, smaller than pubic peduncle
and possesses an anterolaterally facing antitreeharhe attachment surface on the
ventral side of the ischiac peduncle displays ataézral and posteromedial articulation

facets.
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This specimen is affined with the coelophysidprievious works (Lehman and
Chatterjee 2005; Nesbitt and Chatterjee 2008)mst recently it is considered as
neotheropodincertae sedis (Martz et al. 2013). TTU-P10071 is closer to cpélgsoids
by the possession of 5 sacral vertebrae and thezoadal postacetabular process which
is comparable to various coelophysoids (kiliensternus, Coelophysis) rather than
ceratosaurs which possess minimum 6 sacral vegetoafluent lateral ridge and
supraacetabular crest, and also very charactefmg-and-socket” style peduncle joints
in most. Moreover, the relatively small size amsslexpanded attachment surface of the

pubic peduncle clearly manifests that TTU-P1007ioisa tetanuran dinosaur.

LATERAL

MEDIAL

5cm

Figure 4.34 Dockum coelophysoid (TTU-P10071), righitm. Abbreviationsant,
antitrochanterbf, brevis fossals, lateral shelfms, medial shelfpi, ischial peduncle of
ilium; pup, pubic peduncle of iliunsac, supraacetabular crest, sacral rib attachment;
stp, sacral attachment of transverse process. Hasipe$y the damaged parts.
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Figure 4.35 Dockum coelophysoid (TTU-P10534), rigihia. Abbreviationsaf, articular
facet for astragalusg, cnemial cresty, groove;lc, lateral condylemc, medial condyle;
pp, posterior process, posterior ridgetn, tibial notch. Hatches signify the damaged
parts. Proximal and distal views share the 3 caledoar. Arrows point the anterior side.
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TTU-P10534
(Figure 4.35)

Referred specimenComplete left tibia

Horizon and locality Patty East Site (MOTT 3880), Bull Canyon Formation

Garza County, Texas
Collector- Doug Cunningham

Revised description and remark§he proximal surface of the tibia is slightly

eroded, sub-triangularly shaped, anteroposterloriger than wide and the medial edge
is somewhat higher than the lateral edge. Theaenisely preserved groove on the
medial edge, probably served as an insertion foirdsome collateral ligament occurring
between femur and tibia. Similarly, the centralt pdithe proximal surface is also
depressed where it probably housed some crucgaménts. Such depression
demarcates the cnemial crest from the posteriodylowhere it also extends between the
two condyli. Both condyli are pronounced where ldteral (fibular) condyle is rounded
and slightly smaller than the medial one. The pastenargin of the condyli is
contiguous. Anterior part of the cnemial crest issimg but it still stands prominent in
basal dinosaur range and it is somewhat bendeddswviae fibular side, covering a
smooth-surfaced tibial notch. A well-developed fdrcrest is present on the
proximolateral side which gradually bulks distallfhe bone was broken just below the
proximal head and restored with cellulose sculptireglium from where the nutrient
foramen has to be. The shaft is hollow, sub-circaltal slightly bowed to the medial side
presumably due to poor taphonomic conditions wkeree cracks and compression

marks are visible especially at the distal padpldying secondary damage. The distal
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end is rhomboidal in distal view, possesses arrgedaposterior process (i.e. a post-
fibular wing), a deeply penetrated articulationayre for the ascending process of
astragalus and a robust longitudinal ridge on dmtgin is also present on the posterior
side.

Nesbitt et al. (2007) previously mentioned thisgmen as the "unnumbered"” and
identified it as Theropodiadet. A robust fibular crest and the distal end patteamifest
the non-tetanuran neotheropod affinity of TTU-P10%Sesbitt 2011). Despite being
almost at the half size, the tibial morphology ighty comparable to that of
Dilophosaurus (see Welles 1984), including the robust and poftelyd cnemial crest,
configuration and relative sizes of tibial condyiangular shape of the fibular crest and
the distal tibial pattern with a relatively smalfgost-fibular wing. Thus, TTU-P10534

might represent an ancestral form to the Earlysiicadilophosaurids.

TTU-P11044
(Figure 4.36)

Referred specimenComplete right tibia

Horizon and locality Post Quarry (MOTT 3624), Tecovas Formation, Garza

County, Texas
Collector- Sankar Chatterjee

Revised description and remarkBroximal surface of the tibia is very well

preserved; it is sub-triangularly shaped and aptesteriorly longer than wide. The
cnemial crest is flared in both proximal and latesees and it stands as the highest point

of the proximal surface. A depression on the cépia separates the cnemial crest from
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the posterior condyli which probably accommodat@ue femorotibial cruciate
ligaments. The posterior condyli are well pronouhaad demarcated by a clear
intercondylar cleft. The medial condyle is relalyvkarger and possesses a higher outer
edge. The strong cnemial flare creates a distibietl hotch, bordered with a small but
well developed fibular crest. A fossa of unknowigior is noted on the tibial notch, right
between the cnemial and fibular crests. The shadightly worn but still in good shape.
It is sub-rounded in transverse section and ruasgit to the distal end without any
noticeable structure. The distal part is also baadlytpreserved and somewhat expanded
mediolaterally. The distal end is rhomboidal intalisview, possesses an enlarged
posterior process (i.e. a post-fibular wing), aphe@enetrated articulation groove for the
ascending process of astragalus and a robust lmingg ridge on distal margin is also
present on the posterior side.

This element is previously mentioned in the 208k la of Nesbitt and Chatterjee
and assigned in the clade Theropastagu Gauthier 1986) which recently reassessed as
a neotheropod (Martz et al. 2013). In addition,dfsal configuration of the bone

indicates that this individual is a potential cgeigsoid.

TTU-P14786
(Figure 4.37)

Referred specimenDistal tibia, left

Horizon and locality Headquarters South locality (MOTT 3898), Bull Cany

Formation, Garza County, Texas

Collector- Doug Cunningham
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ANTERIOR  LATERAL POSTERIOR MEDIAL PROXIMAL

DISTAL

5cm

Figure 4.36 Dockum coelophysoid (TTU-P11044), rigiia. Abbreviationsaf, articular
facet for astragalusc, cnemial crestic, lateral condylemc, medial condylepp,

posterior process; posterior ridgetn, tibial notch. Proximal and distal views share the
1 cm. scale bar. Arrows point the anterior side.
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Description and remarksAlthough only the distal part of the tibia is peeged,

presences of a deeply penetrated articulation facéhe ascending process of astragalus,
an enlarged posterior process (i.e. a post-fibuiag) on the lateral side and a
longitudinal ridge on the posterior side clearlymfiasts the neotheropod affinity with the

rhomboidal distal surface of tibia.

ANTERIOR  LATERAL POSTERIOR MEDIAL DISTAL

Figure 4.37 Dockum coelophysoid (TTU-P14786), te$tal tibia. Abbreviationsaf,
articular facetpp, posterior process, posterior ridge. Hatches signify the damaged
parts. Proximal and distal views share the 1 caledgar. Arrows point the anterior side.

129



Texas Tech University, Volkan Sarigul, Decemberf201

New Morphotypes of Dockum Theropods

In this section, three new taxa of theropods belldiscussed separately from the
rest of the dinosauromorph fossils. These new paaranorphotypes include three
dentaries from the Boren Quarry (MOTT 3869) (TTWPR14 and TTU-P10517 as
Morphotype 1a and Morphotype 1b, respectively, Bhd-P10515 as Morphotype 2)
and intermixed skeletal fragments from the PostrQuUOTT 3624) (TTU-P11254a
and TTU-P11254b which are referred to Morphotypea3d Morphotype 3b,
respectively). All these new theropods are charaet@ by miniature and gracile forms,

which is an unusual situation for the Triassic &ari

Mor photypes 1a, 1b and 2
DINOSAURIA Owen 184Zensu Padian and May 1993
SAURISCHIA Seeley 188%ensu Gauthier 1986
THEROPODA Marsh 188%ensu Gauthier 1986
Description+ Three small, gracile, and enigmatic theropodaless have been

recovered from the Boren Quarry (MOTT 3869) of Mex®Formation. These three
specimens were found in close proximity in a 10diameter area. Based on the dental
pattern, TTU-P10514 and TTU-P10517 are considdasikcas morphotypes based on
the similar leaf-shaped posterior dentition, wher€aU-P10515 probably represents a
different morphotype. In life, these early gra¢heropods would be about the size of an
adultArchaeopteryx. These specimens are incomplete and represenietisolated
dentaries. However, unique dental morphology anctsen density help to diagnose

their theropod affinity. Small size and dental imaton in these taxa provide some
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critical insights about the miniaturization of garddiation of theropods. Because of the
fragile nature of the specimen, only one side chespecimen was prepared and exposed.

Size, shape, and serration density of theropod tdatrecent times, dental

morphology and nature of serration have been ustethgvely in taxonomic

identification of isolated teeth of theropods (Barlet al. 1991; Ray and Chinsamy 2002,
Smith et al. 2005; Larson and Curry 2013). Thuaanteeth within a jaw have a great
degree of taxonomic utility. Theropod teeth arggd@sed based on several attributes:
fore-aft (mesial-distal) basal length (FABL), toattown height, basal (labial-lingual)
width, serration density, serration size and theature of the apex (e.g. Farlow and
Brinkman 1987; Farlow et al. 1991; Smith et al. 200arson and Curry 2013) (Figure
4.38). FABL is measured at or near the level offfeximal (basal) end of the distal
tooth keel. Serration density is defined as theasen count per 5 millimeters of tooth
keel, a parameter mainly used to classify smathédium sized theropods, where the
tooth sizes range from less than a centimeter gp\eral centimeters. Usually, early
theropod teeth are finely serrated. The coarsadesiare not common in Triassic
theropods, but widespread in Cretaceous forms asiciitomaeosaurids and troodontids
(e.g. Currie et al. 1990; Fiorillo and Currie 19%&nkey et al. 2002; Larson and Currie
2013). Although dental serration is plesiomorploadition in carnivorous archosaurs, it
shows a wide range of variations among differeatles. Serration patterns on the TTU-
P10514, TTU-P10515 and TTU-P10517 with an ovalseestion indicate their
theropod affinity. In phytosaurs or rauisuchiaegth have a D-shaped cross section
(Abler 1997). Dental morphology of basal ornithisets and basal sauropodomorphs are

remarkably different than theropods e.g. by possgisangular/spatulate crowns with a
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basal constriction (e.g. Gauffre 1993; Chatterjee 2heng 2002; Norman et al. 2004,

Sereno et al. 2013).

A

Labial
 —

S '] Mesial
)

(s
Front of Skull

(i )
t
B Dl (Rostral)

sagittal plane

N
Labial Labial/Lateral

Lingual G‘ .
"—d l Mesial 47L'Distal

Lingual

Figure 4.38 Explanatory figures for the dental graus. (A) Schematic human dental
arcade in palatal view showing mesial, distal,dabind lingual directions; (B) Maxillary
tooth of theropodsaurornitholestes (modified after Currie et al. 1990; Smith and Daruls
2003) with primary directions and the serrationgignscale per millimeter (x/mm); (C)
Apical displacement and crown curvature (modifiidraSmith et al. 2005), including
the curvature angle (c°) added in this work whickéfined as the angle between the
midline axis (MA) and the segment line drawn frdre point of intersection between the
midline axis and the curvature axis (CA), to thedf the tooth.

Diagnosis- Highly serrated carnivorous teeth; very slendes, jmedian

symphysis small, faint, and flexible, restrictedhe tip, indicating kinetic jaw.

Morphotype 1a, gen. nov., sp. nov.

Diagnosis- Differs from all known theropods in that the theg has strongly
heterodont dentition; the rostral tooth is conicaserrated and precumbent, followed by
highly recurved, compressed and keeled dentitidh welatively coarse denticles; the
caudalmost tooth is large, subtriangular, symmaltrend keeled; Meckelian fossa

curved upward at the level of medial symphysis.
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TTU-P10514
(Figures 4.39, 4.40, 4.41, 4.42)

Referred specimenDentary, right side, medial side exposed.

Horizon and locality Boren Quarry (MOTT 3869) Tecovas Formation, Garza

County, Texas
Collector- Sankar Chatterjee

Description and remarksTTU-P10514 is embedded in the mudstone where only

the medial side of the dentary is visible. The famus is around 2.4 centimeters long
and slender, where the symphysis is small, loasyestricted to the rostral tip,
indicating a ligamentous, kinetic attachment. Tlhe@lar margin runs parallel to the
ventral margin of the jaw for most of its lengthut lcurves upward rostrally to form a
tapered tip. Below the alveolar margin, the Meckelgroove lies close to the ventral
margin of the jaw ramus and runs parallel to thedehend of the jaw. Such a ventral
position of the Meckelian groove has been idertdifreseveral groups (Nesbitt 2011, p.
101) including dinosauriforms such laawisuchus, Slesaurus andSacisaurus as well as
in some basal ornithischians suasothosaurus (Sereno 1991a) ari€bcursor.

The total dental count in the preserved sectidrljghe first nine teeth are
followed by an empty alveolus for the tenth tootisiion. The first rostral tooth is slim,
conical, long and precumbent without any serratidinge second tooth is transitional and
more robust compared to the first one, and somercatved. Teeth 3-9 are serrated,
laterally compressed, caudally curved, and me&@diy expanded at the base. The
fourth tooth stands somewhat larger compared terstfThe eleventh, the caudal-most

tooth is the most unusual in the series. It is lyigixpanded mesiodistally with coarse
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serrations and becoming symmetrical and leaf-shapfeelnature of the serrations is
obscured in many teeth, but they are inclined aBétitowards the apical side. The exact
number of serrations is unknown because of poaepvation, but an average of 15
serrations on each keel is estimated in relatidhédeight of the tooth (~2.5 mm). On
the distal side, the serrations are rounded inreytivhereas on the mesial side, they are
somewhat pointed. The lingual alveolar margin isfeeced by small and rectangular
interdental plates at the base of each tooth, ededowith replacement pits, which are
termed "special foramina" or "window" (Edmund 1939n)these pits, each replacement
tooth germinates and grows in size, and eventuathydes the corresponding position of
the older tooth. Replacement activity is cleathia faw, as evidenced by empty alveoli,

different tooth sizes, special foramina, and thespnce of small erupting teeth.

0.5cm

Figure 4.39 Theropoda (TTU-P10514) right side dgntabbreviationsa, empty
alveolus;idp, interdentary platesng, Meckelian groovesm, symphyseal areapf,
special foramen. Numbers represent total numbgreath, regardless of preservation.
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Figure 4.40 Restored right dentary of TTU-P10514.

In TTU-P10514, the crowns of the teeth taper dlyitat there are great variation
of apex displacement and crown curvature alongdb# row from rostral to caudal
region (Figure 4.41). The most unusual featurdnefdentition is the development of
strong heterodonty which is unusual among theropblas only other theropod with
heterodont dentition is known Masiakasaurus knopfleri, a Late Cretaceous abelisaurid
from Madagascar (Sampson et al. 2001afaptor lunensis is excluded from the
Theropoda (e.g. Sereno et al. 2013). Evevl.d&nopfleri, heterodonty is not as strong as
in Dockum specimens where the differentiation adgurred on the keel (Figure 4.42).
Probably these heterodont teeth functioned as pauufiose implements for killing and

capturing insects and other small animals.

Dental measurements of TTU-P10514

1. mesial-distal basal length (FABL) = ~1.5 mm

2. tooth crown height = ~3 mm

w

serration density = 8-10 per mm for central teeth

IS

. serration sizes = coarse
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5. apical displacement and crown curvature = ~7°féeréor teeth, ~23.5° for

central teeth

1 mm
Figure 4.41 Heterodonty of TTU-P10514 with restaeseth: left, conical and caniniform
first and second teeth; middle, recurved, lateradi;npressed and highly serrated central
teeth; right, eleventh tooth assumes nearly symoa¢tondition without much

curvature.

Figure 4.42 Reconstructed dentaryMds akasaurus knopfleri, with full complement of
teeth in right lateral view (after Sampson et 802, scale bar 10 mm).

Morphotype 1b, gen. nov., sp. nov.

Diagnosis- Similar to Morphotype 1a, the dentary has stiphgterodont

dentition; central teeth are recurved at the aggich like a utility knife and coarse
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serrations on the mesial keel; the caudalmost teddrge, subtriangular, symmetrical,

and keeled; lateral surface of the dentary be&ysgitudinal groove.

TTU-P10517
(Figures 4.43, 4.44, 4.45)

Referred specimenDentary, left side, lateral side exposed

Horizon and locality Boren Quarry (MOTT 3869) Tecovas Formation, Garza

County, Texas
Collector- Sankar Chatterjee

Description and remarksTTU-P10517 is an incomplete piece of the lateidgd s

of a left dentary, where the rostral and caudakeard missing. The preserved part is
around 1.5 cm in length where the lateral surfaa@nvex and marked by an unusual
longitudinal grove. Total dental count in the prese part is 11, of which six teeth are
present; four positions are represented by empsoél The twelfth toot is discernable at
the posterior region which is highly obliteratecer@al teeth are strongly recurved
caudally, compressed sidewise, robust with medmldéxpansion at the base; keels are
serrated with coarse denticles only on the megial §hose serrations are inclined about
45° in relation to the long axis of the tooth, tartd to get smaller towards the apex. The
eleventh tooth, although it is crushed, is sligletlyved, leaf-shaped and shows coarse
denticles on both mesial and distal edges. Riglavbthe eleventh tooth, a large,
symmetrical upper tooth of the maxilla is plastenadhe lateral wall of the dentary; the

overlapping nature of the upper tooth indicates tthe preserved part of the jaw ramus
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belong to the dentary. Heterodonty and is obseatélde preserved part of the jaw. There
appears to be 13-15 serrations/mm on the mesiabké#ee central teeth.

Although TTU-P10517 can be differentiated from TPW0514 by the absence of
posterior serrations on the distal side and thephogy similar to a utility knife (Figure
4.45), they are considered closer as morphotyp#ssmwork, based on the similar leaf-

shaped posterior dentition.

0.5¢cm

Figure 4.43 Theropoda (TTU-P10517) left side dentAbbreviationsa, empty
alveolus;g, longitudinal groovemt, maxillary tooth. Numbers represent total numider o

teeth, regardless of preservation.

Dental measurements of TTU-P10517

1. mesial-distal basal length (FABL) = ~1 mm
2. tooth crown height = ~2 mm

3. serration density = 13-15 per mm for central teeth
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4. serration sizes = coarse
5. apical displacement and crown curvature = ~34.5edatral teeth, ~14° for

posterior teeth

/L |
\ |

0.5cm
Figure 4.44 Restored right dentary of TTU-P10517.

~14°

E—

1 mm
Figure 4.45 Heterodonty of TTU-P10517 with restaesgth: left, strongly serrated
central teeth with an apical curvature only atrtesial side; right, eleventh tooth
assumes leaf-shaped condition and nearly symmietrica
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Morphotype 2, gen. nov., sp. nov.
Diagnosis- The mesial side of anterior teeth shows shagulan edge from the
tip; whereas the rest of the posterior teeth bedoreasingly recurved, blade-like and
keeled with relatively coarse denticles on bothialemd distal sides. Meckelian fossa

curves upward to the level of medial ventral syngihy

TTU-P10515
(Figures 4.46, 4.47, 4.48)

Referred specimenDentary, right side, medial view exposed.

Horizon and locality Boren Quarry (MOTT 3869) Tecovas Formation, Garza

County, Texas
Collector- Sankar Chatterjee

Description and remarksTTU-P10515 is exquisitely preserved, exposing the

medial side of a left dentary. It is slightly lomgkean 2 cm with parallel alveolar and
ventral margins that converge rostrally to the Aigprominent Meckelian groove runs
longitudinally through the central area in betw#®ese two margins, but curves upward
and extends to the level of the medial symphysigedlar portion is quite distinct with
robust and mostly rectangular interdentary platesassociated pits ("special foramina™
or "window", Edmund 1957) for replacing tooth. Tinasterior side of the dentary is
crushed.

The total dental count of the preserved part efjtw is 19, of which 14 teeth are
matured, a small replacing tooth in théh_tﬁ)sition, and there are 4 empty alveoli. The

largest tooth lies in the f7osition. The teeth are weakly heterodont, itdsmearly to
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the extreme as seen in TTU-P10514. All teeth dezddly compressed and blade-like.
The anterior teeth are slim, slightly compressed, feee of serrations; only recurved at
the apical region, whereas the rest of the caeadhtbecome increasingly recurved,
serrated, with mesiodistal expansion at the basstr& teeth from 3-8 positions show
some unusual morphology where the mesial and drstagins are nearly parallel, except
for the upper part of the crown that makes a shagular bend from the tip at angle of
~24°. Therefore, the profile becomes similar to tfat utility knife (as observed in the
central teeth of TTU-P10517) (Figure 4.48). The ialeserrations are present only at the
recurved portion, which are oriented almost pakréd¢he tooth axis. Strong serrations
are present on both distal and mesial sides fopdiséerior teeth, which are small and
pointed in apical direction on both sides. Serretion the mesial keel tend to get
somewhat smaller towards the apex. There are dldoserrations per millimeter for the
posterior teeth on each mesial and distal keeta8ens tend to get smaller towards the

apical portion, at least on the mesial side.

Dental measurements of TTU-P10515

1. mesial-distal basal length (FABL) = ~1 mm

2. tooth crown height = ~2 mm

3. serration density = 8-10 per mm for anterior teett® per mm for posterior teeth
4. serration sizes = coarse

5. apical displacement and crown curvature = ~15.58rberior teeth, ~24° for

central teeth, ~30° for posterior teeth.
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0.5cm

Figure 4.46 Theropoda (TTU-P10515) left side dentAbbreviationsa, empty
alveolus;idp, interdentary platesng, Meckelian groovesm, symphyseal areapf,
special foramen. Numbers represent total numbegeath, regardless of preservation.

0.5¢cm

Figure 4.47 Restored left dentary of TTU-P10515.
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1 mm
Figure 4.48 Heterodonty of TTU-P10515 with restaweseth: left, highly recurved,
laterally compressed and highly serrated postégieth; middle, laterally compressed
central teeth with serrations along entire dis&dlkand on the curved apical postion of
the mesial keel; right, unserrated, slim and cémim first and second teeth.
Mor photypes 3a and 3b
DINOSAURIA Owen 184%ensu Padian and May 1993
SAURISCHIA Seeley 188%nsu Gauthier 1986
THEROPODA Marsh 188%ensu Gauthier 1986
MANIRAPTORA Gauthier 1986

Brief descriptiont Maniraptorans are a diverse group of theropodsenigdof

alvarezsaurids, therizonosaurus, oviraptorosaeiapdychosaurs, and avialans that
evolved true broad contour feathers. They aremdjaished from other coelurosaurs by
an encephalized skull; elongated forelimbs; an wlith curved shaft; a semilunate carpal

with a swivel wrist joint; a bony sternum; an isamm with a broad obturator notch and a

143



Texas Tech University, Volkan Sarigul, Decemberf201

reduced distal symphysis; a backward pointing pubid a stiff, dynamic tail which is
strengthened by ossified tendons (e.g. Agnolinidodas 2013). A typical maniraptoran

such as/elociraptor is shown below (Figure 4.49)

Figure 4.49 Skeletal reconstruction\a ocirtor mongoliensis (image credit Scott
Hartman 2013)

Description- Soumya Chatterjee, then a high school studeahd these unusual
and delicate specimens during the summer of 19898 the bone bed of Post Quarry.
The skeletal elements were partly associated and jaeketed for careful preparation in
the laboratory (Figure 4.50). Zheng Zhong, who wasaduate student from China and
also a skilled preparator, prepared the specimderuam binocular microscope. However,
an extensive description of these elements isdotred in this work for the first time.
After close examination, it appears that the mudstaock yields two different
individuals, a larger and a smaller individual,wiitermixed fragments, which can be
distinguished from the great size disparity. Thrgeéa individual (TTU-P11254a,
Morphotype 3a) is about the size of a crow and represented by the postorbital-frontal
portion of the skull and associated series of calwertebrae. The smaller individual
(TTU-P11254b, Morphotype 3b) is about the size sparrow and it is represented by

partial braincase, partial lower jaw, scapular blgzhrtial pelvis and limb elements.
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Intermix of these skeletal fragments resulted gmnailar taphonomic condition to those
of Protoavis (e.g. Chatterjee 1999). However, these two mogglest cannot be certainly
referred to the same taxon as in the caderatbavis specimens, due to the lack of
common skeletal elements.

To retrieve and free the bones from the mudstoakeixfor future 3-D
anatomical study was a challenging job, especfallyhe smaller individual. For
example the limb bones of the smaller individuatevextremely delicate and fragile (the
shaft diameter is ~2 mm wide). Some of the boneg wieattered while exposing for the
smaller individual; the fused astragalocalcaneutgpical diagnostic bone of a theropod
was lost forever during the preparation (Sankarttélae, personal communication).
These two specimens represent the earliest re¢ondmraptoran theropods from the
Late Triassic deposits and provide critical infotimia of the transition of avialans from
theropod ancestors. The small body size and phyktgeposition imply that extreme

miniaturization was ancestral for Paraves (Led.&(14).

&

rary ;
gen braincase

humeTUS

5c¢cm
e |

Figure 4.50 Field sketch for TTU-P11254a and TT284b (redrawn after Sankar
Chatterjee’s field book). Note that the postorlibtahe was not depicted in the sketch.
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Morphotype 3a, gen. nov., sp. nov.
Diagnosis- Postorbital with anterodorsally curved frontebgess; cervicals
lacking neural spines with strong hypapophysespmsterior caudals elongated and

procoelous.

TTU-P11254a
(Figures 4.51-4.53)

Referred specimenRight postorbital-frontal, partially articulateertebral

column, isolated caudal vertebrae.

Horizon and locality Post Quarry (MOTT 3624), Tecovas Formation, Garz

County
Collector- Soumya Chatterjee

Description and remarksThe postorbital is a triradiate bone in sidewtbat

forms the postero-dorsal margin of the orbit. Tbhesdl bar extends forward and
backward as tapering processes to receive theafrantl squamosal respectively. The
frontal process is curved anterodorsally to meeftftbntal, as in all maniraptorans (e.g.
Turner et al. 2012). The descending process cuan@sd the orbit and is bifurcated
ventrally to receive the jugal. Medially the squaaloabuts against the frontal. The
frontal is incomplete, but shows a straight medigmphysis to articulate with its

opposite fellow (Figure 4.51).
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Figure 4.51 Dockum maniraptoran (TTU-P11254a) rjgbgtorbital-frontal.

Two articulated segments of vertebral column aesgrved: four anterior
cervicals and eight posterior cervicals (Figure2).tn addition, three isolated caudals
are present. The vertebral column appears to lgedod lightly built. In the anterior
cervical series (C2-C5), the axis is followed bsethmore cervicals. The centra are
elongated and bilaterally compressed with the agreent of a ventral keel. Anterior to
the keel, a prominent hypapophysis is present iceaVicals as in maniraptorans. The

centra are platycoelous except for the axis; ttierlaears an odontoid process anteriorly
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for atlas intercentrum. The three components ofttie-the odontoid, intercentrum, and
the axis proper—are fused. The axis is highly eded) in the series, with strongly offset
cranial and caudal articular surfaces indicatingang arch of the neck, which was
probably long and flexible. The axial neural spmenlarged, compressed mediolaterally
to form a sharp dorsal edge that slopes craniaityektends caudally beyond the
postzygapophyses; the postaxial neural spinesaas®wentrally low. In the third

cervical, the neural spine is weakly developedtaedoarapophysis lies low down at the
anterior rim of the centrum. In the remaining ceals the pre- and postzygapophyses are
long, horizontally directed, and extend beyondfttoes of the centra, indicating great
degree of mobility of the neck. In the fifth cericthe hypapophysis is divided into two

ventral flanges in the caudal aspect as seen ie soadern birds.

1cm

Figure 4.52 Dockum maniraptoran (TTU-P11254a) amteervical vertebrae.
Abbreviationshyp, hypapophysispoz, postzygapophysigrz, prezygapophysis. Arrow
points the anterior direction.

In the posterior cervical series, the zygapophpee®me short at the level of the

central faces (Figure 4.53). The prezygapophysediegcted more upward; the high

degree of tilt of zygapophyseal facets may haveicgsd lateral bending. The trunk was
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rigid. The centra become slightly shorter than ¢hofsthe cervicals. Unlike the anterior
cervicals, the majority of posterior cervicals baatouble pair of small pleurocoels on
each side of the centra. The centra are amphipla¥entrally, each centrum bears a pair
of ridges, separated by a median groove. On the ofgthe posterior cervicals series,

several elongated ribs are present, articulatirig thie parapophysis and the diapophysis.

Figure 4.53 Dockum maniraptoran (TTU-P11254a) pasteervical vertebrae.
Abbreviationsili, ilium; ple, pleurocoelpoz, postzygapophysigrz, prezygapophysis;
vg, ventral groove. Arrow points the anterior direati

There are three isolated caudals present in thection that show transition point
from shorter amphiplatyan centra to longer procaglcentra. The first one represents the
proximal caudal. It is similar in architecture teetdorsal one, but the chevron facets are
present on the caudal aspect of the centrum. Th@&mphyses are small, and the neural
spine is fairly tall. The second one is highly umais probably representing the posterior

caudal segment. It is low and elongate, narrowass:-section, and almost twice the

length of the anterior caudal. The centrum is petmas, where the cranial face is large,
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concave, and circular in outline, but the cauded¢fs convex and elliptical. The
prezygapophyses are horizontal; they slightly eXtegyond the face of the centrum. The
posterior part of a broken vertebra of is attace@riorly, showing the ball and socket
joint. The posterior part of the tail must be extedy flexible for sidewise movement.
The third caudal vertebra is similar in designhis bne, with procoelous articulation, but
much shorter, probably representing more distainggy. Possession of elongated middle
caudal vertebrae was previously stated as a pateythapomorphy foGraciliraptor and
Microraptor (Turner et al. 2012, p. 27).
Morphotype 3a (TTU-P11254a) exhibits a suite ohiregtoran attributes

(Turner et al. 2012; Agnolin and Novas 2013):

1. Frontal process of the postorbital curved antersalby;

2. Axial neural spine compressed mediolaterally;

3. Cervical neural spines short anteroposteriorlye(dffakovicky and Sues 1998);

4. Cervical vertebrae with strong hypapophyses (&tauthier 1986);

5. Elongation of posterior caudal vertebrae (see gbove

Morphotype 3b, gen. nov., sp. nov.

Diagnosis- A miniature theropod with extremely slim andidate limb bones;
rostral tip of the dentary edentulous, where syrsghig restricted to ventral part;
unserrated teeth; scapula narrow and strap-likeg with two distinct humeral facets;
retroverted ischium with an incomplete ilio-ischimtenestra; tibia-fibula fused; fibula

highly reduced.
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TTU-P11254b
(Figures 4.54-4.65)

Referred specimenAssociated skeleton of a small theropod inclgdpartial

braincase, right dentary, left scapula, left huragleft ulna, partial pelvic girdle, right
tibia-fibula.

Horizon and locality Post Quarry (MOTT 3624), Tecovas Formation, Garz

County
Collector- Soumya Chatterjee

Description and remarksOnly two isolated elements of the skull are presd:

partial braincase and a right dentary. The preskpeaet of the braincase shows striking
resemblance to those of basal avialans guotoavis andArchaeopteryx (Chatterjee
1991). The braincase is incomplete, preservinggdattie occipital region with a condyle,
but the left side of the otic capsule is intactwatr-filled sinuses (Figures 4.54 and 4.55).
The bones are intimately fused making demarcationdividual bones difficult. The
basioccipital is fused with surrounding bones asrdht most of the hemispherical
condyle, which is constricted to a neck rostratig ghen flares again to form a pair of
basal tubera. These tubera are separated on tlrahespect by the basioccipital recess.
The left side of the exoccipital bone covers thesdbaspect of the condyle, thus
obliterating the foramen magnum. Each exoccipigarb a foramen for the hypoglossal
(XI1) nerve on the occiput. Ventral to it, thereaidarge vagus canal on the occiput, which
diverted from the metotic foramen to transmit cahnierves IX-XI. In this canal, there is
a small foramen, possible for the vagus nerve Ig) communicates directly with the

endocranial cavity as in maniraptorans and modeds b
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Internally, in the endocranial cavity, the floortbe basioccipital is deeply concave to
house the ventral region of the pons Varolii of oikd eminence. IfProtoavis, there are
two separate concavities for the pons. Laterahéocbncavity and above the pons, there
is a big cavity internally in the otic capsule @githe occipital recess that formed the
base of the recessus scalae tympani (ChatterjeB.188ove this recess, there is a
foramen for the vagus nerve (X). Behind it lies tthvamen for the hypoglossal (XII).
The left side of the otic capsule is a complexaeghat is perforated by several
foramina, recesses, and pneumatic spaces. Theapsule is primarily made of
exoccipital-ophisthotic complex, but the prooticvers the anterodorsal region. The
prootic is probably hourglass-shaped as in birdsphly the ventral expanded region
with a narrow shatft is preserved, but the dorsphexded region is missing; thus the
nature of the dorsal tympanic recess remains waoe@imilarly, the narrow shaft is
incomplete. In birds, the upper part of the shaftierced by a small foramen for the
facialis (VII) nerve, which is missing in the sp®e&n. Rostrally, the concave margin of
the prootic forms the caudal margin of the trigeshioramen (V). Below the expanded
base, the prootic is highly excavated and contdi@sostral tympanic recess; it extends
onto the lateral side of the basal tubera andgkliexcavated representing the rostral
tympanic recess. The caudal margin of the proetatoses the otic recess and the rostral
margin of the fenestra ovalis. The otic capsulaeigutifully preserved and provides

critical anatomical information of the middle eacsegion.
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LATERAL

2mm
Figure 4.54 Dockum maniraptoran (TTU-P11254b) phtdraincase. Abbreviationbt,
basal tuberaif, crista interfenestraligtr, caudal tympanic recess, exoccipital;fo,
fenestra ovalisfrp, fenestra pseudorotundg;hypoglossal foramemet, metotic
processpc, occipital condylepp, ophistotic;or, otic recesspro, prootic;rtr, rostral
tympanic recesgf, trigeminal foramen (partyc, vagus canakf, vagus foramen.
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Figure 4.55 Dockum maniraptoran (TTU-P11254b) mestdoraincase in posterior and

lateral views.
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The derived state of the otic recess can be setmnsi specimen where the rostral
one represents fenestra ovalis, the caudal onfetlestra pseudorotundum; these two
foramina are separated by the crista interfenéswéthe opisthotic. The crista
interfenestralis expands dorsally and slopes fitsrthreshold to the caudal tympanic
recess as iArchaeopteryx (Walker 1985). A large metotic process covers the
rostrodorsal surface of the exoccipital to form filoer and most of the caudal wall of the
recessus scalae tympani. As a result, the vagus sacaudally diverted from the otic
capsule to the occiput. In birds, the vagus foratmensevered its lateral connection
through the metotic strut and takes a shorter aedtdoute; it is now directed medially
to endocranial cavity. In the Dockum theropod aasitional stage of the modification of
the otic capsule can be seen as in some manirapteteh a3roodon (Currie and Zhao
1993). Here the vagus canal is diverted from thoticeforamen behind the strut and
emerges at the occiput as in ceratosaurs. Howtheage is an additional foramen in the
vagal recess for the vagus nerve (X) that madeegtdionnection to the endocranial
cavity as in birds. The main entrance of the catydapanic recess is located within the
otic recess as in birds, but it extends lateraity the base of the of the paroccipital
process as an oval foramen (Figure 4.54). Modt@paroccipital process is missing,
except for the base.

Chatterjee (1991, 1997) discussed the modificatidhe otic recess region in
theropods within an evolutionary sequence. Indigeatic recess, there are two foramina
on the lateral wall in basal theropods (suchSystarsus’), separated by a bar of
opisthotic, the crista interfenestralis. The rdstree is the fenestra ovalis, which receives

the footplate of the stapes. The caudal one isn®tic foramina, which provides an exit
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for the 1X-XI cranial nerves and possibly the postebranch of the jugular foramen. In
tetanurans, a subscapular cartilage, the metotit; & added to the exoccipital, thus
enclosing the rostral part of the metotic forameith the formation of a secondary
tympanic membrane covering the fenestra pseudatatuks a result, the vagus foramen
in these groups has been diverted backward frorm#étetic foramen behind the metotic
strut and emerges at the occiput (Figure 4.56)h\tti¢ elongation of the cochlea, the
perilymphatic duct is shifted to a new aperture, fdnestra pseudorotunda, at the
position of metotic foramen (Figures 4.54 and 4.88rrano and Sampson (2008)
recognized this caudal diversion of the vagus cemegratosauridajungasaurus, Smith

et al. (2011) in therizinosauridtal carius, while Currie and Zhao (1993) ifroodon.

N \. /
% <\

fenestra
~ovalis

opisthotic

prootic opisthotic
~opisthotic

fenestra

s |, ;
= dorotunda
X prootic o /@‘I paeu fenestra__ -
foramen / ; o\ | |
7 (Ll o T | RX o N
\/\\, - P | o Xl metotic_~ fenestra
D - N strut  pseudorotunda
fenestra X —
ovalis sinus ( ~ epiotic
canal -~ >
sinus . epitic /7 /\}
A - =
A /</f
\ X l\”ﬁxu X = W
XN
X
Syntarsus Allosaurus Dromaeosaurus Archaeopteryx

AVIALAE

MANIRAPTORA

TETANURAE

THEROPODA

Figure 4.56 The cladogram displaying the braineasdution in Theropoda (after
Chatterjee 1997).
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Figure 4.57 Dockum maniraptoran (TTU-P11254b) rgjtie dentary. Abbreviations;
empty alveolusede, edentulous anterior portion of the dentamng, Meckelian groove;
nf, nutrient foramensf, special foramen.
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An additional feature shared by the Dockum thedogad modern birds is system
of pneumatic spaces in the bones surrounding tddlenear. Both rostral and caudal
tympanic recesses are present in the braincas&hdptesent of dorsal tympanic recess
is uncertain because of the missing region of tohetc. Witmer (1997) discussed the
phylogenetic significances of the tympanic recesséiseropods and found a wide range
of diversity of these air-filled sinuses in diffatdineages. However, because of recurrent
reversals of these features, their value as idengjfa particular clade is diminished. So
far, the presence of caudal tympanic recess maydiggnostic feature in coelurosaurs.
The function of this tympanic pneumaticity is spidorly understood.

The right dentary is about 2.5 cm long with anrddi®us beak (Figure 4.57). It is
a slender element with a narrow elliptical in cresstion. Both the anterior and posterior
tips are missing, and jaw ramus is slightly damagredon-avian theropods the
symphysis is weak making the jaw kinetic at the.tip contrast, the medial side of the
dentary in this specimen shows a rugose symph{aesal indicating the edentulous
portion of the beak has developed bony symphysis bsds and was probably covered
with a sheath or rhamphotheca. Like modern bitts symphysis was restricted to the
ventral side. When the two dentaries were joineel mhiedian conjoined tips would create
a longitudinal depression. Behind the symphysisaraow Meckelian fossa runs
throughout the length of the dentary, but somewhaghed at places. Most of the teeth
are lacking in the specimen. Four predatory testlpeeserved of which three are broken
at the tip, and one is intact. Most likely hetenoyodeveloped in the jaw where the
rostral teeth are conical, but the caudal teetltangpressed sideways. The complete

tooth at the midsection of the jaw shows severataldeatures. It is compressed labio-
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lingually with the development of mesial and distegls, and is pointed at its tip. But it
is not recurved caudally but nearly upright in piosi. Serrations are weak or absent.
There are about 11 empty alveoli, making the pxeskdental count 15 or more.
Interdental plates are absent, but the lingual gfdbe alveolar margin shows
replacement pits or special windows (Edmund 195if)pty alveoli and special windows
indicate replacement activity. Laterally the dentstnows several foramina for
neurovascular canals. Most likely a narrow spleisiahserted at the back of the dentary

medially on its ventral surface but the sutureldsaured.

Figure 4.58 Dockum maniraptoran (TTU-P11254b)detipula (lateral view).
Abbreviations:ac, acromion processgje, glenoid.

The left scapula is somewhat crushed and fourtth@top of the axis vertebra
(Figures 4.58 and 4.59). The scapular blade is &smtgnarrow, tapers proximally and
expands only slightly distally and bears an acranpomocess, which is laterally everted.

The scapular part of the glenoid fossa is sligbtigcave and faces not only caudally but
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also laterally in avian fashion. The coracoid i$ foond. Unlike nonavian theropods, the

coracoid was not fused with the scapula.

Acromion Scapula

process

Glenoid 1cm

Figure 4.59 Dockum maniraptoran (TTU-P11254b) mestdeft scapula in lateral view.

The left humerus, the left ulna and two conjoineetacarpal bones are preserved.

The bones are extremely slim and delicate. Fronptéserved part of the limb bones, it
appears that the forelimb was quite elongated.progimal head of the humerus is
missing. The shaft of the humerus is long, slensteajght, cylindrical, extremely hollow
with thin walls, and circular in cross-section (frig 4.60). It is expanded distally into

two distinct condyli; the lateral radial condyldasger with a rolling convex surface and
is parallel to the axis of the bone. The mediahultondyle projects more ventrally than
the lateral condyle but is somewhat damaged. Ttreseondyli are separated by a

shallow flexor groove.
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Figure 4.60 Dockum maniraptoran (TTU-P11254b) disfa humerus. Abbreviations:
fg, flexor grooverc, radial condyleur, ulnar condyle.

fg

1 mm

The ulnais a long, slim, and curved bone withagxjed proximal and distal ends
connected by a narrow cylindrical shaft (Figureld.ghe proximal articular surface has
a modest, pointed olecranon process, and beardistioct concave articular surfaces
separated by a median ridge for the distal cormfylne humerus; the larger one is for the
ulnar condyle, the smaller one for the radial cdad8uch distinct articular cotyli are
known in birds but not in nonavian theropods. Thetadlend is slightly damaged on the
medial aspect but shows a distinct distal condgléhe posterolateral side which has a

convex surface for the articulation of carpal bofies semilunate carpal joint).
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Figure 4.61 Dockum maniraptoran (TTU-P11254b) pradileft ulna. Abbreviations:
dic, distal condylepp, olecranon procesk;, lateral condylemc, medial condyle.

mtc Il

mt o~

Figure 4.62 Dockum maniraptoran (TTU-P11254b) pr&tileft metacarpals.
Abbreviationsmtc I, metacarpal limtc 111, metacarpal Ill.
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Two small, delicate, and long, conjoined bonesdeatified as the proximal
halves of metacarpal bones Il and Il (Figure 4.G2)se two bones are expanded
proximally but taper in the shaft. Metacarpal Ihsre robust than the metacarpal .

The left pelvic girdle consisting of ilium and pslis found at the ventral side of
the articulated dorsal series (Figures 4.53, 4r8B4a64). The ilium is expanded
anteroposteriorly to accommodate large number afés probably more than 5 sacral
vertebrae. The long postacetabular process isaedpears a tall, pointed cranioventral
end that is flared at the right angle to the salggtane. The ventral side of the
postacetabular process is damaged, nonetheleshdlidike morphology of the brevis
fossa can still be inferred, which have been wellaloped along the ventral side of the
postacetabular process (Novas 1997a; Turner 20&R, p. 100). The preacetabular
process is shorter than the postacetabular precestapers to a narrow end caudally. A
shallow cuppedicus fossa is present on the vesittalof the preacetabular process. A
longitudinal crest that extends along full lengthte iliac blade, bounds the cuppedicus
fossa, the acetabulum and the brevis fossa onaifsaldside. There is a vertical lamina of
thin bone (infracristalis lamina) that covers tipper part of the perforated acetabulum,
as seen in modern birds (Baumel and Witmer 1998gtabulum is craniocaudally wide
with a distinct, avian-style antitrochanter thatastricted to the posterodorsal corner.
Pubic peduncle is probably more robust comparedeaschiadic peduncle, where both
peduncles are directed ventrally. The medial sfdeiliac blade is convex and yields

attachment surfaces for the sacral ribs.
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1cm
Figure 4.63 Dockum maniraptoran (TTU-P11254b)ilafin. Abbreviationsbf, brevis
fossa;cf, cuppedicus fossapp, dorsal posterior procedsl, infracristalis laminailif,
isioischiadic fenestrap, ischiadic pedunclesc, ischium;loc, longitudinal crestop,
obturator procesqup, pubic pedunclesc, sacral rib attachment.

The ischium is considerably shorter than the ililiroximally it is bifurcated into
two processes—the caudal one for the ischiadicrpedwf the ilium and the cranial one
for the pubis, which is obliterated. Between thiese processes, the curved, concave
margin forms the caudoventral rim of the acetabulline shaft possesses an additional
dorsal posterior process asArchaeopteryx (e.g. Ostrom 1976; Agnolin and Novas
2013) and an obturator process around the midgsart maniraptorans. The ischiadic
shaft is slightly expanded at the distal end. Ischis positioned closely to the ventral
side of the ilium; however a complete enclosinghefilioischiadic fenestra is absent. A

completely closed ilioischiadic fenestra is onlgagnized in neognaths (e.g. Turner et al.

2012, character 403).
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1cm

Figure 4.64 Dockum maniraptoran (TTU-P11254b) restdeft side of pelvis.
Abbreviations:act, acetabulumant, antitrochanterbf, brevis fossagf, cuppedicus
fossa;dpp, dorsal posterior processl, infracristalis laminaili, ilium; ilif, isioischiadic
fenestrajsc, ischium;loc, longitudinal crestpp, obturator procesgub, pubis.

Among hind limb elements, only left side of thedd tibia-fibula are present in
the collection (Figure 4.65). The proximal headibifa is highly derived with the
development cranial and lateral cnemial crest®ans 81 modern birds. The lateral crest
contacts the highly reduced fibula. The proximékatar surface is angled so that the
medial margin is elevated with respect to the &terargin; it contains two articular
surfaces for the distal condyles of the femur. $haft is long, hollow, and oval in cross-
section, but the distal end is missing. The fibslhighly reduced, terminates as a narrow

tapering rod that extends only to the proximal émath of the length of the tibia as seen

in modern birds.
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Figure 4.65 Dockum maniraptoran (TTU-P11254b) right and fibula. Abbreviations:
fib, fibula; tib, tibia.
Morphotype 3b (TTU-P11254b) exhibits a suite afiei characters that suggest
the maniraptoran affinity (Turner et al. 2012; Agn@nd Novas 2013):
1. Crista interfenestralis depressed within otic reres
2. Caudal tympanic recess dorsal to crista to crigexfienestralis;
3. Caudal tympanic recess in the otic recess extentietophistotic;
4. Occipital condyle subspherical with constrictedlkyec
5. Acromion margin of scapula laterally everted créyja
6. Glenoid fossa on scapula faces posterolaterally;
7. Proximal surface of ulna divided into two distificésae separated by a median
ridge;

8. Ulna with a bowed shatft;
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9. Distal articular surface of ulna convex, semiluraidace;

10. Prominent antitrochanter;

11.Brevis fossa becomes shelf-like, well developedextdnds along the full length
of the postacetabular process;

12.Presence of an obturator process at the middleop&athium

There are several derived features present in Muaype 3b, which show
remarkable bird-like characteristics and appedretpresent in avialans and modern birds
(Chatterjee 1991, 1997), but their distributiondifferent lineages are not known:

1. Rostral tympanic recess on ventral surface of pepot

2. Threshold on the dorsal surface of crista interséads;
3. Vagus foramen directed medially to the endocrazaalty;
4. Dentary symphyseal region restricted ventrally;

5. Infracristalis lamina ventral to acetabulum;

6. Additional dorsal posterior process on ischium;

7. Retroverted ischium;

8. Partially closed iliosichiadic fossa;

9. Tibia with cranial and lateral cnemial crests;

10. Highly reduced fibula.

To place these morphotypes in a broad phylogefraticework of theropods,
especially among different taxa of maniraptoranseyond the scope of the present work.
In future, during publication of the work, | intetol undertake detailed phylogenetic
analysis using PAUP and other computer algorithorstudy sequences of appearance of

synapomorphies in the theropod line to birds.
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Dockum Maniraptorans and the Affinity of Protoavis
The discovery of new maniraptorans from Dockumnirsedts reintroduces the
long time controversy on the affinity Bfotoavis and on the early origin of the

maniraptorans.

THEROPODA Marsh 188%ensu Gauthier 1986
MANIRAPTORA Gauthier 1986
AVIALAE Gauthier 1986

Brief description Avialans are highly derived maniraptorans represskby

basal form such a&rchaeopteryx (Figure 4.66). They are characterized by three
autapomorphies (Agnolin and Novas 2013): (1) caodiigin of the naris nearly
reaching or overlapping the rostral border of thioebital fossa; (2) prominent acromion
process; and (3) Postacetabular process shallowa@nted, less than 5-% of the depth

of the preacetabular wing at the acetabulum

Figure 4.66 Skeletal reconstructionAstthaeopteryx lithographica (after Chatterjee
1997)
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Protoavis texensis Chatterjee 1991
TTU-P9200; TTU-P9200
Holotype- Partial skull of a larger individual (TTU-P9200)
Paratype- Partial skull and postcranial fragments of aklen individual (TTU-
P9201)

Horizon and locality Post Quarry (MOTT 3624), Tecovas Formation, Garza

County, Texas
Collector- Sankar Chatterjee

Description and remarksThe Dockum avialaRrotoavis texensis has been

described previously in detail (e.g. Chatterjeel1 9997, 1999) and will not be
discussed here. However, the new maniraptorafex dibnsiderably fronfProtoavisin
several aspects. Protoavis, the cervicals are heterocoelous, the preacetaprdaess of
ilium has a prominent descending anteroventralgge@nd the limb bones are much
more robust. In contrast, the cervicals are amphyph in the Morphotype 3a (TTU-
P11254a), whereas the preacetabular process wf léicks an anteroventral process and
the limb bones are extremely slim and delicatdheMorphotype 3b (TTU-P11254b).
Since many of the avialan characters identifieBriotoavis are not represented in the
Dockum maniraptorans, especially the cranial festuthe detailed comparison between
the two taxa is not possible.

One of the objections cited against the avianiod Protoavis was based on the
"temporal paradox”, since the closest relativeavidlans such as maniraptorans
generally occurred in the Upper Jurassic-Cretaceedsnents. The current criticism can

be dismissed with the maniraptoran discoveries fileensame quarry (Post Quarry,
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MOTT 3624) of the Dockum Group whePeotoavis remains have been found. The
Dockum maniraptorans seem to have shared a comnuastar withProtoavis as

opposed to a direct ancestry.
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Chapter 5

Age and Correlation of the Dockum Group

The type sequence of the terrestrial Triassicfwstsdescribed in southern
Germany by Friedrich August von Alberti in 1834arthree distinctive units of terrestrial
Buntsandstein (colored sandstone), marine Musclke{klam limestone) and terrestrial
Keuper (non-marine reddish beds) in superpositizgg(2004, 2012). Recalibrated from
the original scheme, this tripartite sequence vgemresponds to Lower, Middle and
Upper Triassic even today. However, correlatiothefKeuper with the standard marine
chart is low in resolution, since it is predomingromposed of terrestrial rocks. Thus,
the Keuper is correlated with other terrestriaksooutside of Germany in various
localities of continental Europe, and also in Brtd he Chinle-Dockum sequence and
the Newark Supergroup are the two main terrestgguences in North America during
the Late Triassic. Sedimentation in the southwadtasins is predominantly fluvial
compared to the lacustrian rift basins of the easteast. On the other hand, the
deposition is primarily paralic in the Keuper atglEEuropean lithostratigraphic
equivalents. These terrestrial deposits are ridréhosaur fossils, predominantly in
phytosaurs which are excellent zone fossils eslheé Europe and North America
(e.g. Gregory 1957, 1969, 1972) as well as for Moocand India (e.g. Dutuit 1977a,

1977b; Chatterjee 1978a).
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Phytosaur -Based Biostratigraphy and Biochronology of the Upper
Triassic

The land tetrapod biostratigraphy of the Uppeadsic rocks is established based
on phytosaur assemblage zones in correlation wélKeuper type section. Phytosaurs
were first discovered in central Europe and bestidented in Germanic Keuper from
the beginning (e.g. Jaeger 1828; von Meyer anchinlier 1844; also see Stocker and
Butler 2013) Zanclodon arenaceus (later referred tdaleorhinus by Gregory [1969])
from the Stuttgart Formation (or Schilfsandsteimswraditionally considered as the
earliest evidence of phytosaurs within the Keuplewever, most up-to-date works
proved that this taxon cannot be affined with Pegtoia anymore (Hungerbihler 2001;
Stocker and Butler 2013). Therefore, the stratigiegdly lowest phytosaur occurrences
are now recorded in the Weser Formation.

Weser Formation is subdivided into three "formagibas Steigerwald Formation,
Hassberge Formation (or Kieselsandstein), and MadttFormation (Figure 5.1). It is
reported that there are several isolated phytdsatin and fragments from the
Steigerwald Formation (Lehrbergschichten) withaut urther possible diagnosis
(Seegis 1997; Butler et al. 2013). Nonethelessfitsieidentified phytosaurs were
collected from lower part of the overlying HasskeeFgprmation (Blassensandstein in
Gregory 1969; Butler et al. 2013) (Figure 5.1). §dehytosaurs originally named as
Francosuchus (F. broailii, F. latus andF. angustifrons) andEbrachosuchus (E. neukami)
(Kuhn 1933, 1936). Although the holotypes of thrietftwo Francosuchus species were
lost during the Second World War, the two geneedlater referred t€aleorhinus

(Gregory 1962b; Westphal 1976) and this approagitsgally applied in following
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works (see Chatterjee 1978a; Hunt and Lucas 1994 and Murry 1995). Most
recently, the status &. neukami is reconsidered as a valid taxon whierangustifrons
is recognized aBaleorhinus angustifrons (Butler et al. 2013). The recently published
horizon from Poland includinBaleorhinus provides a direct correlation with the

Hassberge Formation within the continental Eurdpak 2001).

Standart German stratigraphy
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Figure 5.1 Composite lithostratigraphy of the Meldhd Upper Keuper including the
phytosaur collected levels (after Nitsch 2005; Buét al. 2013). Horizons 1 and 2
correspond to Blassensandstein and Coburger Sandstgpectively. Phytosaur bearing
levels are marked with black silhouettes, includimg faunal zone they belong.

On the other handNicrosaurus andMystriosuchus (von Meyer 1860, 1861, 1863;
Gregory 1962a, 1962b; Ballew 1989; Hungerbuhlertdadt 2000) are the Norian

phytosaurs of the Keuper, and both are collectaah the middle parts of the
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stratigraphically higher Lowensandstein Formatitubensandstein Formation) (Figure
5.1). Phytosaur remains from the upper part ofAhrestadt Formation (i.e. Trossingen
Formation or Kndllenmergel) were originally refedr Angistorhinopsis ruetimeyeri

(von Huene 1911, 1922), which is possiblMiarosaurus-grade phytosaur (Kimmig and
Arp 2010) that is currently considered as nomenuwul{see Stocker and Butler 2013)
(Figure 5.1).

The occurrence of phytosaur fossils are also korayvn in Upper Triassic
deposits of North America (e.g. Emmons 1856; M&dl@). In this context, a direct
correlation is provided between Keuper and Northefioan Upper Triassic, mainly
based on phytosaur fossils (by Colbert and Gregorigeeside et al. 1957; Gregory
1957, 1969). Historically, the phytosaur diversityd abundance is much greater in the
southwestern area (i.e. the Dockum Group and thel€€Rormation, and also the Popo
Agie Formation), relative to the eastern Newarke3gpup. Thus, the phytosaur fauna
of the southwestern North America, especially ef lrockum Group, has complemented
the phytosaur biochronology (Gregory 1972). Haéeorhinus Fauna includes basal
forms like Paleor hinus andAngistorhinus; the succeedingRutiodon" Fauna carries more
derived forms gensu Gregory 1962a, 1962b); and the overlying "Advaridealina is
characterized by an advanced specieRutibdon with specialized temporal and occipital
regions (i.eRedondasaurus, Hunt and Lucas 1993a) which is considered as eoafye
with the European counterpamgistorhinopsis ruetimeyeri, now nomen dubium
(Stocker and Butler 2013, see above). Those phytasmes are predominantly based on
Dockum and Chinle phytosaurs, due to the raritghoftosaurs in Newark Supergroup

deposits and the missifytiodon fauna in Keuper.
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Gregory's phylogeny is revised extensively soneades later, based on newly
arising cladistic method at the time. Cladistic noet eliminates the previous classical
phylogeny which heavily stresses on the homoplasacacters such as rostral
morphology (e.g. Ballew 1989; Hunt 1989a; Stock&t®. Consequently, the North
American gener®seudopalatus (Mehl 1928; Ballew 1989, eptosuchus (Case 1922;
Stocker 2010) aniachaeroprosopus (Mehl 1916; Parker et al. 2013) which were
previously considered within the gergtiodon (sensu Gregory 1962a, 1962b) are
restored, in addition to the newly engendered teéBmihosuchus (Long and Murry 1995).
This updated phytosaur assemblages of Gregorasmeddopted to construct tetrapod
faunachrons for the southwestern United Statesehatine land vertebrate faunachrons
(Lucas 1991, 1993; Lucas and Hunt 1993b). Theselémal vertebrate faunachrons are
later converted into a series of interval zonesylth the boundaries are set
predominantly on phytosaur fossil record (Figui2);3then it is attempted to cover the
Late Triassic land tetrapod faunas in a globales@alicas 1998b, 1999, 2010; Lucas et
al. 2007).

As well as Gregory's phytosaur framework, Lucksig vertebrate faunachrons
are also predominantly based on the Chinle and radiaunas since the indeterminate
phytosaurs of the Newark Supergroup only allowsigodus land vertebrate
faunachrons (Huber et al. 1993). Moreover, Newidyper and other land tetrapod
bearing Upper Triassic rocks are incorporated tinése global faunachrons of Lucas. In
1998, those faunachrons first represent a serigdgasial zones, marked by the first
appearances of the mentioned phytos®atsorhinus, Rutiodon, Pseudopal atus (sensu

Ballew 1989) andRedondasaurus (Lucas 1998b). Subsequent replacements are made in
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the following versions, such as the taRarasuchus is integrated to the scheme for the
new base of Otischalkian as the senior synonyrP&beorhinus (Lucas et al. 2007;
Lucas 2010), whereas the Adamanian-Revueltian kaynd also redefined by the first
appearance of an aetosalypothorax coccinarum, and therefore the faunachron
boundary is changed in favor of a broader Adamabyammclusion of the lower part of

the Revueltian (i.e. Lamyan, Hunt et al. 2005; lsuetal. 2007; Lucas 2010).

Gregory Lucas Lucas et al. (2007)
(1969, 1972) (1998) Lucas (2010)
FAD FAD
Ppachsan Redondasaurus Apachearn Redondasaurus
Advanced A A
Fauna
: FAD
Revueltian  |FAD Revueltian | Typothorax coceinarum

Pseudopalatus

1 . Adamanian
Rutiodon Adamanian
Fauna
FAD FAD
Rutiodon Rutiodon
A A
Paleorhinus , . . .
Fauna Otischalkian Otischalkian
FAD FAD
Paleorhinus Parasuchus
A A

Figure 5.2 Comparison of phytosaur-based biochamofor the continental Late
Triassic: Gregory's assemblage zones and Lucastsahzones. FAD for the first
appearance datum.

Modern works have shown that the original framéwairGregory is still valid
based on taxonomy and fossil occurrences, and piph#re accurate in determinations
of taxa regarding Lucas's land vertebrate faunaxshfe.g. Rayfield et al. 2005, 2009).

ThePaleorhinus Fauna mainly includes non-phytosaurid phytosasrigwe Paleorhinus

(sensu Stocker 2010a) including the recently generatgdri&Vannia scurriensis from
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the Santa Rosa Formation (Stocker 2012b). Thelfossurence ofV. scurriensis, a
Paleorhinus-grade phytosaur, is stratigraphically lower thiaPaleorhinus in the
Dockum Group. Thus, the Otischalkian faunachromoanorrespond to thiealeorhinus
Fauna anymore, since the lower boundary of whictefsed by the first appearance of
Paleorhinus. The succeedinButiodon Fauna includes the gendreptosuchus and
Smilosuchus, but also the two recent discoveries from the 8lanslember of the Chinle
Formation in ArizonaPravusuchus (Stocker 2010) anBrotome (Stocker 2012a). The
range of the Advanced Fauna is now shifted to cthetaxon range d?seudopalatus,
which is recently considered as the junior synomyialachaeroprosopus (Parker et al.
2013).Redondasaurus, once seen as the most derived phytosaur, is et®pted as a
junior synonym oMachaeroprosopus as well (Hungerbuhler et al. 2013). In this catse,
IS unnecessary to use the subdivision of Revuedtr@mhApachean faunachrons, since the
original definition of Gregory's Advanced Fauna baen covering the exact
stratigraphic interval. To sum up, Otischalkian @&whmanian basically correspond to
the Paleorhinus and 'Rutiodon” faunas of Gregory, whereas Revueltian and Apathea
are the equivalents of the Advanced Fauna afteretent taxonomic rearrangement of

the taxonMachaeroprosopus.

The Non-Marineversus Marine Correlation of the Upper Triassic

Modern chronostratigraphic type sections of Phazwc are always selected in
marine sequences which are quite precise due tncons deposition and wide range
distribution; thus the stage boundaries are basad>@mn ranges of marine fossils. This

principle is followed also in order to subdividetbpper Triassic sequences by using
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ammonoid and conodont taxon ranges. Carnian, NandrRhaetian are the three stages
of the Upper Triassic, all defined in Northern Gaous Alps of Austria (Ogg 2004,
2012). Carnian and Norian are historically defibbgd/on Mojsisovics in 1869, as well as
their substages in 1895, based on characteristicaaroids, however the uncertain
stratigraphic relationships of two stages werdeskth favor of a younger Norian after
the more precise establishment of ammonoid taxoges (von Mojsisovics 1893).
Rhaetian is the first established chronostratigapgtage of Triassic, based on Kossen
limestone strata in Austria (von Gumbel 1861). Esgly during the 20th century, the
existence of this stage was fiercely debated (ofeowski 1990; Ogg 2004, 2012).
Since 1991, the Rhaetian Stage is officially cotegiby the International Commission
of Stratigraphy and the boundary is recently matkethe first appearance datum of
conodontMisikella posthernsteini (Krystyn 2010) and dated around 208-209 Ma

(Muttoni et al. 2010).

Traditional Agesof Non-Marine Correlation

Every terrestrial biozone has to be integratethéoglobal chronostratigraphic
chart to establish a complete history of life. Efere, one of the main goals for the
phytosaur bizones is to establish a marine coroglaas previously attempted. From the
very beginning, Keuper and its terrestrial equintdeare tentatively dated as Late
Triassic. Concurrently, Gregory (1957, 1969, 194i#)not seek any stage level
subdivision for the initial phytosaur biozonatidn.order to increase the temporal
resolution, it is first assumed a Carnian agetiePal eor hinus/Parasuchus bearing strata

(i.e. theParasuchus Zone) and a Norian age for tNiecrosaurus- andMystriosuchus-
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grade phytosaur bearing strata of India, Germamigger and North America (Chatterjee
1978a, 1986a); concurred by many others who westenduishing the phytosaurs of the
Dockum and Chinle sequences (e.g. Long and BalB8®;1Murry 1989a, 1989c; Lucas
and Hunt 1989b; Hunt and Lucas 1991b). This ouibredso supported by the
stratigraphy and overall land tetrapod fauna (Elmatterjee 1986a; Long and Padian
1986; Murry and Long 1989), and also by the eaalymologic works on the
Euramerican flora (Dunay and Transverse 1971; DamalyFisher 1974).
Chronostratigraphic stages are described baséueamarine fossil ranges and a
direct correlation of marine and terrestrial rockbard due to lack common taxa.
Therefore, the only other option for a direct ctatien between two realms would be the
absolute ages. Absolute ages are generally obtayeadiometric dating, but also by
astrochronology, i.e. calculating the durationddankovitch and Van Houten cyclicity
and recalibrating magnetostratigraphic reversdkhotigh the type section Keuper
possesses any marine fossils or magmatic inplsita well developed cyclic
sedimentation pattern (Kozur and Bachmann 20058 2®&Imilarly, the dominant cyclic
lacustrine sedimentation of the Newark Supergrau@fperiod more than 40 million
years which responded the periodic climate changaesed by variations in Earth's orbit
is feasible for the Late Triassic astrochronolagitculations (e.g. Olsen 1986; Witte et
al. 1991; Kent et al. 1995; Kent and Olsen 199%e@land Kent 2000). The other two
biostratigraphic tools of palynomorphs (e.g. Cot@17; Olsen and Cornet 1985;
Kurschner and Herngreen 2010) and conchostrackam ghrimps, e.g. Kozur and
Weems 2005, 2007, 2010) are utilized to sustaircdineslation between Keuper and

Newark. On the contrary, the main biostratigragba for the Chinle and Dockum rock
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sequences are phytosaurs in order to establistrelatmon with the Keuper and Newark,
nevertheless supplementary data are gathered fabyngmorphs (e.g. Litwin et al. 1991;
Cornet 1993) and megaflora (e.g. Ash 1967, 1972019987, 1989; Ash et al. 1986). In
sum, the correlation between the Keuper, Newarkl€land Dockum sequences is
entirely based on the terrestrial stratigraphids@chich have resulted by the association
of Otischalkian and Adamanian with Carnian, Revaeltvith Norian, and Apachean

with Rhaetian in broad sense (e.g. Lucas 2010;4.etal. 2012) (Figure 5.3).

Newark
Dockum Group Age Chinle Group Supergroup Keuper
Redonda Fm, | Rhaetian | anachean iﬁ:;:t?‘i)?‘t Orange Mtn. Basalt] | oy Formation
Bull Canyon | [ . ‘ P?g]\::dliit;::ml _ Passaic Arnstadt
Formation Revueltian Member |3 E Formation Formation
L=
Trujillo Fm. Sonsela Member| B 3
B:l:mh:;?ra & ‘u{: Mainhardt Fm.
. |Adamanian Lockatong Hassberge Fm
Tecovas Fm.| | Carnian Bluewater_Creek Formation "
Formation Steigerwald Fm.
ey Otischalkian Shinarump Fm. Stockton Fm. Stuttgart Fm.

Figure 5.3 Non-marine correlation of the main tetmial Upper Triassic deposits. Ages,
faunachrons ad the lithostratigraphies of Chinlewlirk and Keuper modified after
Lucas et al. (2012) and references therein; litlatigraphy of the Dockum Group after
Lehman and Chattterjee (2005). Note the lithogiraphic ranking of the Chinle strata is
based on Heckert and Lucas's scheme (2002a, 2002b).
The New Late Triassic Timescale

Since both Keuper and Newark Supergroup are teaakesequences, the
correlation of their cyclicity with the marine falssanges is essential, in order to test the
results and to construct a compact time scale.y&etsections provide the global marine
strata for Late Triassic, however Turkish and Aastreference sections display

condensed conodont biozones and abrupt lithologex@tions due to irregular

sedimentation rates (e.g. Gallet et al. 1992, 19994, 1996, 2000). Among the Tethyan
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sections, relatively thicker and stratigraphicakpanded Pizzo Mondello section in
Sicily (candidate for Norian GSSP) offered the beagnetostratigraphic correlation with
the North American Newark Supergroup (Muttoni e&l01). Therefore, an increase in
sedimentation rate in the Norian is assumed aod@ Carnian/short Norian (boundary at

~216 Ma) is favored, in accord with the Newark adtronology (Figure 5.4).

1199.6:0.6 Ma .
Rhaetian 201.320.2 Ma 201.320.2 Ma
% 203.6+1.5 Ma Rhaetian Rhaetian
] .
3 Norian © ~208.5 Ma ~208.5 Ma
[ A %
o 2165:20Ma | & @
© = ) @® ,
- ) I— Norian c Norian
Carnian o) =
= (o)
© -
A ©
|
122812.0 Ma ~228 Ma ~227 Ma
: Carnian Carnian
' ~235 Ma
. " ~237 Ma
ICS 2004 ICS 2012 ICS 2013

Figure 5.4 Recalibration of the Late Triassic stageproduced after the charts of the
International Commission of Stratigraphy (Ogg e&l04, 2012; Cohen et al. 2013).
However, the Pizzo Mondello section has a pooodont fossil record and the
marine megafossils (ammonoids, halobiids) are scatich complicates the
biostratigraphic correlation with other Tethyants®ts, especially in location of the
Carnian-Norian boundary (Muttoni et al. 2001; Kgysaind Gallet 2002). Subsequently
gathered more precise ammonoid, conodont and h@lbioistratigraphy including the
magnetostratigraphic data from the newly discovaretthyan sections in Austria,
Slovakia and Turkey are used to recalibrate thai@asNorian boundary of the Pizzo

Mondello section, indicating lower sedimentatiotesafor Norian compared to Carnian
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and therefore favors a longer Norian (shorter Tiandlonger Lacian) which starts around
228-227 Ma (Krystyn et al. 2002; Channell et alD20Gallet et al. 2003; Muttoni et al.
2004). This new boundary initiates by the first @g@ance of the conodont
Norigondolella navicula which is supported by tHé>C proxy which is located within the
Newark magnetozone E7n (Muttoni et al., op. dilagnetistratigraphic age is consistent
with the previously obtained isotopic ages fromltheer Norian rhyolites (225+3 Ma,
Gehrels et al. 1987). Moreover, a new compositenagtratigraphy is constructed
based on the data gathered from these Tethyamsg¢tounslow and Muttoni 2010).
The absolute ages extracted from this new compokéd are preferred and started to
use officially in ICS charts starting from 2012g.eOgg 2012; Cohen et al. 2013), due to
the facility of a direct correlation with the magifossil zones (Figure 5.4). Most recent
recalibration of the Newark polarity time scale nfested the true correlation with the
short Carnian-long Norian framework (Olsen et alL D).

Besides the data gathered from the sequencegsaiattiy (e.g. Lupe and
Silberling 1985; Lucas 1991, 1993; Lucas and Mdr¥893; Lucas and Huber 1994)
which wouldn't increase the stratigraphic resolutimless any relative or absolute age
data is present, the occurrences of land tetrapssll$ in marine rocks are proposed as
the strongest link for a strong correlation betwt#enphytosaur biozones with the marine
stages. There are only a couple terrestrial tettrdpssils documented from Tethyan
marine strata which are used in correlation tontlagine stages (Lucas 1998b, 2010). The
phytosaur Parasuchus’ and the temnospondyl amphibikletoposaurus santaecrucis
which are collected from lower and upper Carniarektone strata in Austria,

respectively (Hunt and Lucas 1991b; Lucas and He@(®0 and references therein) and
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both fossils are used to strengthen the correldi@ween Otischalkian and Carnian.
However, the taxonomic status of the Austrian pbgtw is asserted uncertain (Rayfield
et al. 2009; Butler 2013), as well Bls santaecrucis (Hunt 1993; Schoch and Milner
2000; Milner and Schoch 2004; Sulej 2002, 2007k #lso argued that the beds from
which M. santaecrucis is collected might represent a correlative for iRdiran (Irmis et
al. 2010, p. 42 and references thereiujdimor phodon, Mystriosuchus andAetosaurus
are reported from the Norian Zorzino limestone.(&/gd 1989; Renesto 2006) and also
from the Forni Dolomite (e.g. Dalla Vecchia 199808) which are used to correlate
Norian with the Revueltian (Lucas 1998b, 2010).i8es the fact that no pterosaur is
hitherto known from Late Triassic of North Ameriescept some jaw fragments which
were referred t&udimorphodon (see Murry 1986, p. 129), there are some counter
arguments based on the geographical restrictioti$exonomic equivalencies of both
Mystriosuchus andAetosaurus to the associated North American taxa (Irmis e2@10,

p. 42 and references therein). In any case, convadabrate fossils in terrestrial and
marine deposits are far from providing a completeetation.

To sum up, no unequivocal land tetrapod fosseshéiherto validated for a direct
correlation of terrestrial and marine Upper Triagsicks. Among other fossil groups
which might be used as a biostratigraphic tooly gallynomorphs have the potential for
a direct correlation between terrestrial and maraoks. However, based on rarity of the
independently dated successions, taxonomic probdemslifferential preservation, the
biostratigraphic resolution of the palynomorphsusrently quite low which can only be
useful at the regional scale (Cirilli 2010). Altlghuthe chronostratigraphic stage

boundaries are defined based on biostratigrapky, dlso possess absolute ages by
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geochronology. Possession of numerical ages, gatlether by isotope geochronology
or by geomagnetic polarity zones, stand as the lalysible option in most cases for a

direct terrestrial-marine correlation due to la¢lkcommon fossils between two realms

(Figure 5.5).
PREFERRED CORRELATION
RADIOISOTOPIC AGES RADIOISOTOPIC AGES MARINE INVERTEBRATES AND/OR
AND/OR MAGNETOSTRATIGRAPHY AND/OR MAGNETOSTRATIGRAPHY MAGNETOSTRATIGRAPHY

Vertebrate Numerical Marine Marine Stage G55P or
Assemblages l:> Timescale <:] Strata <::I Reference Section

LUCAS CORRELATION
VERTEBRATESAND/OR ~ VERTEBRATES AND/OR MARINE
PALYNOMORPHS PALYNOMORPHS INVERTEBRATES

Vertebrate I:D Germanic [:D Marine [::> Marine Stage GSSP or
Assemblages Basin Strata Reference Section

Figure 5.5 Different rationale used in order toretate terrestrial Late Triassic to the
marine reference sections (after Irmis et al. 2010)

Phytosaur Biostratigraphy and Geochronology of the Chinle-Dockum

Sequence

As stated above, biostratigraphy is not a usefil to correlate terrestrial and
marine sequences of the Late Triassic due to ttkedhcommon fossils. Although
paleomagnetic works were previously executed favémMiddle Triassic (e.g. Steiner
and Lucas 1992; Steiner et al. 1993), Upper Tria®sg. Molina-Garza et al. 1993, 1995,
1996), uppermost Triassic (e.g. Steiner and LuG@9pand Lower Jurassic (e.g. Steiner
and Helsley 1974a, 1974b) of the southwestern badihlorth America, the scarcity of
the cyclical (lacustrine) deposition prevents ttagba composite set of
magnetostratigraphic data. Therefore, the radiame#ting is the only available source

to obtain absolute ages for the Dockum Group aadCtninle Formation, as well as for
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the Ischigualasto Formation and for many othersaoéghe world which housed
terrestrial Upper Triassic rocks. Since no ash laedswvailable in Dockum for a direct
marine correlation, using land tetrapod biostraipipy is the only available tool to reflect
the absolute ages obtained from the Chinle Format@r the Dockum Group.

Earlier attempts to resolve the geochronologyhef@hinle-Dockum sequence
were based on U-Pb dating of detrital zircons gath@redominantly from the Chinle
Formation (Dickinson and Gehrels 2008, 2009). Adoaly, the analyses give a
nominal duration of 217-227 Ma and a maximum daratf 215-229 Ma for the lower
sequence, instead of 227-232 Ma and 226-234 Mtnéosame parameters, respectively.
Similarly for the upper sequence, the nominal amatimum durations yield 207-217 Ma
and 205-219 Ma, rather than 210-227 Ma and 208M228espectively. Therefore, the
earlier results for the depositional ages turngdmbe at least 5-10 Ma younger than
previously expected which were based on biostrapigic studies (e.g. Lucas 1997).
Further studies have provided more precise age iatading recalibrations on the

lithostratigraphy of the Chinle Group (e.g. Rame=dral. 2011, 2014, see below).

TheLand Tetrapod Biostratigraphy and Geochronology of the Chinle Formation
Similar to the Dockum Group, a rich tetrapod faun@uding dicynodont
therapsids, temnospondyl amphibians, a large afraychosauromorphs (e.g. Murry
1987a, 1989c; Murry and Long 1989; Long and Mui®93; Heckert et al. 2005; Parker
2005) and various microvertebrates (e.g. Murry 198%ckert 2004) is documented in
the Chinle Formation. The traditional ages gathémah the non-marine correlation of

these rocks and the phytosaur biozones within [@xgg and Padian 1986; Lucas et al.
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2012) are recently recalibrated by the radiometnialyses based on U/Pb zircon dating
of the in-situ volcanic ash layers were previoystyformed for the upper and lower
levels of the Chinle Formation (Figure 5.6).

The stratigraphically lowest occurrence of verébifossils in the Petrrified
Forest National Park, Arizona is located within Newspaper Rock Bed of the Blue
Mesa Member in the Billings Gap area (Parker andM2011) (Figure 5.6). Alongside
of a variety of crurotarsan skeletal elements,dl s Leptosuchus which indicates the
Rutiodon Fauna and a probable theropod femur are colléatedthis locality. Dying
Grounds is the other locality from the Petrifiedési National Park from which a
silesaurid femur is collected close to the tophef Blue Mesa Member ("the Petrified
Forest Form", Parker et al. 2006; Langer et al32 lacerias and Downs quarries are
the two other landmark localities from the lowertmm of the Chinle Formation in
Romero Springs area, Arizona, which are positicaggaloximately the same
stratigraphic horizon and generally evaluated togrefLucas et al. 1997&)lacerias
Quarry is widely known for the discovery of dicyrord Placerias hesternus (see
Taphonomy section), nevertheless, a partial lefiuieof the lagerpeti®romomeron
gregorii (Nesbitt et al. 2009b), some fragments of the hasauridChindesaurus
bryansmalli (Long and Murry 1995, p. 174) and the neotherdpaihposaurus
arizonensis (Lucas et al. 1992, figure 1b-e; Hunt et al. 1998sbitt et al. 2007; Ezcurra
and Brusatte 2011) are the three referred taxa fhogrlocality, besides many other

undiagnosed dinosauriform specimens (see Neslatt 2007).
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As stated above, the lowermost occurrences oftietnapods in Chinle are
reported from the upper portion of the Blue MesaxMer. Previous dating indicates a
very short deposition interval (ca. 1-2 Ma) for Blee Mesa Member (219.2+0.7 Ma-
220.9+0.6 Ma for the base of the member and 21871¢a for the upper portion, see
Irmis and Mundil 2008; Heckert et al. 2009; Irmisaé 2011). Assuming that the
Bluewater Creek Member (which is considered synanysnwith the Mesa Redondo
Member) is laterally continuous with the Blue Mé&damber, at least in most part if not
completely (see Heckert and Lucas 2002a, 2002lkeP2005; Martz and Parker 2010;
Parker and Martz 2011; Irmis et al. 2011), it isdaded that most of the Chinle
Formation is younger than 220 Ma (Irmis et al., @p). Especially, the stratigraphic
position of thePlacerias Quarry was in debate, which was initially placétha base of
the Bluewater Creek Member (Lucas et al. 1997akelt@nd Lucas 2003; Parker 2005)
but later considered within the Blue Mesa Membeoading to the most recent
stratigraphic framework (Parker and Martz 2011)sTatter view is further supported by
the geochronology (Irmis et al. 2011, see above).

However, conflicting results are published in tbkowing works especially for
the lower part of the Chinle Formation which praddsomewnhat older ages (Ramezani
et al. 2009, 2011, 2014; also see Atchley et @ 320An age of ~225 Ma is obtained
from the base of the Blue Mesa Member by in-sitaan dating manifested that the
Chinle Formation is somewhat older, and it is eated an age of ca. 223 Ma for the
lowermost land tetrapod occurrences in Chinle g Newspaper Rock Bed), which
signifies that the preserved portion of the Adaraariaunachron in Arizona corresponds

to early Norian rather than middle to late NoriRaezani et al. 2011, 201ebntra
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Irmis et al. 2011). Moreover, new ages which athgad from the Bluewater Creek
Member type section in New Mexico revealed thatBheewater Creek Member is in
fact, the temporal equivalent of the uppermost Blilgsa Member to the middle Sonsela
Member of the Chinle Formation (Ramezani et al.£0Ih this case, the position of
Placerias Quarry became the stratigraphically lowest dinosaorph bearing locality of
the Chinle Formation which is constrained at a mmaxn of 219.39+0.12 Ma (Ramezani
et al. 2011, 2014), corresponding to the early-heid¢brian (Figure 5.6).

The boundary between tRaleorhinus andRutiodon biochrons (Adamanian-
Revueltian boundarsensu Lucas) in the Petrified Forest National Park rserdly
demarcated by a "persistent red silcrete bed" withé Sonsela Member (Woody and
Parker 2004; Parker and Martz 2009; Parker and2Ve&11). This horizon is stands
within the age limits of 218.017+0.088 Ma and 22340.069 Ma based on the U-Pb
zircon dating (Ramezani et al. 2011), which isaéuely placed at 216 Ma in this study
(Figure 5.6). More derived phytosauldgchaeroprosopus, as the new senior synonym
for Pseudopalatus) and aetosaurs (e.Bioarribasuchus) are introduced with the initiation
of the Advanced Fauna, a turnover which is als@onkesl in palynomorph communities
(e.g. Litwin et al. 1991; Reichgelt et al. 2013hig turnover once linked with a global
climate change and a minor extinction, an eventiwkias hypothesized to had happened
at the Carnian-Norian boundary and triggered the of dinosaurs over other tetrapods

(e.g. Simms et al. 1994; Benton 1994, 2006).
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Figure 5.6 Compact stratigraphic chart for the @hkormation. FAD for the first
appearance datum and PEFO signifies the sectidrinviiie Petrified Forest National
Park. Magnetostratigraphy based on Hounslow anddviu¢2010), stage boundaries and
numerical ages after Cohen et al. (2013), lithdigttaphy after Ramezani et al. (2014;
partially following Parker [2005]), dating after Razani et al. (2014, black circles) and
Atchley et al. (2013, black triangles), phytosaaurfas after Gregory (1969, 1972) and
floral zones after Litwin et al. (1991) and Reich@gt al. (2013). Since no numerical ages
gathered, the biostratigraphic boundary passingimthe Sonsela Member tentatively
placed at 216 Ma, where as the boundary betwaszor hinus andRutiodon faunas is
tentatively placed at 224 Ma (see text). Asterigkr(dicates the Black Forest Tuff layer
which recalibrated multiple times (see text).
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The Petrified Forest Member which immediately diesrthe Sonsela Member
keeps the record of the earliest unequivocal thedsjn the Chinle Formation (Figure
5.6). The Hayden Quarry which is situated at tlveelopart of the Petrified Forest
Member has produced the basal dinosaurombBrgmomeron romeri (Irmis et al.
2007a) and various fragments which are referradgédHayden Quarry silesaurid”,
Chindesaurus bryansmalli and coelophysids (Irmis et al., op. cit.; also Isaenmerer et
al. 2012). More recently, the basal therofad/a hallae was also discovered from the
same quarry (Nesbitt et al. 2009c). The faunaisfghrticular quarry is first to indicate
that both dinosaurs and their precursors had liwsgdther within close temporal
sequence for more than 15 Ma during the Late Tioasghich it is further supported by
the U-Pb geochronology (211.9+0.7 Ma, Irmis ekall 1).

Upper portion of the Petrified Forest Member has aroduced many
dinosauromorph bearing localities. Both the holetgmd some other referred fragments
of North American herrerasaurichindesaurus bryansmalli (Long and Murry 1995, p.
174) whereas various coelophysoid fragments amdrfodbm the Snyder Quarry (Heckert
et al. 2003; Nesbitt et al. 2007) and from the Banw Hill locality (Padian 1986, the
"Padian theropod" of Nesbitt et al. 2007) in AriapRecalibration of the unexpectedly
older tuffaceous Black Forest Bed (23919 Ma, Ashle1992) which is situated within
the upper part of the Petrified Forest Member, ged a more precise dates of 213+2
Ma (Riggs et al. 2003) or 211+0.7 Ma (Heckert e809). In New Mexico, the
silesaurid dinosauriforriucoel ophysis baldwini was collected from the Sullivan sites at

the Orphan Mesa locality (Sullivan and Lucas 1998;urra 2006).
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The uppermost dinosaur bearing quarries are ldéatthe overlying "Upper
Siltstone” Member in Ghost Ranch, New Mexico, whidnresponds to the Owl Rock
Member (Lucas et al. 1997b; Lucas and Heckert 20@agker 2005)(Figure 5.6). The
most famougCoelophysis Quarry (or the Whitaker Quarry, see Taphonomyigexts
placed within this rock unit, where numerous induals ofCoelophysis bauri are
revealed (e.g. Colbert 1989; Schwartz and Gille&@4; Nesbitt et al. 2007). An
additional basal theropoBaemonosaurus chauliodus is also collected from the same
qguarry (Sues et al. 2011). Despite the originatygyes ofCoelophysisis probably
collected from some other quarry which stratigraphy below the Whitaker Quarry
(Sullivan et al. 1996; Sullivan and Lucas 1999js istated that no morphologic
contradiction exists between the Cope's originden and the neotype @. bauri
(AMNH FR 7224, Nesbitt et al. 2007). Therefore,nam binominal name of
Rioarribasaurus colberti (Lucas and Hunt 1991a) has been relegated to@r jsynonym

of C. bauri.

TheLand Tetrapod Biostratigraphy and the Geochronology of the Dockum Group
Most of the Late Triassic land tetrapods of thekxm Group are documented
from various quarries of the Tecovas and Bull Canlyormations (e.g. Chatterjee 1986;
Murry 1986, 1987b, 1989a; Long and Murry 1995; Lanmnand Chatterjee 2005)
whereas the phytosaurs of the Dockum Group haveleonented the global Late
Triassic phytosaur biochronology (e.g. Gregory )9@alike the Chinle Formation
above, dinosauromorph fossils and their collecsibes within the Dockum Group will

be evaluated separately in following pages. Orother hand, the geochronology for the
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Dockum Group is still rough in outline, which isdea@ on preliminary results of

incomplete sampling as yet (see below).
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Figure 5.7 Composite stratigraphic chart for thekmm Group. FAD for the first
appearance datum. Magnetostratigraphy based onsttouand Muttoni (2010), stage
boundaries and numerical ages after Cohen et@l3j2and lithostratigraphy after
Lehman and Chatterjee (2005), phytosaur faunas @fegory (1969, 1972) and floral
zones after Litwin et al. (1991) and Reichgeltle{2013). Gathered ages from Rb-Sr
dating in black squares are provided by Thomas laghipers. comm. 2014). Note that
the boundaries for the phytosaur faunas are laakimgerical ages, but tentatively placed
at 224 and 216 Ma, respectively (see text). Undtefiithostratigraphic boundaries are
also shown by dashed lines.

192



Texas Tech University, Volkan Sarigul, Decemberf201

The Santa Rosa Formation and the lower part of do®vas Formation bear the
Paleorhinus-grade phytosaur§yannia scurriensis andPaleorhinus spp. The exact
locality for W. scurriensis is difficult to mark since the thickness of then&aRosa
Formation varies largely (Bill Mueller, pers. com2@14).Paleorhinus specimens are
produced from the upper Boren Ranch Sandstsamsy Martz 2008) at Lake Alan
Henry, Boren Quarry (MOTT 3869) and various othegrtying quarries of the lower
Tecovas Formation. Most of tiraleorhinus specimens are collected from the Boren
Quarry which covers a large diversity of archosaockiding various aetosaurs,
rauisuchians such &pstosuchus andPoposaurus, alongside of other land tetrapods such
as metoposaurs and dicynodonts (see Mueller 2@8b4¢n Quarry also yields the lowest
occurrences of dinosauromorphs and theropods ddtlickum Group (Figure 5.7).

The upper portion of the Tecovas Formation caRRigsodon-grade phytosaurs of
Rutiodon, Smilosuchus andLeptosuchus. Paleorhinus andRutiodon are both collected
from the same locality (Griffin Ranch, MOTT 3629eh is considered as the boundary
between two biozones in Dockum and referable asildpoint for the Tecovas
Formation (Bill Mueller, pers. comm. 2014), whichtentatively placed at 224 Ma in this
study (Figure 5.7). A direct biostratigraphic céatmn between the Dockum Group and
the Keuper is only available in part since no eglaut of theRutiodon Fauna in modern
sense is present within the Keuper (see Figured22land 5.7). Post Quarry (MOTT
3624) offers the richest and most diversified ltagtdapod record available to this interval
including phytosaukeptosuchus, various dinosauromorphs and many other

archosauromorph and non-archosauromorph taxaMeutz et al. 2013) (Figure 5.7).
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Post Quarry also represents the maximum rangecghddonts in the Dockum Group
(Bill Mueller, pers. comm. 2014).

On the other hand, the Bull Canyon Formation &edoverlying Redonda
Formation are characterized by the taxon randdachaer oprosopus (sensu Parker et al.
2013 and Hungerbuhler et al. 2013). The first apgeze ofMachaeroprosopus is
recorded in one of the lowermost quarries (UU Ratlr Flats [MOTT 3883], Figure 5.7)
of the Bull Canyon Formation, however lower occnoes of this taxon (i.e. first
appearance ofPseudopalatus’) is previously recorded in the Chinle Formatised
previous section and Figure 5.6) It is suggestatlttie boundary between tRatiodon
and the Advanced phytosaur biozones in Dockum Gpagges within the Truijillo
Formation (e.g. Lehman and Chatterjee 2005), atthaw phytosaur fossils hitherto
described from this formation.

Comprehensive and detailed works on the geochrggalbthe Dockum Group
are still lacking. Detrital biotite Rb-Sr age detenations were briefly mentioned only in
a series of abstracts by Long and Lehman (19934,18%09). The full data and analyses
have not been published; however the preliminasulte are kindly provided (Thomas
Lehman, pers. comm. 2014). The weathered conditidine biotite has likely degraded
the quality of the results, and because the sixpsswere collected over a broad
stratigraphic interval, an isochron calculated gsft six samples together yield an
apparent age that is not useful. The "model" agésrmined for each sample
individually require assuming an initial Sr valudevertheless, the calculated model ages
(with assumed initial Sr) do accord with the strephic positions of the samples (Figure

5.7). The lowest (and "freshest") sample is fromupper portion of Boren Ranch
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sandstonesgnsu Martz 2008) at the base of Tecovas Formation aldsya model Rb-Sr
age of 225 Ma. The upper Boren Ranch sandstondsstarly a couple of meters below
the Boren Quarry (MOTT 3869). Two samples fromThgjillo Sandstone yield model
Rb-Sr ages of 210 to 211 Ma. The three highest kEmnfoom just below and within the
Macy Ranch sandstone of the upper levels of Butlyda Formation (including the
Patricia Quarry, MOTT 3870) yield model Rb-Sr agé&04 to 207 Ma (Figure

5.7). This preliminary framework is a promisingafuo complement the high resolution

scheme of Chinle Formation (e.g. Atchley et al. 2(Ramezani et al. 2014).

Significance of the Upper Triassic Phytosaur Biostratigraphy and
Biochronology

Although the phytosaur fossils occur worldwideontinental Upper Triassic
deposits, only a few of those localities besidesGhinle-Dockum sequence offer a
complete or near-complete biostratigraphic recnotuding the Keuper and the Upper
Triassic deposits of eastern North America, Inaid ®orocco. Unfortunately, none of

the latter three provinces provide any geochroriolages.

The Land Tetrapod Biostratigraphy of the Keuper

As expanded above, the German Keuper representggdb section for the
terrestrial Upper Triassic with a diverse landaptrd fauna. The Hassberge Formation
(Blassensandstein in Gregory 1969; Butler et al32@Figures 5.1 and 5.8) of Germany
includes thdPaleorhinus-grade phytosaurs @&brachosuchus neukami andPaleorhinus

angustifrons (Butler et al. 2013), alongside of various temnaosjyds and a discredited
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aetosauEbrachosaurus singularis (synoynmized witl&tagonolepis in some, e.g. Seegis
2005), of which the holotype is destroyed during $econd World War (Desojo et al.
2013). Compared to the Hassberge Formation, thex otlo horizons (Stelgerwald and
Mainhardt formations) of the Weser Formation arerpofossiliferous (e.g. Seegis
2005). The genuBaleorhinus is also represented in the Krasiejéw beds in Rb{Bxzik
2001) which becomes the only other reliable cotreddor the Hassberge Formation in
terms of phytosaur biocorrelation.

Upper Norian-Rhaetian Arnstadt Formation (inclgditdwenstein and
Trossingen formations) and Exter Formations yietptester variety of land tetrapods,
especially marked by the widespread occurrencésriastrial turtles and temnospondyls
(e.g. Seegis 2005; Sues and Fraser 2011). Temmbdp&errothorax and
Cyclotosaurus (e.g. Seegis 2005; Sues and Fraser 2011), physdsemosaurus and
Mystriosuchus (e.g. Hungerbihler and Hunt 2000), aetosAetesaurus ferratus and
Paratypothorax andressorum (e.g. Desojo et al. 2013), rauisuchieamatosaurus
suevicus (von Meyer 1861; Brusatte et al. 2009), sphenasndaltoposuchus (e.g.
Sereno and Wild 1992) and dinosaBrscompsognathus triassicus (Frass 1913; Ostrom
1981; also see Sereno and Wild 1992 and Knoll 2(&f8jasia diagnostica (e.g. Galton
1973) andPlateosaurus (Sellosaurus) gracilis (e.g. Yates 2003) are the most important
elements of the land tetrapod fauna, collected fiteen_6wenstein Formation. A
Nicrosaurus-grade phytosaur (Kimmig and Arp 2010, but see &oand Butler 2013)
and dinosaurPlateosaurus engelhardti (von Meyer 1837; Moser 2003uehleia
bedheimensis (Galton 2001) andiliensternus liliensterni (von Huene 1934; Welles

1984) are the notable elements of the overlying3irmen Formation. A diverse fossil
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array of therapsids and mammalian precursors dlected especially from the layers of
the Trossingen and Exter formations (e.g. Seed% R0

The German Keuper has also provided basis foesteblishment of the
phytosaur biozones. Lowest occurrences of phytgsaithin the Keuper are located in
Germany, but also in Poland (Dzik 2001), howevghhkr occurrences of phytosaurs
which are suitable for biocorrelation only occuiGerman strata. Therefore, only the
Paleorhinus and Advanced faunas can be detected within th@&ewhereas the

Rutiodon-grade phytosaurs are missing in-between (Figuteanid 5.8).

The Land Tetrapod Biostratigraphy of Eastern North America

The eastern rift basins of the North America dled by an extensive Upper
Triassic rock sequence, namely the Newark Supepgrbue vertebrate fauna of the
Newark Supergroup is dominated by fish rather fhad tetrapods (e.g. Olsen et al.
1982), a situation probably ascribable to the damimacustrine facies, analogous to
modern-day African Rift Valley. Land tetrapod redas mostly fragmentary and
dispersed in various different basins, such adN#éhweark Basin, the Deep River Basin,
the Hartford Basin, the Taylorsville Basin, the BumBasin and the Gettysburg Basin
(e.g. Huber et al. 1993). The faunal contents efNlewark Supergroup deposits include
temnospondyls (e.g. Hunt 1993), cynodonts (e.gaku®98a; Sues and Hopson 2010),
archosauromorphs sucheswellia kaltenbachi (Weems 1980), the only unequivocal
phytosauRutiodon carolinensis (Emmons 1856), various aetosaurs (e.g. Lucas et al

1998; Desojo et al. 2013ppstosuchus alisonae as the only rauisuchian so far (Peyer et
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al. 1998) and various ichnotaxa which are mainpreeented by footprints (e.g. Cornet
and Olsen 1985; Olsen et al. 1992).

The fragmentary nature of the land tetrapod elesnand the lack of diagnosable
phytosaurs excefR. carolinensis prevent the construction of any reliable landajetd
biochronology. Nevertheless, the presencR.abrolinensis in the Cumnock Formation
of the Deep River Basin (and any other Newark datikees) is directly referable the

Rutiodon Fauna (Figure 5.8).

TheLand Tetrapod Biostratigraphy of India

Upper Triassic deposits of India are exposed mamtwo basins, the Pranhita-
Godavari Valley which includes the Lower and Uppkeri formations and the
overlying Lower Dharmaram Formation, and the Sorlxdfeadi Basin which yields Tiki
Formation, a coeval rock unit with the Maleri Fotioa (e.g. Kutty and Sengupta 1989;
Bandyopadhyay 1999; Sengupta 2003). India possesdespectrum of Late Triassic
vertebrate fossils (e.g. Chatterjee and Roy Chowdh@74; Jain 1990; Jain et al. 1996;
Bandyopadhyay 1999; Sengupta 2003; Novas et al)20he Lower Maleri fauna
includes many important non-archosaurian tetrapsuts) as the metoposaur
Metoposaurus (Roy Chowdhury 1965), rhynchosadyper odapedon (Paradapedon)
huxleyi (Chatterjee 1974; Langer and Schultz 2000), tssantidExaer etodon
statisticae (Chatterjee 1982a) which is recently regarded asnaetermined taxon (Lui
2007), and the protorosahltal erisaurus robinsonae (Chatterjee 1980b). Metoposaurs are
also widely documented in the Tiki Formation (&gngupta 1992, 2003) as well as

rhynchosaurs, where a new taxbtyperodapedon tikiensis, was recently published
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(Mukherjee and Ray 2014parasuchus hislopi (Chatterjee 1978a, 2001) of the Lower
Maleri and Tiki formations is the only phytosautetenined in India so far, whereas
Tikisuchus romeri (Chatterjee and Majumdar 1987) of the Tiki Format®the only
rauisuchid hitherto collected from India. Tiki Faatron also housed some possible early
mammalianssondwanadon tapani (Datta and Das 1996) afdkitherium copei (Datta
2005), where only the molars are preserved in taota. Following up to the Upper
Maleri Formation, the characteristic metoposaunidgnchosaurs and phytosaurs of the
previous Lower Maleri Formation are no longer appegin the fossil record (e.g.
Bandyopadhyay 1999). Instead, new chigutisaurichtespondyl (Sengupta 1995) and
possible dicynodonts (e.g. Novas et al. 2011, thpkgppeared in this formation.
Aetosaurs are represented only by their dermakedcatyments in both Maleri and
Dharmaram faunas (e.g. Chatterjee and Roy ChowdBud; Kutty and Sengupta 1989;
Bandyopadhyay 1999) which are associated with tygracisine and desmatosuchinae in
recent works (Desojo et al. 2013, p. 209; alsoBmdon 1983a).

Dinosauromorphs are also represented as a ptisafiversity. Alwalkeria
maleriensis is the earliest dinosaur discovered within the eoMaleri Formation
(Chatterjee 1987; Chatterjee and Creisler 1994hcAigh it is previously debated that
the holotype ofA. maleriensis might include a composite of various differentnedats
(Rauhut and Remes 2005), at least the illustrateddascribed femur and astragalus in
the original text display definite theropod chaeast Dinosaurs and their kin are better
represented in the upper formations of Upper Maed Lower DharmaranNambalia
roychowdhurii andJaklapallisaurus asymmetrica represent the non-plateosaurid and

plateosaurid sauropodomorphs of the Upper Malemniation respectively, alongside of
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a guaiabasaurid and two basal dinosauriform spexsnvehereas the Lower Dharmaram
Formation has produced some remains of basal sadwoporphs and neotheropods
(Novas et al. 2011).

Due to the inadequate phytosaur record no lamdpetl biozones established as
yet and thus, a direct biocorrelation is implausiwith Euramerican deposits especially
for Upper Maleri and Lower Dharmaram Formationsthis case, onlyParasuchus
hislopi (Chatterjee 1978a, 2001) of the Lower Maleri and fbrmations which is a
Paleorhinus-grade phytosaur indicates the fauna of those ormdtions belong to the
Paleorhinus Fauna of Gregory (Figure 5.8). Additionally, otli@unal elements of the
Lower Maleri Formation (e.dvietoposaurus, Hyperodapedon, Exaeretodon and
Malerisaurus) provide an auxiliary biocorrelation with the aesponding faunas of the
Late Triassic. The other phytosaur remains fromothezlying Upper Maleri Formation
are tentatively affined tButiodon-grade phytosaurid phytosaurs (Bandyopadhyay 1999;
HungerbUnhler et al. 2002; Stocker and Butler 20TBg phytosaur remains found on the
overlying Lower Dharmaram Formation cannot be reféto any taxon (Hungerbuhler et

al., op. cit.).

TheLand Tetrapod Biostratigraphy of M orocco

The terrestrial Permo-Triassic sequence of Moregaituated in the modern-day
Argana Valley, at the western part of the High AtMountains. Those sediments are
subdivided into eight distinct layers (T1-T8), whehe Triassic sediments include two
formations, Timezgadiouine (T3-T5) and Bigoudiné<T8), respectively (e.g. Jalil

1999; Lagnaoui et al. 2013). Of these six layenty the T4 and T5 contain body fossils
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of land tetrapods, whereas T3 and T6 yield tetrdpotprints (Tourani et al. 2010;
Lagnaoui et al. 2013). Except a skull fragmentim T4 layer (the Aglegal Member)
which belongs to temnospondy¥clotosaurus, the bulk of the land tetrapod body fossils
are concentrated on the T5 layer, or formerly thadlene Member (e.g. Jalil 1999). The
land tetrapod fauna of Irohalene Member contain®peosaur®utuitsaur us ouazzoui
andArganasaurus lyazidi (e.g. Dutuit 1976; Hunt 1993; Sulej 2002), dicyoots
Moghreberia andAzarifeneria (e.g. Dutuit 1980, 1988, 1989), phytosadngjistorhinus
talainti (Dututi 1977a) anéPaleorhinus magnoculus (Dutuit 1977b;Arganarhinus
magnoculus, Long and Murry 1995), rauisuchi@dnganasuchus dutuiti (Jalil and Peyer
2007) and silesauriDiodorus scytobrachion (Kammerer et al. 2012). The presence of
Pal eor hinus magnoculus places the Irohalene Member within & eorhinus Fauna in

phytosaur biochronology (Figure 5.8).

Next Page: Figure 5.8 Composite stratigraphic dloarthe terrestrial Upper Triassic.
FAD signifies the first appearance datum and PEgQifges the Chinle section within
the Petrified Forest National Park. Magnetostrapty based on Hounslow and Muttoni
(2010), stage boundaries and ages after Cohen(€04B). For lithostratigraphic and
biostratigraphic sections, including the positiohshe quarries, see text and previous
figures. Sections from Brazil and Zimbabwe are tedibased on the absence of both
numerical ages and phytosaurs (for their corrafatisee text).The first appeareance of
Ischigualastian dinosaurs is reported from the tovest part of the Ischigualasto
Formation.Placerias and Boren quarries reflect the lowest dinosauuoeaces for each
sequence, indicating an earlier presence of dimesaiNorth America. The absence of
numerical ages from the collection sites/ddnnia scurriensis (Santa Rosa Formation),
Rutiodon carolinensis (Cumnock Formation) anéarasuchus hislopi andAlwalkeria
maleriensis (Lower Maleri Formation) prevents their exact sgnaphic placement. A
numerical age is also missing for the horizo®alieor hinus magnoculus
(Timezgadiouine Formation), although it is notedttthis taxon is collected from the
base of the Irohalene Member (T5) (e.g. Jalil 198@}e that the boundaries for the
phytosaur faunas are lacking numerical ages, btatigely placed at 224 and 216 Ma,
respectively (see text).
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The Composite Late Triassic Phytosaur Biochronology

Based on the four main provinces of Europe, NArtterica, Morocco and India
which possess different degrees of completenesiseophytosaur fossil record, it appears
that the phytosaur biochronology provides a satisfg biocorrelation at least for the
most part (Figure 5.8). Moreover, Ischigualasto bosl Colorados formations can be
included within the chart based on the geochrongldgspite the absence of phytosaur
fossils (Figure 5.8; also see next section). Thekdon Group provides the complete
phytosaur biochronology, as previously recognizecegory 1972). The Keuper and the
Chinle Formation are missing one biochron each.Néwark Supergroup and the
Argana sequence have the poorest phytosaur retattlindance, whereas the phytosaur

fossils of India are restricted to tRaleorhinus biochron.

Problemswith the Global Phytosaur Biochronology and Supplementary

Approaches

It is previously explained that the geochronolstgnds as the only tool to
correlate marine and terrestrial sequences, dtheetlack of common fossil elements. But
is it the same when comparing the terrestrial umits each other? In available cases, as
in Late Triassic when all the continents were stildlesced together, the biostratigraphy
facilitates a better correlation between the rogiksurather than geochronology, based on
widely distributed index taxa, in this case, thgtpbaurs. However, the absence of a
descent phytosaur record in South America comyethe researchers to involve

secondary approaches such as geochronology andeh# other land tetrapods.
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TheLand Tetrapod Biostratigraphy and the Geochronology of South America

South America is the only other continent thanEneamerican landmass where
Late Triassic vertebrate biozones are establidnezbntrast with the Eurmarican faunas,
the South American land tetrapod zones are edst@olibased on therapsids and
rhynchosaurs since no phytosaurs are hitherto desed except a fragmentary lower jaw
from the Caturrita Formation (Kischlat and Luca®2)) however the generic affinity of
this animal is still ambiguous (Axel Hungerbuhleranger et al. 2005a; Stocker and
Butler 2013). Based on Bonaparte’s (e.g. 1966, 19882) vertebrate assemblages per
formation (the “Reptil Ages" and their local equiMats, Figure 5.9), it is proposed two
main rock-independent vertebrate assemblage zore€€énozones, Figure 5.9) to
establish a formal Middle-Upper Triassic biostregghy of Brazil which are the
Therapsid Cenozone and the Rhynchosaur Cenozdimsydd by a third informal unit,
the Jachaleria Level, characterized by the presence of thesddssklicynodonts (e.g.
Schultz et al. 1995, 2000; Schultz 2005) (FiguB).3n terms of faunal abundance, the
lower part of the Rhynchosaur time is dominatedhayrhynchosaurStaphonyx” where
the upper part consists almost completely of theetrsodontid cynodorixaeretodon
(Schultz et al. 2000; Langer 2005a, 2005b; Martieteal. 2011a, 2013a). All the
rhynchosaurs which were previously ascribe8aaphonyx are now classified under the
genusHyperodapedon, exceptS. sulcagnathus which is recently referred to a new genus
Teyumbaita (Langer and Schultz 2000; Montefeltro et al. 200X)ncurrently, this
biozone is referred as tlyperodapedon Acme Zone (Langer et al. 2007), as traceable
in the lower part of the Ischigualasto Formatiod #me upper part of the Santa Maria

Formation (the Alemoa Member, Figure 5.9) sificeulcagnathus is collected from the
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Caturrita Formation. AlthougBxaeretodon is documented in the precedirfgcdphonyx”
Zone (namelyscaphonyx-Exaeretodon-Herrerasaurus Biozone, Martinez et al. 2013a), it
became the dominant element of the land tetrapatbfanly after the disappearance of
the rhynchosaurs. Such faunal turnover is recdintted with the Carnian-Norian
boundary events (Martinez et al. 201 aeretodon is replaced by the dicynodont
Jachaleria in the following biozone, which eclipsed otherdar abundance as well.
Regardless of the biochronology, dicynodonts wemngartant components of the Late

Triassic tetrapod fauna of South America (e.g. C8&5).

LOCAL FAUNAS MODIFIED LITHOSTRATIGRAPHY | DEPOSITIONAL SEQUENCE
REPTILAGES
ARGENTINA| BRAZIL | CENOZONES | ARGENTINA BRAZIL BRAZIL
MATA ]
LA ESQUINA
LOS
COLORADENSE COLORADOS
. | Jachaleria LEVEL
BOTUCARAI — T B CATURITTA
o Biozone
3 o, don
ISCHIGUALASTENSE | ISCHIGUALASTO 2 Hyperodapedon) |SGHIGUALASTO
ALEMOA | & | Scaphonyx-

Z | Exaeretodon-

; Herrerasaurus i l

x Biozone SANTA

MARIA
LOS
N Z RASTROS
CHANARENSE CHINIQUA
____________ THERAPSIDA
LOS LOS
CHAF‘ARES PINHEIROS CHAN“RES

Figure 5.9 The composite stratigraphic framewodtuding the vertebrate biochronology
of South American Late Triassic (Modified after 8lith et al. 2000). Although all these
biozones are originally established as succeedisgmblage zones, recent attempts also
provide redefinitions based on intervals betweenréimges of index taxa (e.g. Langer
2005b). The subdivision of the Rhynchosauria CeneZocluding both Brazil and
Argentina) and the redefinition of the lower bourydaf Jachaleria Level to include the
uppermost part of the Ischigualasto Formation dféerger et al. (2007) and Martinez et
al. (2013a).
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Ischigualasto-
Villa Unién Basin

Argentina

Los Colorados Formation

V.dela L,
Member

C. de B.
Member

ééhig ualasto Formation

L= La Peﬁai
: Member!

* 225.9+0.9

FAD of dinosaurs

* 231.4+0.3

Figure 5.10 Composite stratigraphic chart for gehigualasto and Los Colorados
formations. FAD for the first appearance datum. &bbreviated members are Cancha de
Bochas, Valle de la Luna and Quebrada de la Salbesmnrespectively.
Magnetostratigraphy based on Hounslow and Mut@d10), stage boundaries and
numerical ages after Cohen et al. (2013) and litabgraphy after Currie et al. (2009).
Gathered ages labeled in black stars after Rogeis @993) and Martinez et al. (2011a).
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Dinosauromorphs are the significant members ofabea, alongside of various
other land tetrapods. The earliest dinosaur precsiksger peton chanarensis (Romer
1971; Sereno and Arcucci 1994bgwisuchus admixtus (Romer 1972a, Bittencourt et al.
2014) andViarasuchuslilloensis (Romer 1972b; Sereno and Arcucci 1994b) and
Pseudolagosuchus major (Arcucci 1987) are discovered from the Ladiniaraffdres
Formation in Argentina (Figure 5.9). Those earlyagiauromorphs constitute about 20%
of the total faunal assemblage of terrestrial \eretges (Martinez et al. 2011a, figure 4).
However, the first appearance of dinosaurs in Aigaris documented in the lowermost
part of the overlying Ischigualasto Formation (Feg5.9 and 5.10). All of these earliest
dinosaurs are collected from tBeaphonyx-Exaeretodon-Herrerasaurus Biozone (which
corresponds to thdyperodapedon Acme Zone Figure 5.9); the diversity of
Ischigualastian dinosaurs corresponds to the ang-@hthe recorded land vertebrate
genera from this formation, despite their low nekatabundance which only corresponds
to 10-11% of the total faunal composition of laredtebrates (Martinez et al. 2011a,
figure 4). The basal therop&tbdromaeus murphi and herrerasauridserrerasaurus
ischigualastensis (Reig 1963; Sereno and Novas 1992) &aiguansaurus gordilloi
(Alcober and Martinez 2010) represent ~70% of afetgrial carnivores in the
Ischigualasto faunal assemblage, whereas the simatl herbivores and omnivores are
represented by the basal saurischiaoraptor lunensis (Sereno et al. 1993; Sereno et al.
2013),Chromogisaurus novasi (Ezcurra 2008, 2010; Martinez et al. 2013tgnphagia
protos (Martinez and Alcober 2009) and the basal ornithiesn Pisanosaurus mertii
(Casamiquela 1967; Bonaparte 1976) (Martinez é&Cdl1a). The herbivore/omnivore

niche possibly includes the following discoveriéamew silesauridignotosaurus
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fragilis and a new lagerpetid form (PVSJ 883) (Martineal e2013a; the "Ischigualasto
forms" of Langer et al. [2013]). In Brazil, on théher hand, the herrerasaurid
Saurikosaurus pricei (Colbert 1970; Galton 1977; Bittencourt and Kella@09), the

basal theropo®ampadromaeus barberenai (Cabreira et al. 2011) and the basal
sauropodomorpRaturnalia tupiniquim (Langer et al. 1999) are collected from the upper
part of the Santa Maria Formaticserfsu Andreis et al. 1980; Langer et al. 2007) which
correspond to the Alemoa Member/FayRmure 5.9).

Such large diversity of dinosaurs noted to bepeapng in the upper parts of the
overlying Los Colorados Formation ("La Esquina Faurrigure 5.9) in Argentina,
including the theropodupaysaurus rougieri (Arcucci and Coria 2003; Ezcurra and
Novas 2007) and basal sauropodomofilegasaur us incertus (Bonaparte 1967, 1971,
Bonaparte and Pumares 19959 oradisaurus brevis (Bonaparte 1978; renamed by
Lambert 1983) antlessemsaurus sauropoides (Bonaparte 1999; Pol and Powell 2007Db).
The faunal gap for dinosauromorphs between theripag of the Ischigualasto
Formation and the upper part of the Los Coloradwsn&tion in Argentina stands as a
sampling artifact for the Los Colorados Formatisince the Caturrita Formation in
Brazil has produced dinosaugsiaibasaurus candelariensis (Bonaparte et al. 1999, 2007,
Langer et al. 2011) arldnaysaurus tolentinoi (Leal et al. 2004), and the silesaurid
Sacisaurus agudoensis (Ferigolo and Langer 2007; Langer and Ferigolo}@the
Botucarai Fauna, Langer 2005a; Langer et al. 2664 Figure 5.9). An additional
plateosaurid-like basal sauropodomorph fragmemi fitee Caturrita Formation is
recently noted (Bittencourt et al. 2012). This combus fossil record indicates a stable

dinosaur lineage in South American basins during Oaiassic (Figure 5.9). In addition
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to the main sequence basins, the sauropodoniussaur us patagonicus (Bonaparte
and Vince 1979; Pol and Powell 2007a; Otero and2PbB) and a heterodontosaurid
(Baez and Marsicano 2001) are collected from thpddgriassic rocks of Patagonia (El
Tranquilo Group).

The obtained 227.8+0.3 Ma frof?Ar/*°Ar dating of Herr Toba bentonite layer
which occurs only 20 meters above the base ofdiedtion (Rogers et al. 1993) is later
recalibrated to 231.4+0.3 Ma after the statistagatimizations (Renne et al. 2010;
Martinez et al. 2011a). In this case, the basé®igchigualasto Formation is now
corresponds to late Carnian (Figure 5.10). Thigltésings the argument that the origin
of dinosaurs is dated to Late Triassic, aroundr@8llon years ago (e.g. Langer et al.
2010; Brusatte et al. 2010b). Another coincidinteda obtained by U-Pb zircon dating
of an ash layer within the marine limestone umtSouthern Italy which yielded ~231
Ma for upper Carnian (Furin et al. 2006), and migdtepresenting the somewhere near
the base of Tuvalian (Heinz W. Kozur in Ogg 2012{@). Absolute ages are also
obtained from the upper part of the Ischigualastorfation by*°Ar/*°Ar dating of
feldspars; however, it is relatively more difficdiie to scattered volcanic ash layers and
but also due to the contradicting stratigraphide¢Ramezani et al. 2014). In contrast
with an earlier result of ~217 Ma from the uppertpalle de la Luna Member of the
Ischigualasto Formation (Shipman 2004; Currie e2@09), a more reliable and
statistically calibrated date of 225.9+0.9 Ma obal from the topmost portion of the
same member (Martinez et al. 2011a). The lackaibraetric dates in the overlying Los
Colorados Formation, on the other hand, mandatagnatostratigraphic study which

provided a conflicting time span from 227 Ma to 2% Ma in correlation with the
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Newark polarity zones (Santi Malnis et al. 2011)efiefore, an uncertain upper boundary

for the Ischigualasto Formation is indicated a$ time (Figure 5.10).

Absence of the Phytosaur Biocorrelation for South America

Although extensive continental Upper Triassic sgmpes occur in both Argentina
and Brazil, it is always challenging to establisthir@ct biocorrelation between South
America and the rest of the Pangea continentsaltleetlack of phytosaurs in South
America. Based on the diverse land tetrapod foesdrd, India is long regarded as the
reference point for the South American correlatespecially with the North America
(e.g. Chatterjee and Scotese 1999). For examplesrsodontids, rauisuchids and
rhynchosaurs from India are very similar to thoSEurope, North America, Africa and
South America. On the other hand, phytosaurs aridpusaurs from the Lower Maleri
Formation are comparable to those of North Amezappe and Morocco but they are
conspicuously absent in South America, except twygogaur fragment from the

Caturrita Formation of Brazil (Kischlat and Luca303).

I ncompleteness of Geochronologic Record

The Chinle-Dockum Paleoriver Basin and the Iscalgsto-Villa Union Basin are
only two Late Triassic provinces where it can b&aoted radiometric dates. As expanded
above, a complete geochronology for the Chinle Fdion has been recently published
(Ramezani et al. 2011, 2014; Atchley et al. 20iBrontrast, the dating of the Dockum

and the Ischigualasto/Los Colorados sedimentstéiranreliminary phases (Figure
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5.10). Therefore, geochronology by itself cannoatiequate at the moment to correlate

terrestrial Upper Triassic deposits.

The Biostratigraphic Significance of Dinosaur omor phs

The terrestrial Upper Triassic units of South Alteerequire another tool for a
global biochronology because of the absence ofgslayirs and the incompleteness of the
geochronology. Recent discovery of the Lower Mal@mbsaur fauna provides a strong
biotic link between India and South America (Noeasl. 2011). In the present work, it
is provided the biostratigraphic utility of the dsauromorphs for the first time for a
direct correlation predominantly between North Aiteiand South America. This
framework is corroborated by the recent work ofgadopic data, gathered from the

Chinle Formation of Arizona and the Ischigualastonfration of Argentina (see above).

Biostratigraphy of Dockum Dinosaur omor phs

Dockum dinosauromorphs have a notably large diyessd wide stratigraphic
range predominantly in Texas (also see Descriptibapter). Boren Quarry (MOTT
3869) which is situated at the lowermost portiothaf Tecovas Formation is probably
the most significant fossil locality of this worince it provides the earliest records of
theropods in the North America (TTU-P10514; TTU-B1®; TTU-P10517). One
fragmentary and one complete tibia (TTU-P10546; TH19803) are also collected from
the Boren Quarry which might represent a new dinasaorph taxon. Otis Chalk Quarry
3 (TMM 31100-1306 or MOTT 2000) which is standgtly higher in the stratigraphic

column has produced the holotype of the lagerfd@tammnomeron gregorii and associated
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paratypes (Nesbitt et al. 2009b) and the proximali@n of a left femur which is referred
to Chindesaurus bryansmalli (TTM 31100-523, Long and Murry 1995; Nesbitt et al
2007). The proximal portion of a left tibia (TTU-8408) which is diagnosed as an
indeterminate dinosauriform is the only dinosaurgrshaemain from the overlying
Kirkpatrick Quarry (MOTT 3628).

Among all the dinosauromorph bearing quarriest Bosrry (MOTT 3624) from
the uppermost Tecovas Formation is one of the sigstficant of all, not just by its
peculiar taphonomy which is previously expandee& (B&phonomy chapter) but also by
including the largest diversity of dinosauromorjeen the Dockum Group (Figure
5.11). The Post Quarry dinosauromorph assemblafadies lagerpeti®romomeron
gregorii (TTU-P11282, see in Martz et al. 2013; TTU-P183BIJ-P20046), silesaurid
Technosaurus smalli (TTU-P9021), an indeterminate dinosauriform tigiduU-P11127),
a herrerasaurid which possibly relatedCtondesaurus bryansmalli (TTU-P10082) and
various coelophysoids/basal neotheropods (TTU-PL,0DTU-P11044) and even more
derived theropods (TTU-P11254a and TTU-P11254b).

Both species dbromomeron are represented in the Tecovas Formation.
Alongside with many other unidentifiable bone fraamts, the three hind limb fragments
which are referred tBromomeron spp. (i.e. WTAMU specimens) despite the unknown
stratigraphic position of their collection site. Asolated ilium ofChindesaurus
bryansmalli (UMMP 8870) is also collected from the Tecovasniation in Crosby
County (Long and Murry 1995; Nesbitt et al. 20@f)which the exact locality is

unknown (Figure 5.11).
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Previous Page: Figure 5.11 Biostratigraphy andriaaages of the Dockum Group
dinosauromorphs in Texas, including the relatedqagur fauna. Chronostratigraphy and
ages after Cohen et al. (2013), the Dockum agessepted by black squares are
provided by Thomas Lehman (pers. comm. 2014). TRAMU specimens and the
Chindesaurus ilium from Crosby County (UMMP 8870) cannot beqad due to their
uncertain stratigraphic positions. Specimen NMMN#389,Gojirasaurus quayi
(Carpenter 1997) and rest of the referred materaChindesaurus bryansmalli (Long

and Murry 1995) are collected from the New Mexicwcoops of Dockum; therefore they
are not included to the chart.

Theropods are better represented compared to dith@sauromorphs in the fossil
record of Bull Canyon Formation; however this diia might represent a collection
artifact (Figure 5.11). Alongside of twidromomeron romeri hind limb element§TTU-
P12537; TTU-P12539), a complete tibia and an isdlaead of a femur which belong to
herrerasaurids (TTU-P11175; TTU-P12531) and aldisia of a coelophysoid theropod
(TTU-P14786) are gathered from the HeadquartershSaOTT 3898) and
Headquarters Northwest (MOTT 3899) localities. ldeasaurids appear also in
abundance in stratigraphically higher localitiess lunearthed a partial skeleton of a
herrerasaurid (TTU-P10072) from the Lott KirkpatridOTT 3634), a proximal right
femur (TTU-P12587) and a postcervical vertebra (AH12790) from the Macy Ranch
(MOTT 3927), and a dorsal vertebra (TTU-P16789nfthe Patricia Quarry (MOTT
3870) localities, respectively. A remarkable tifidU-P12587, see Nesbitt et al. 2007)
from the Macy Ranch locality (MOTT 3870) resemhles dilophosaurid-grade
theropod in morphology, although the size is ohby half of a typical dilophosaurid (e.g.

Welles 1984).

Additionally, several other theropods are alseddtom various localities of the

Bull Canyon Formation in New Mexico. A partial s&kgin (NMMNH P-4569) which is
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later diagnosed as an indeterminate saurischiaoted from the Guadalupe County (e.qg.
Hunt 1994, 1996, 2001; Nesbitt et al. 2007, p. 229 artial femur and various vertebral
centra (NMMNH P-4415; NMMNH P-16656; NMMNH P-1732&hich are referred
Chindesaurus bryansmalli (Long and Murry 1995) are collected various looaditof
eastern New Mexico, whereas the coelophy&mrasaurus quayi is defined from the

Quay County (Carpenter 1997).

Biocorrelation between North America and South America Based on
Dinosaur omor phs

The relative abundance and distribution of dinosaakes a good
biostratigraphic tool for the Upper Triassic coetital sediments of Argentina and
Brazil. Presences of herrerasaurid dinosaurs haked the lower part of the
Ischigualasto Formation and the Alemoa Member ef3anta Maria Formation (the
same interval also corresponds to the acme zortedahynchosaudyperodapedon
(e.g. Langer et al. 2007), whereas the upper péattee Caturrita and Los Colorados
formations can be correlated by using prosauropoasdurs (Langer 2005a, figure 8)
(Figures 5.9 and 5.12). More recently, newly disred dinosaur fauna from the Upper
Triassic sequence of the Pranhita-Godavari Basindia implied an opportunity for a
direct intercontinental correlation for South Anoari based on saurischians (Novas et al.
2011, figure 6). Similarly in this work, the diverand well distributed dinosauromorph
fauna of the Dockum Group may provide a strongestbatigraphic link between the two
continents. The Dockum Group might be a bettedickate in correlation with the South

American sequences, since the dinosauromorph divefgshe Dockum Group is larger
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compared to the Chinle Formation, and the lowerraostirrences of dinosauromorphs
(i.e. lower part of the Tecovas Formation) are gnlgsent in the Dockum Group whereas
the corresponding interval of the Chinle Formai®uanfossiliferous (Figures 5.6, 5.7,

5.8,5.11 and 5.12).
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Figure 5.12 Main stratigraphic sequences of Nonith &outh America, and referred
dinosauromorph faunas (for details see text andque figures). As visible on the top
right corner, sauropodomorphs and ornithischiaagtee two main elements missing in
the North American faunas.
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South America, especially the Ischigualasto Foionats widely known not only
for having the earliest records of dinosaurs bs &r keeping the record of dinosaur
precursors with recently reported lagerpetid atesaurid individuals (Martinez et al.
2013a). As detailed above, Late Triassic dinosaorpmfauna of North America
displays a large diversity comparable to the Séutterican counterpart, despite the
absence of basal sauropodomorphs and basal ochitdnis. Despite the low taxonomic
resolution, dinosauromorphs might establish a tivexorrelation between North and
South America in the future works (Figure 5.12)vbli¢heless, the common occurences
of earliest dinosaurs stand as another unequimastratigraphic tool after the
significant discoveries from the lower Tecovas Fation which complements the
previously known dinosaurs from the Gondwana cemtis. The time interval when the
dinosaurs first appeared coincides with Bageor hinus Fauna, as documented in the
lower Tecovas Formation, and the equivalent biotlufotheHyperodapedon Acme
Zone Eensu Langer et al. 2007, also see Martinez et al. 2)1®4 only the two biozones
seem roughly equivalent based on the geochronolgyalso on the vertebrate
biostratigraphy since both fauna have co-existatien_ower Maleri Formation of India
and in the Lossiemouth Sandstone of Scotland detptabsence &aleorhinus-grade

phytosaurs in this part of Laurasia (Figures 5.81%nd 5.12).
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Chapter 6
Paleobiogeography of Late Carnian-Early Norian Land

Tetrapods

The late Carnian-early Norian world has witnesaegbbal radiation of the
archosaurs and other land tetrapods all over thgd2a as manifested by the fossil
record. This significant interval can be portraygathe peak abundance of rhynchosaurs,
the radiation of phytosaurs, aetosaurs and possiblyodylomorphs, as well as by the
first appearance of dinosaurs. There are multiptdagic provinces with coeval
terrestrial deposits as shown below, including@eemanic Keuper and its European
correlatives (e.g. Poland, Britain), the rift basof eastern North America and
northwestern Africa (i.e. Morocco), the Chinle-Daok Paleroriver Basin from the
southwestern North America, the Upper Triassic sages of the Ischigualasto-Villa
Unién and Parana basins of Argentina and Brazl Rbbbly Arkose Formation of

Zimbabwe and the Lower Maleri and Tiki formatiorigtee Indian subcontinent (Figure

2 5 Ischigualasto- Rift basins of Pranhita-
Chinle Formation Dockum Group Villa Unién Basin  Kauper type section Eastern Godavari Bagsin  Argana Basin  Phytosaur
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Figure 6.1 The late Carnian-early Norian terrebstiatigraphy (simplified from Figure
5.8). Sections from Brazil and Zimbabwe are omitiaded on the absence of both
geochronology and phytosaurs (for their correlaj@ee text). The upper boundary for
the Paleorhinus Fauna is tentatively placed at 224 Ma (see textpmadious figures).
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The Late Carnian-Early Norian Land Tetrapod Faunas

TheLand Tetrapod Fauna of Keuper

The Hassberge Formation of German Keuper andtisdlly equivalent beds in
Krasiejow, Poland display a large diversity of éstrial tetrapods, including index fossils
such as phytosaurs and metoposaurs (FigureNde@dposaur us diagnosticus
krasigjowensis (Milner and Schoch 2004) is the index temnospoodlyhat horizon.
Ebrachosuchus neukami andPaleor hinus angustifrons from Hasseberge Formation,
alongside with another speciesRaiorhinus from Poland (Dzik 2001, which still awaits
species level designation) refers to Bateorhinus Fauna (Butler et al. 2013) of late
Carnian-early Norian age. The only European ratisunchitherto discovered from this
interval, Teratosaurus (Polonosuchus) silesiacus, is reported from the Krasiejow beds of
Poland (Sulej 2005; Brusatte et al. 2009). Thesatritagonolepis olenkae (Dzik et al.
2000; Sulej 2010) and the pioneering dinosauromdrptovery ofSlesaurus opolensis
(Dzik 2003) are also known from the Krasiejéw bddewever, no dinosaursenhsu
Padian and May 1993) hitherto discovered fromititisrval of Keuper. Not only
dinosaurs, but also herbivorous therapsids areadsent in the Keuper fauna (e.g.
Maisch et al. 2009).

The aetosaustagonolepis robertsoni (Agassiz 1884; Walker 1961),
dinosauriformSaltopus elginensis (von Huene 1910; Benton and Walker 2011; Langer et
al. 2013) and the rhynchosatyperodapedon gordoni (Huxley 1859; Benton 1983b) are
collected from the Lossiemouth Sandstone of Scdtldhe genuslyperodapedon
provides a direct correlation between the Lossiegm&andstone and the South

American (i.e. Ischigualasto and Santa Maria foromaf) and Indian (i.e. Lower Maleri
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Formation) counterparts (see below), thereforecetthg a late Carnian-early Norian age

(Figures 6.1 and 6.2).

TheLand Tetrapod Fauna of Morocco

Across the proto-Atlantic Ocean, the Timezgadieutormation of the Argana
Group/Formation in Morocco has yield a varietyetfapods, except dinosaurs (e.g. Jalil
1999) (Figure 6.2). The Irohalene Mudstone Membetfhe T5 layer), which occurs at
the upper portion of the Timezgadiouine Formatismespecially rich in land tetrapod
assemblage. The Irohalene Fauna includes variodgédrapod taxa, such as
metoposaurPutuitsaurus ouazzoui andArganasaurus lyazidi (e.g. Dutuit 1976; Hunt
1993; Sulej 2002), phytosaAngistorhinus talainti (Dututi 1977a) anéPaleorhinus
magnoculus (Dutuit 1977b;Arganarhinus magnoculus, Long and Murry 1995),
rauisuchiamrganasuchus dutuiti (Jalil and Peyer 2007) and silesaubiebdorus
scytobrachion (Kammerer et al. 2012). Dicynodont taiaghreberia andAzarifeneria
are erected based on the fragmentary materialDeugit 1980, 1988, 1989; also see Jalil
and Peyer 2007), which are later considered synongrwith North American genus
Placerias (e.g. Cox 1991, Lucas 1998a). Archosaurs of thifiskeasins are not abundant,
where only the Argana Basin displays a large ditserslowever, various vertebrate
ichnotaxa reported from each side of Atlantic (€grnet and Olsen 1985; Lagnaoui et
al. 2012) indicate a larger diversity for the Lateassic tetrapod assemblage for this
region. ThePaleorhinus Fauna of the Irohalene Mudstone Member is coedlatith the

Hasseberge Formation of the Keuper (Figure 6.1).
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TheLand Tetrapod Fauna of North America

In North America, the Newark Supergroup is a \exiensive rock unit which
accumulated into various basins in eastern Nortleea (both United States and
Canada), but the correlation of these depositdearery challenging due to the scarcity
of fossils (Figures 6.1 and 6.2). Stockton Fornrabbthe Newark Basin is the poorest
known of all the Newark Supergroup formations (@14680a) and has produced only
one diagnostic terrestrial tetrapod fossil sovdrich is the problematic capitosaurian
Calamops paludosus from the lower horizons (Olsen 1980b; Sulej 20@®)per part of
the Stockton Formation, as well as overlying Lookgt Formation, probably belongs to
Rutiodon Fauna (~middle Norian) since most of the phytosamnains are referred to this
taxon (Olsen 1980b). Some phytosaur and rauisud¢ragments from the Falling Creek
Member/Formation of the Taylorsville Basin (Weer@8Q@) might represent another late
Carnian-early Norian assemblage for the Newark &upap, since it enables a direct
correlation with the lower part of the Tecovas Fation with the common presence of
Doswellia kaltenbachi, a taxon which is only known from this two locedg. Similarly in
the Wolfville Formation (Fundy Basin, Nova Scotithje presence dfletoposaurus
bakeri, which is specific to the lower part of the Tecewormation, might establish a
direct correlation (Baird 1986; Hunt 1993) (seedlgl Aetosaur and "rauisuchian”
remains are highly fragmented and no dinosaursigiogaurs are recovered from this
formation (Sues and Fraser 2010, p. 129 and refesatherein). Reported rhynchosaur
(e.g. Baird 1964; Chatterjee 1980a; Lucas and He@k®2b and references therein) and
traversodontid (Sues et al. 1992) fossils are kifflalgmentary. Although it is suspected

for a temporal equivalency, the land tetrapod fauwfeDeep River Basin (e.g. Lucas et
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al. 1998; Peyer et al. 2008; Heckert et al. 20102 Richmond Basin (e.g. Sues and
Olsen 1990; Sues 1992; Sues et al. 1994; Lucasal Bes and Hopson 2010) may not
be used for a direct stratigraphic correlatiorhattime.

The late Carnian-early Norian Dockum land tetrafsatha is definitely one of the
richest deposits in North America (Figures 6.1 &rit). Metoposaurs are widely
represented in the Dockum GrouMeétoposaurus bakeri" (Long and Murry 1995; same
asBuettneria bakeri, Sulej 2007) is restricted to the lower part @& frecovas Formation,
whereasApachesaurus andKoskinonodon (replacement name f&uettneria, Mueller
2007) have longer stratigraphic ranges. Both tagaallected from the Tecovas
Formation and continued to the Bull Canyon Fornmatithe non-metoposaurid
temnospondyl atiscopus disjunctus (Wilson 1948) is also noted from the Otis Chalk
locality. Remains of th@aleorhinus-grade phytosaurs (pl#sagistorhinus, e.g. Lucas et
al. 2002b) and various aetosaur taxa (Dabyptosuchus, Desmatosuchus and
Tecovasuchus (e.g. Desojo 2013, table 1) are abundantly fouarttié lower part of the
Tecovas Formation, where rauisuchians Boposaurus andPostosuchus appear even in
some of the lowermost sections like Boren and Katkipk quarries. And as expanded
above, the lowermost occurrences of Dockum din@saarphs are marked in the same
quarries which include basal dinosauromorphs aefgods, complimenting the
previously published sites in South America anddnBicynodont fossils are collected
from the lower sections of the Tecovas Formationtheir record is very fragmentary
(Mueller and Chatterjee 2007). Similarly, rhyncharsaare only represented by some
unpublished jaw fragments, predominantly from thedr sections of the Tecovas

Formation (e.g. McCarthy Ranch, MOTT 0690). Theeprsting putative rhynchosaur
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Otischalkia elderae is now regarded as an invalid taxon (e.g. Mukleegjed Ray 2014;
Bill Mueller pers. comm. 2014, see Chapter 2).

The equivalent portion of the Chinle Formationesy poorly fossiliferous and
thus, it is not included in this section.

Popo Agie Formation of Wyoming has yielded a usgrad tetrapods (e.g.
Branson and Mehl 1928; Colbert 1957; Parrish armmgp&der 1986) and might be another
correlative of the Tecovas Formation. It includasiaus metoposaur taxa (e.g. Sulej
2002), phytosaurBaleor hinus andAngistorhinus (Mehl 1913, 1928; Stocker and Butler
2013), aetosaupesmatosuchus (Lucas 1994), various rauisuchians |R@posaurus
gracilis (Mehl 1915; Weinbaum and Hungerbuhler 2007; atésoNesbitt et al. 2013),
dicynodonts a&ubranchiosaurus (Williston 1904; Kammerer et al. 2013) and

rhynchosaurs (e.g. Lucas et al. 2002a; Lucas ac#de2002b).

TheLand Tetrapod Fauna of India

Tetrapod fauna of the Lower Maleri Formation isatdy diverse. Metoposaur
and phytosaur fossils are ubiquitous, a conditibictvis highly comparable to the
Hasseberge Formation (Hunt 1993; Sankar Chattgggrecomm. 2014) (Figures 6.1 and
6.2). Metoposaurus maleriensis (Roy Chowdhury 1965) andarasuchus hislopi
(Chatterjee 1978a, 2001) are the two significaxa tahich characterizes thaleorhinus
Fauna of the Lower Maleri Formation. The Tiki Fotroa in India, though less diverse,
has yielded similaPaleorhinus Fauna of the Lower Maleri Formation. Aetosaurs in
Lower Maleri Formation are known from isolated ssufe.g. Chatterjee and Roy

Chowdhuri 1974; Kutty and Sengupta 1989; Bandyopagii999). The only single
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rauisuchian taxon hitherto describedikisuchus romeri from the Tiki Formation
(Chatterjee and Majumdar 1987). No dinosauromogpbsiescribed from the Lower
Maleri Formation, except the theropAbvalkeria maleriensis (Chatterjee 1987,
Chatterjee and Creisler 1994). Herbivorous thedspare represented by traversodontids
like Exaeretodon statisticae (e.g. Chatterjee and Scotese 1999). In the Lowadei
Formation, rhynchosaurs are probably the mostfiraétrapods, represented by several
well preserved skeletons of the geilyperodapedon (Chatterjee 1974; Langer and

Schultz 2000; Mukherjee and Ray 2014).

T i ne| RNYNChosaUTial Temnospondyli| Phytosauria | Aetosauria | Rauisuchia | pinosaremerpha| DiNOsauria
o Erote aaes X v v v VA V4 Vv X
Timezgadiouine Formation v X v v v 74 v X
"o soporgrouy | 7 ? v | ?2 | X | ?] X | X
Tiand Popo agia Formationsy | v v v v |V v v
Lower Maleri Formation v % 4 V4 V4 W £ v X V4
ch o oo 4 s X X v v v v
i ol Ve v X X v Vv X v
Pebbly Arkose Formation x \/ X x x x X J

Figure 6.2 Late Carnian-early Norian distributidmwajor terrestrial tetrapods in
different parts of the globe. Note the grey arehwrepresent the absence of
temnospondyls (metoposaurs) and phytosaurs in outhrica and southern Africa,
while basal dinosaurs are absent in most of Laarrgxestion mark (?) indicates
unconfirmed stratigraphic positions of the fossiidus horizons.
The Land Tetrapod Fauna of South America

South American Late Triassic basins are notabtesmaspects; the faunal
dominance of non-archosaur herbivores and the aapea of earliest dinosaurs (e.g.

Benton 1983a) and their relatives (Figures 6.1@&a) Lower section of the

Ischigualasto Formation and the upper section®fhnta Maria Formation are
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characterized by thdyperodapedon Acme Zone (Langer et al. 2007). Alongside of
rhynchosaurs, therapsids were also quite abundeluiding larger sized herbivores of
traversodontids liké&xaeretodon and smaller carnivorous therapsids sucBiggocanis
(e.g. Martinez et al. 2011b, 2013a), as well agridddonts like schigualastia (Cox 1962,
1965).

Although basal dinosauromorphs at this stage aogvk from the Ischigualasto
Formation (Martinez et al. 2013a), basal therogik@sPampadromaeus bar berenai
(Cabreira et al. 2011odromaeus murphi (Martinez et al. 2011a) and various
herrerasaurids (e.g. Reig 1963; Colbert 1970; @dl&/7; Sereno and Novas 1992;
Bittencourt and Kellner 2009; Alcober and Martirg¥.0), basal saurischiaksraptor
lunensis (Sereno et al. 1993; Sereno et al. 2083{rnalia tupiniquim (Langer et al.
1999),Chromogisaurus novas (Ezcurra 2008, 2010; Martinez et al. 2013b) and
Panphagia protos (Martinez and Alcober 2009), and the basal oradhian
Pisanosaurus mertii (Casamiquela 1967; Bonaparte 1976) represenga kaasal
dinosaur diversity in South American basins evethainitial stage. Terrestrial suchians
of aetosaurs and rauisuchians are also well repiex$én this interval (Desojo et al.
2013; Neshitt et al. 2013)etosauroides scagliai (Casamiquela 1960) and
Aetobarbakinoides brasiliensis (Desojo et al. 2012) are the two aetosaur taxected up
to now. The shuvosaurfdllosuchus longicervix (Alcober and Parrish 1997) and
rauisuchiarBaurosuchus galilei (Reig 1959) are the Argentinian members of thdecla
Rauisuchia, whereas only one rauisucRialjisuchus tiradentes (von Huene 1938) is

collected from the upper Santa Maria Formationcilgorresponds to the
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Hyperodapedon Acme Zone (Langer et al. 2007). No temnospondyjshgtosaurs are

documented from any of the aforecited formations.

TheLand Tetrapod Fauna of Africa

The Pebbly Arkose Formation from Zimbabwe starsdarether representative of
a late Carnian-early Norian rock unit, by the pneseof an isolated dinosaur femur
which in referable t&aturnalia (Raath 1996; Langer et al. 2010). Additionallyerhare
some specimens éfyperodapedon reported from this formation (Raath et al. 1992,
Lucas and Heckert 2002b) (Figure 6.2). A late Garrdge was previously suggested for
the "Isalo II" beds of Morondava Basin, Madagagtacas 1998b, 2010), where a
diverse land tetrapod fauna is reported includptiesodontids, procolophonids,
dicynodonts, traversodontids, rhynchosaurs and basal sauropodomorphs (e.g. Flynn
et al. 1998, 1999, 2000, 2010). The assumed dindssgments are now regarded as a
basal archosauromorpBzendohsaurus, Flynn et al. 2010), which was the main
biostratigraphic tool for this horizon, therefotieis assemblage now seems to be older
than the late Carnian mainly based on the absdraet@saurs and dinosaurs and the
controversial phylogeny of the Madagascar rhynctolsal orhynchus (Langer 2005Db,
pp. 222-223 and references therein). No signifitamd tetrapod faunas are reported

from Australia and Antarctica (Schultz 2005).
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L ate Carnian-Early Norian Continental Paleobiogeography and

Paleoclimatology

In the Pangean world, the distribution of landapbds was widespread during
late Carnian-early Norian time. An extensive radmais noticed in herbivorous
aetosaurs, therapsids and rhynchosaurs, carniveaaissichians and
omnivorous/carnivorous dinosauromorphs. This woididwadiation of land tetrapods

can be evaluated in terms of climate, orogeny &otbgy (i.e. freshwater systems).

Climate

Different climatic regimes over the Pangea dutiate Triassic have been
recognized (e.g. Scotese 2001, Figure 6.3). Thal&mockum Basin was clearly in the
equatorial tropical climatic regime of Laurasiatthaght have favored widespread
radiation of tetrapods. The Keuper Basin in Eurape the rift basins of the future
Atlantic Ocean (i.e. eastern North America andAhgana Basin of Morocco) lay at the
paratropical climatic regime of Laurasia; the wiglesdPal eor hinus Fauna across the
proto-Atlantic is apparent. On southern continettits,Ischigualasto-Villa Unién Basin of
Argentina, the Parané Basin of Brazil, the Wes@abora Bassa Basin of Zimbabwe
(e.g. Raath et al. 1992) and the Pranhita-God®amsin of India occupied around the
same latitude of the warm temperate climatic regaingouthern hemisphere. This
situation might bring us to an earlier assumptiba monsoonal Pangea (e.g. Robinson
1973), at least for the late Carnian-early Norigtenval, since it is assumed a trend of
aridity at least for some part of the Pangea frate Norian until the end of the period

(Tucker and Benton 1982). Despite the presenceudtipte climatic provinces, this
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pattern of early dispersal of land tetrapods in@i¢hat those climatic regimes had little

influence on the radiation of land tetrapods

Figure 6.3 The late Carnian-early Norian paleobaggaphic map, displaying the
provinces and radiation of fully terrestrial eagipyosaurs and subaqueous phytosaurs and
temnospondyls (e.g. metoposaurs) (e.g. Map projectiodified after Scotese 2013).
The paleoclimatic boundaries are taken after Seq@301).
Orogeny

There were two main mountainous regions in the Qaiassic Pangea, namely
the Late Paleozoic Central Pangean Mountains (Agp&n-Mauretanide-Hercynian
orogenies, e.g. Otto-Bliesner 1998) and remnantseoProterozoic East African
Orogeny on the southern Africa, Antarctica and dndlhne Mozambique Belt, e.g. Stern
1994; Kroner and Stern 2004). Nevertheless, suobrgehic barriers across the Pangea
were not posing serious hindrance for land tetrapuith different stance and locomotor
abilities, as exemplified not only by the worldwidsgiation of archosaurs with an erect

posture but also by the global distribution of sgea rhynchosaurs (Figure 6.2, including

Hyperodapedon gordoni of Scotland). Although it is not coined in the g@at work, the
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wide fossil occurrence of sphenodontian lepidosauttsin the terrestrial Upper Triassic
deposits might represent similar type of examplg. (eraser 1986, 1993; Sues and Reisz

1995; Lehman and Chatterjee 2005; Bonaparte ansl Z1(6).

Freshwater Ecology

On the other hand, late Carnian-early Norian ithstion of land tetrapods of the
freshwater habitats such as metoposaurs and plysosarestricted to Western Europe,
North America and India, which is conspicuouslyetisn South America (Figures 6.2
and 6.3). The uneven distribution of this subaqadauna is puzzling because coeval
basins of both South American (and southern Affieard Indian occurred at the same
latitude. The rift basins of the Eastern North Aim@=and Morocco might have
established a convenient route for metoposaurphwbsaurs to track freshwater
resources between the Keuper Basin and the Chioté«dn Paleoriver Basin. Similarly
in India, the Godavatri Rift provided a suitable iafor these subaquatic tetrapods. In
this context, this subaquatic assemblage had te &dreshwater route to India (Figure
6.3). The presence of coeval deposits is still aded be discovered in southwestern
Europe or northeastern Africa, since only somenfragtary phytosaur fossils are
reported only from Italy and Turkey so far. Howeuwbese phytosaurs either signifies
younger deposits (Renesto 2006, 2008) or it reguietter taxonomic resolution
(Buffetaut et al. 1982; Stocker and Butler 2018}pectively. On the other hand,
terrestrial tetrapods such as rhynchosaurs, traslergids and dinosaurs are common

between India and South America. India maintaindzhquatic links with Europe, North

229



Texas Tech University, Volkan Sarigul, Decemberf201

America and Morocco, and the terrestrial link wibuth America during the late
Carnian-early Norian time.

The Ischigualasto Formation represents a flugugnce with well preserved
flora and fauna (e.g. Colombi and Parrish 2008}his case, what prevented the
migration of metoposaur-phytosaur assemblage frafialto South America or from
North America to South America during late Carrngaua early Norian? Previous works
suggested that no phytosaurs have exceeded 4btikdinorth and south during the Late
Triassic (Olsen and Galton 1984; Cornet and OI€85), which is apparently reflecting
a sampling bias (e.g. Brusatte et al. 2012). Nae&ts, the southern basins of South
America, Africa and India were located in relatywedwer latitudes; climatic
provinciality seems to have little influence ongbdreshwater tetrapods during late
Carnian-early Norian (Figure 6.3). In case no @bilgy bias exists, the main cause for
the absence of phytosaurs and metoposaurs in 3owthica (and probably in southern
Africa) might be the punctuation of the freshwatartes between the continents by
geographic barriers, mountain ranges in our casedbove). Even in this theory, the
ongoing parameters might have altered towardsrideoéthe Triassic since phytosaurs
had appeared in the South American fossil reca@yvalenced in the Caturrita
Formation of Brazil (Kischlat and Lucas 2003). @e bther hand, the physical barriers
which prevent phytosaur-metoposaur extension dichffect the distribution of fully
terrestrial tetrapods, as detailed above. In thsecabsences of the dinosaur fossils in

Newark, Argana and Keuper regions imply samplirases.
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The Origin and Early Radiation of Dinosaurs

The origin and early evolution of dinosaurs hagerbdebated for more than a
century. The order Dinosauria of Owen (1842), whigs originally established as a
natural group, was later regarded as a polyphyfatioatural) group in the literature for a
long time and it was disassociated into two carpsirischia and Ornithischia, based on
the different pelvic patterns (Seeley 1887). Besithe propubic pelvis pattern,
saurischians were also diagnosed for their bipexhalencies and their origins had linked
to the bipedal thecodonts of the Triassic even ftoewvery beginning (e.g. Watson 1917,
text-figure 2). EspeciallyEuparkeria andOrnithosuchus were the primary candidates
from which the saurischians would have evolved. (@/glker 1965; Cruickshank 1979).
Nevertheless, the consensus was set that saunsghimithischians and all later
archosaurs arose from the ancestral order ThecadainDwen (1859) (e.g. Romer 1968,
1972c). Even the pioneering discoveries oflthgerpeton andLagosuchus (now
Marasuchus) from the Chafnares Formation of Argentina (Rongf2t) were not
credited as the ancestors of the dinosaurs atithef since the ankle joint trends in
archosaur phylogeny was not resolved at the tinge (thatterjee 1978a, 1982b). The
origin of ornithischians had remained obscured| ainéi discovery of th&isanosaurus
mertii (Casamiquela 1967; Bonaparte 1976).

Bonaparte (1976) was first to realize that sabigsts and ornithischians share a
common descent within the same thecodont group'Rkeudosuchia’sensu von Zittel
1887), since no other groups of thecodonts areeldenough to provide a separate
ancestry for dinosaurs. Apparently, there was gpfiagbias to think that the dinosaurs

were polyphyletic. Bonaparte's foresight is vedfighen the cladistic analysis is
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introduced to the archosaur phylogeny which redulteomission of Owen's paraphyletic
group of Thecodontia and in recognition of dinosaas a distinctive monophyletic clade
(Gauthier 1984, 1986). Cladistic works also reveédhatlLagerpeton andMarasuchus

are indeed closely related to dinosaurs, whelEeparkeria andOrnithosuchus are

replaced as a stem taxon and a derived crurotaiessprectively, unrelated to the dinosaur
ancestry (Gauthier 1986; Benton and Clark 1988g18e1991b).

With the wide acceptance of the phylogenetic amglysgentina has been
considered as the center for the dinosaur origimduhe past few decades because of
close temporal and cladistic relationships of imratddinosaur ancestors such as
Lagerpeton, Marasuchus in the Middle Triassic Chafiares Formation andetudy
dinosaurs such d&oraptor andHerrerasaurus in the overlying Late Triassic
Ischigualasto Formation (Sereno and Novas 1992&m®est al. 1993; Sereno and Arcucci
1993, 1994). Coeval records of early dinosaursakm@ documented from the neighboring
Santa Maria Formation of Brazil (e.g. Langer e28l10). The Lower Maleri Formation
of India and the Pebbly Arkose Formation of Zimbakave the other two coeval
dinosaur localities hitherto known from the southiendmasses, in whiohwalkeria
maleriensis (Chatterjee 1987; Chatterjee and Creisler 1994hRaand Remes 2005) and
an undetermined prosauropod femur (Raath 199&attirnalia in Langer et al. 2010)
are described respectively. However, both formatiack immediate predecessors of the
dinosaurs.

A new picture of dinosaur phylogeny is beginniageimerge in the last decade,
when a new group of quadruped herbivorous dinosaorphs, includingilesaurus

from Poland (Dzik 2003)sacisaurus from Brazil (Ferigolo and Langer 2007) and also
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Technosaurus from Texas (Chatterjee 1984) are gaining importaascthe sister group of
dinosaurs. After this new phylogenetic framewohig tole ofMarasuchus and other
allied forms from South America has been considgrdiminished regarding the origin
and early evolution of dinosaurs. In return, Noktherica might have preserved some
critical evidence for the origin and early radiatiof dinosaurs. An expanded distribution
for the basal dinosauromorph group, the Lagerpetigareported from both Chinle and
Dockum sequences with the recent discoverid3rofmomeron spp. (Irmis et al. 2007a,;
Nesbitt 2009b). Until then, the lagerpetids weng/osepresented blyagerpeton
chanarensis from the Middle Triassic of Argentina (Romer 19%BEreno and Arcucci
1994a). In this context, the Dockum-Chinle Basipegrs as a potential rival to South
American basins by having not only the basal dinobat their inmediate ancestors.
Dinosaurs are only represented by theropods i€thiele-Dockum Basin so far.

Based on the conclusive evidences, the earliassdurs are reported from the
Ischigualasto Formation (Argentina), Santa Mariankation (Brazil), Pebbly Arkose
Formation (Zimbabwe), Lower Maleri Fomation (Ind&s well as from the Tecovas
Formation (United States) of which the earliessfigsare introduced in this study. This
picture indicates not only a quick radiation wittine@ warm-temperate zone of the
southern continents, but also a spread towardsdurtorth ¢ontra Nesbitt et al. 2007,
Brusatte et al. 2010b; Langer et al. 2010; IrmialeR011) (Figure 6.3). Dinosaurs co-
existed with various land tetrapod groups durirglthte Triassic, some of which were
much larger in size. The small size of the earhodaurs (only a couple of meters long)
was possibly the reflection of this competitivegsare (Novas 1997). The dinosaur

disparity had only shifted towards larger body sitt# herbivorous prosauropods in late
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Norian with the availability of abundant coniferaafter a turnover for the terrestrial
communities (e.g. Benton 1983a; Benton et al. 20Q4)the other hand, theropods
existed at the shadow of rauisuchians until theanitiassic Period whereas
ornithischians remained low in diversity until Jss& Period. Size increase and relative
abundance of both groups only appeared after tiassic-Jurassic extinctions where all

the crurotarsans except crocodylomorphs had gotirecex

Implication of the Early Dinosauromor ph Record in North America

Recent works suggests that both non-dinosauriasduromorphs and early
dinosaurs existed together in the Chinle-DockumrBadell represented non-
dinosaurian dinosauromorphs includeomomeron spp. (Irmis et al. 2007a; Nesbitt et al.
2009b), Technosaurus smalli (Chatterjee 1984) artelicoel ophysis baldwini (Sullivan and
Lucas 1999; Ezcurra 2006) are the three erectexbduromorph taxa, besides various
bone fragments from various quarries but unassigmedspecific taxon (e.g. Parker et al.
2006, Langer et al. 2013, see above).

On the other hand, the history of dinosaurs inthNémerica extends back to the
days of first paleontological expeditions in thtinent. As one of the earliest dinosaur
discoveriesCoelophysis bauri (Cope 1889) is the second Late Triassic dinosaur
recognized aftelPlateosaurus engelhardti (von Huene 1837) and it was the only
complete dinosaur from North American Late Triassitl the 21st century. From both
Dockum and Chinle sequences, various theropod sees were attributed to
Coelophysis sp. (e.g. Padian 1986; Lehman and Chatterjee 200k et al. 2007a;

Nesbitt et al. 2007)segisaurus halli is the first theropod diagnosed in North America
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other tharCoelophysis, based on a partial postcranial skeleton (Cam;18arrano et
al. 2005). Nonetheless, the scarcity of Late Treadsmosaurs in North America was a
longtime recognized fact (e.g. Romer 1975).

A series of new theropods are discovered by tleoéthe century, including
Chindesaurus bryansmalli (Long and Murry 1995)Gojirasaurus quayi (Carpenter 1997,
which might represent another specieS€od# ophysis [Neshitt et al. 2007]),
Camposaurus arizonensis (Hunt et al. 1998; Nesbitt et al. 2007; Ezcurrd Bnusatte
2011),Tawa hallae (Nesbitt et al. 2009c) aridaemonosaurus chauliodus (Sues et al.
2011). Although none of them were complete skeketxcepC. bauri andT. hallae,
those discoveries are quite significant by meardisgflaying the large dinosaur
diversity, at least in the southern part of Nortieica.

Discoveries from the Eagle Basin in the northeolo€do and Utah also have
contributed the dinosauromorph diversity in Nortimética. Various specimens belong to
Dromomeron romeri, silesaurids including the "Eagle Basin form" @oglophysoids
(Small 2009; Langer et al. 2013). The Eagle Baaimot be directly correlated with the
main Chinle-Dockum Paleoriver sequence, nonethegessddle to late Norian
(~Revueltian) age has been suggested based orutie amilarity of land tetrapod
elements (Bryan Small pers. comm. 2014).

Such large diversity of dinosauromorphs in thetlsaastern North America may
shed new light on the early origin and diversitydofosaurs, preferable to the earlier
attempts which were based on the classical nonamatratigraphy (e.g. Hunt 1990;
Hunt et al. 1998). Following the stratigraphic seg@ment of th@lacerias Quarry into

the Blue Mesa Member and concurring geochronologytfe base of this member (~218
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Ma, see the discussion above), it was previougigested th@lacerias Quarry is the
lowermost quarry in the Chinle Formation which pasduced the earliest
dinosauromorphs and basal theropods of North Araennd thus, the radiation of
dinosaurs seems diachronous which initiated ins8merica, then spread to North
America with a delay of more than 10 million yefrsis et al. 2011). Although the
absolute dating and the earliest dinosauromorphbrozaces are verified for the
Placerias Quarry, it is recently revealed that tRkacerias Quarry is actually situated
higher in stratigraphy, probably at the lowermasttipn of the Sonsela Member
(Ramezani et al. 2014). The same study also sugyésat the lower portion of the
Chinle Formation is much older, by stating an alge225 Ma for the base of Blue Mesa
Member and ~228 Ma for the base of Mesa Redondo Mefamezani et al., op. cit.;
Figures 5.6 and 5.8). However, except a possillesdiur fragment collected from the
Newspaper Bed of the Blue Mesa Member which iddivermost fossiliferous horizon
of Chinle Formation (Parker and Martz 2011), latkaod tetrapod fossils for the
lowermost portion of the Chinle Formation prevemtsher implications on the early
origin and radiation of dinosaurs.

On the other hand, Tecovas Formation of the Doctroup may unfold the
beginning of the age of dinosaurs. Tecovas Formasi@onsidered as the stratigraphic
equivalent of the Blue Mesa Member and probabthefMesa Redondo Member from
the Chinle Formation. Moreover, it also becomes garable with the Ischigualasto
Formation of Argentina, upper part of the Santai&ormation of Brazil, the Lower
Maleri Formation of India and possibly with the BbArkose Formation of Zimbabwe,

based on the early dinosaur occurrences (Figuleartil 6.3). Three of the lowermost
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Tecovas Formation quarries, Boren Quarry (MOTT 3868is Chalk quarries (MOTT
1998-2000) and Kirkpatrick Quarry (MOTT 3628) hareduced various
dinosauromorph fossils, including the hitherto ieatldinosaurs of the North America
unearthed from the Boren Quarry as well as a fragroethe proximal femur which is
ascribed taChindesaurus (Long and Murry 1995; Nesbitt et al. 2007) frone thverlying
Otis Chalk Quarry. These quarries include the lomast quarries with dinosaur fossils of
North America, since the equivalent horizons of@ienle Formation are unfossiliferous
and no dinosaur fossils are hitherto discoverddenNewark Supergroup. Despite the
raw geochronology of the Tecovas Formation, thexistence of earliest dinosaurs
within the same biostratigraphic interval (faeorhinus Fauna and thElyperodapedon
Acme Zone) suggests the temporal equivalency atbrecited rock units. This new
input is compatible with the main biostratigrapimplication in the study of Ramezani et
al. (2011, 2014) which implies a global synchronnse of dinosaurs rather than a
diachronous start which initiated in South Amefjcantra Nesbitt et al. 2007; Brusatte et
al. 2010b; Langer et al. 2010; Irmis et al. 2014 this case, the Chinle-Dockum
Paleoriver Basin emerges as an important aredéodawn of dinosaurs, and moreover,
it may be equally important to the South Americaargerparts which the prevailing
theory points out as the centre of origin for dewas. Thus, it appears that the early
dinosaurs may not be restricted to a single gedwggpovince but their distribution

might be global in the Pangaean world, even froewviiry beginning.
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Chapter 7

Conclusions

The Upper Triassic Dockum Group is a fluvial regquence with limited
lacustrine deposition. The sedimentation of thekdat Group is triggered by the
reactivation of the preexisting Precambrian rifsibaby the initial Central Atlantic
rifting, in which the clastics of the uplifted basent rocks had started to accumulate.
Besides displaying different taphonomic patterns,Dockum Group sediments are
remarkably rich in vertebrate fossils, especiallaichosaurs. In the Dockum Group
guarries of Texas, it is represented a successiessof dinosauromorph taxa, ranging
from lagerpetids to theropods. Most of these spensrare kept in the repository of the
Museum of Texas Tech University, which are all elaltely described here in a
phylogenetic context for the first time, in additito some loaned specimens from the
West Texas A&M University (i.e. WTAMU specimenshd documented
dinosauromorph specimens include a new basal dineserph taxon (TTU-P10546;
TTU-P19803) and new theropod morphotypes diagnoeadolated jaw fragments
(TTU-P10514, TTU-P10515 and TTU-P10517) from thedBoQuarry (MOTT 3869),
and intermixed skeletal fragments (TTU-P11254aBhd-P11254b) from the Post
Quarry (MOTT 3624), together with many other hitbarnpublished specimens. Such
extensive documentation of dinosauromorphs revealedch larger diversity and higher
relative abundance for this clade in the Dockumupra@omplementing the most recent
dinosauromorph discoveries from the Chinle Fornmaéiod the Dockum Group (e.g.

Irmis et al. 2007a; Nesbitt et al. 2009b, 2010).
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In contrast to the classical non-marine stratigi@aframework, recalibrated
marine stages and high resolution geochronology emables to reconcile Upper
Triassic terrestrial and marine sequences. Therefoe phytosaur biochronology of
North America, Europe, India and Morocco whereghgtosaur fossil are ubiquitous is
also recalibrated. The lack of common elementd) thié exception of India, prevents a
direct biostratigraphic correlation between nonthand southern continents, as
exemplified between North America and South Amer@iace a complete
geochronology of the terrestrial Upper Triassic hasbeen achieved yet, dinosaurs
might be a more direct biostratigraphic tool fog thate Triassic biochronology
especially between North and South America, despé@dow taxonomic resolution. The
common occurrences of the earliest dinosaurs ithNemerica and South America
provides better stratigraphic resolution by essdiatig a direct faunal correlation for the
late Carnian-early Norian interval, since the samrval coincides with thBaleorhinus
Fauna in northern continents and India, and wighahundance zone of the rhynchosaur
Hyperodapedon in South America (e.g. Langer et al. 2007; Madieeal. 2013a).

The earliest record of dinosauromorphs from ongm@fowermost quarries of the
Tecovas Formation, i.e. the Boren Quarry (MOTT 3889particularly important of
being the stratigraphically lowest dinosaur bearwoak unit in North America.
Preexisting theories indicate that the dinosauggrated in South America and the
radiation of dinosaurs is a two-step process whiithates with an early radiation in
South America and possibly in other Gondwana centisy and then it spreads to
Laurasia where we especially document the dominahsauropodomorph dinosaurs in

late Norian herbivorous niche (e.g. Irmis et all20 However, the dinosauromorph
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fossils are well documented in each level of thekdon sequence, especially the ones in
the lowermost portion of Tecovas Formation wouldwala better correlation with the
Ischigualasto Formation and the coeval strataifeffirst time. Although the
geochronology of the Ischigualasto Formation poinisthe earliest dinosaur
assemblage, the dinosaurs collected from the caisits of South America, North
America, Africa and India brings the possibilityatithe dinosaurs might have achieved
wider dispersal even from the very beginning.

The center of origin for dinosaurs is difficultpopoint. Both Ischigualasto and
the Tecovas formations are the two prime candidateseing the center of origin for
dinosaurs by yielding each step of dinosauromoxatugion. In case for the Dockum
Basin, the Santa Rosa Formation which underlieJ @oevas Formation and the Middle
Triassic Anton Chico Formation stand as promisgggearch areas to document the deep

roots of dinosaurs and other non-dinosaurian dumasaorphs.

Therefore it can be concluded that:

e The richer and taxonomically more diverse dinosaumgph fauna represented in
the Dockum Group is now available for phylogenatid biostratigraphic studies.

e Dinosaurs originated in the late Carnian-early Biointerval which corresponds
to thePaleorhinus Fauna in the northern continents (and India) arttie
Hyperodapedon Acme Zone in the southern continents.

e The earliest dinosaurs occurred synchronously &eemthe very beginning, as
documented in Dockum Basin of North America, Isoligsto-Villa Unién and

Parana basins of South America, Western CaboraaBasin in southern Africa
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and In Pranhita-Godavari Basin in India. Howevee, ¢urrent fossil record
suggests that the Tecovas Formation of the DockasinBand the Ischigualasto
Formation of the Ischigualasto-Villa Unién Basime éine two principal candidates
for being the center of origin for dinosaurs.

The Ischigualasto Formation of Argentina presemedmost complete record of
early dinosaurs, including sauropodomorphs andlusthians, before their rise
to dominance in the Early Jurassic. On the othedhtine Tecovas Formation of
North America preserves the most complete recotlebpod dinosaurs, as

primarily documented from Boren and Post quarries.
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