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Abstract—Triassic tetrapod tracks have long been studied, including classic ichnofaunas such as those of the lower
Newark Supergroup of eastern North America and the Bundsandstein of central Europe. They are known from all
seven continents and encompass five archetypal vertebrate ichnofacies for nonmarine environments (Chelichnus,
Grallator, Batrachichnus, Brontopodus, Characichnos), all of which are present in the Triassic: (1) Chelichnus
ichnofacies — Brasilichnium ichnocoenosis; (2) Grallator ichnofacies — Grallator ichnocoenosis; (3) Batrachichnus
ichnofacies — Chirotherium and Apatopus ichnocoenoses,; (4) Brontopodus ichnofacies — Dicynodontipus,
Therapsipus, Brachychirotherium and Evazoum ichnocoenoses; and (5) Characichnos ichnofacies — unnamed
ichnocoenosis. There are five temporal subdivisions of the Triassic that can be recognized based on tetrapod
tracks: (1) earliest Triassic — dicynodont tracks; (2) Early-Middle Triassic (Olenekian-early Anisian) — chirothere-
(archosaur-) dominated assemblage; (3) late Middle Triassic (late Anisian-Ladinian) — dinosauromorph assem-
blage; (4) early Late Triassic (Carnian-early Norian) — tridactyl dinosaur assemblage; and (5) late Norian-Rhaetian

— sauropodomorph track assemblage.

INTRODUCTION

Triassic tetrapod tracks are among the longest studied and the
best known tetrapod footprints and they include the classic ichnofaunas
of the Chinle Group of the American Southwest, the lower Newark
Supergroup of eastern North America and the Bundsandstein of central
Europe (Hunt and Lucas, 2006b; Lucas, 2007). There is thus a very large
database of Triassic tetrapod tracks, which are known from six conti-
nents (North America, South America, Europe, Asia, Australia, Antarc-
tica: Fig. 1). Lucas (2006) recently provided a synthesis of the
biochronology and biostratigraphy of these ichnofaunas, and Hunt and
Lucas (2007b) reviewed the tetrapod ichnofacies of the Triassic. The
purpose of this paper is to provide an overview of the Triassic track
record — its extent, ichnofacies and biochronology.

TRIASSIC TETRAPOD TRACK RECORD
Introduction

The first Triassic tetrapod tracks were described by Sickler (1834,
1835) from the upper part of the Buntsandstein (Olenekian) near
Hildburghausen (Thuringia, Germany). Subsequently, Kaup (1835a, b)
named these tracks Chirotherium barthii and Chirotherium sickleri, which
became the first published binomens of tetrapod tracks.

Triassic tetrapod tracks are now known from North America,
South America, Europe, North Africa, Australia, Antarctica and South
Africa (Fig. 1). The Triassic track record is archosaur- and synapsid-
dominated and includes the oldest dinosaur tracks. The oldest footprints
attributed to mammals are also of Late Triassic age, but they are rare
(Sarjeant, 2000). The following review is principally based on Lucas
(2007) and Hunt and Lucas (2006b).

Earliest Triassic

The oldest Triassic tetrapod tracks are dicynodont footprints
from the Karoo basin in South Africa (Watson, 1960), the Fremouw
Formation of Antarctica (MacDonald et al., 1991) and the Sydney basin
in Australia (Retallack, 1996).

Early Triassic-early Middle Triassic

The best known Triassic footprint assemblage is of late Early to
early Middle Triassic (Olenekian-Anisian) age and has a Euramerican
distribution. This is a chirothere- (archosaur-) dominated assemblage

that also persists during most of the Middle Triassic.

The first described tracks of this assemblage were from the upper
part of the Buntsandstein (Solling Formation: Olenekian) (Sickler, 1834,
1835: Kaup, 1835a, b), but elsewhere in Germany, similar track assem-
blages occur in the uppermost Buntsandstein (R6t Formation: e.g.,
Willruth, 1917; Soergel, 1925; Riihle v. Lilienstern 1939; Schreiber, 1956;
Krebs, 1966; Haubold 1971b; Demathieu and Leitz, 1982; Haderer et al.,
1995; Ebel et al., 1998). The Roét yields a diversity of archosaur
ichnogenera, including Chirotherium, Isochirotherium, Synaptichnium,
Brachychirotherium and Rotodactylus. Equivalent ichnofaunas outside
of Germany come from France (Provence, Massif Central, Alpes
Maritimes) and the Vosges of the French-German-Belgian borderland
(e.g., Charles, 1949; Demathieu and Durand, 1975; Demathieu and Leitz,
1982; Orzag-Sperberg, 1966; Demathieu, 1977, 1984). The Buntsandstein
ichnofaunas have a demonstrated age range of late Olenekian through
early Anisian (Nonesian-Perovkan: Lucas, 1998, 2007; Lucas and Schoch,
2002).

The Moenkopi Formation in Arizona and New Mexico has a very
similar ichnofauna of early Anisian age. Most tracks can be assigned to
Chirotherium, Isochirotherium and Rotodactylus, as well as the synapsid
track Therapsipus (Peabody, 1948; Hunt et al., 1993b; Nesbitt and
Angielczyk, 2002; Lucas et al., 2003). In Italy, there are Rhynchosauroides
tracks in the Olenekian Werfen Formation (Mietto, 1986). Early Anisian
rocks in Italy yield archosaur tracks referred to a variety of ichnogenera,
including Rhynchosauroides, Chirotherium, Brachychirotherium,
Synaptichnium, Parasynaptichnium and Isochirotherium (e.g., Abel, 1926;
Mietto, 1987; Sirna et al., 1994; Avanzini et al., 2001; Avanzini and
Lockley, 2002).

Late Middle Triassic

The Anisian interval of the Muschelkalk in Germany and the
Netherlands yields tetrapod ichnofaunas in carbonate tidal flat facies
that are dominated by the ichnogenera Rhynchosauroides and
Procolophonichnium; chirothere tracks are much rarer (Demathieu and
Oosterink, 1983, 1988; Diedrich, 1998, 2000, 2002a, b).

Marginal siliciclastic equivalents of the Muschelkalk in Germany
and from the French Middle Triassic yield chirothere-dominated
ichnofaunas into rocks as young as Ladinian, including the ichnogenera
Isochirotherium, Synaptichnium, Sphingopus, Brachychirotherium and
Rotodactylus (e.g., Demathieu, 1966, 1970, 1971; Demathieu and Gand,
1972, 1973; Courel and Demathieu, 1973, 1976; Gand, 1976, 1977,
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FIGURE 1. Distribution of principal Triassic tracksites on Triassic Pangea (from Lucas, 2007). Locations are: 1, Sydney basin, Australia; 2, Karoo basin,
South Africa; 3, Antarctica; 4, western Europe, 5, Italy; 6, Chinle basin, western United States; 7, Newark basin, New Jersey-Pennsylvania; 8, Argentina.

Base map after Wing and Sues (1992).

1978, 1980; Gand and Pellier, 1976; Gand et al., 1976). Middle Triassic
red beds in Italy (Avanzini and Neri, 1998; Avanzini, 1999; 2002; Avanzini
etal.,2001; Avanzini and Leonardi, 2002), Great Britain (Sarjeant, 1967,
1970, 1996; King and Benton, 1996) and Spain (Demathieu et al., 1978)
also have a similar ichnofauna. In Argentina, chirothere tracks dominate
the Lower and Middle Triassic records in San Juan, Mendoza and La
Rioja provinces (e.g., Huene, 1931b; Rusconi, 1951, 1967).

Huene (1931a) named Rigalites ischigualastianus for tracks from
the Middle Triassic (Berdyankian = Ladinian?) Los Rastros Formation
in San Juan Province of Argentina. Melchor and DeValais (2006) also
listed records of Rigalites from the Berdyankian Cerros de las Cabras and
Ischichuca formations in Mendoza and La Rioja provinces. Rigalites is
the trackway of a quadruped in which the pes is much larger than the
manus, the pes nearly oversteps the manus and both manus and pes are
pentadactyl (we regard the supposed tetradactyl pes of Rigalites as a
result of extramorphological variation). The tracks are obviously
chirothere, and the neotype illustrated by Melchor and De Valais (2006,
text-fig. 7) is strikingly similar to some of the Brachychirotherium tracks
illustrated by Klein et al. (2006). Therefore, we regard Rigalites as a
junior synonym of Brachychirotherium.

In Middle Triassic assemblages, which are both Anisian and
Ladinian (Perovkan-Berdyankian: Lucas, 1998) in age, the only bios-
tratigraphic datum that can be used to distinguish them from the earlier
chirothere assemblage is the Ladinian lowest occurrence of dinosaur or
dinosaur-like (dinosauromorph) tracks (Lucas, 2007). These tracks are
not simply extramorphological variants of chirothere tracks (Haubold,
1999; Haubold and Klein, 2000; Lucas, 2007). In Germany, tridactyl
Atreipus- and Grallator-like tracks have their lowest occurrence in the
Ladinian Benker Sandstein (Rehnelt, 1950, 1952, 1959, 1983; Weiss,
1976, 1981) and increase in abundance up section. Haubold and Klein

(2000) identify these tracks as “Parachirotherium-Atreipus-Grallator”
and conclude that they represent dinosauromorph track makers.

Late Triassic

The Late Triassic footprint record is distinct from older Triassic
footprint assemblages in its near domination by bona fide dinosaur tracks.
These are generally assigned to the ichnogenera Grallator, Atreipus,
Eosauropus and Evazoum (Lockley et al., 2006). Brachychirotherium
records begin earlier in the Triassic, but it is the most common and
characteristic Late Triassic chirothere footprint ichnogenus.

Late Triassic tetrapod footprint assemblages dominated by these
ichnogenera are known from the lower Stormberg Group (Molteno and
lower Elliott formations and equivalents) of southern Africa (e.g.,
Ellenberger, 1970; Olsen and Galton, 1984; Raath et al., 1990; Raath,
1996), the upper Keuper in Germany and equivalent strata in Switzer-
land and Great Britain (e.g., Beurlen, 1950; Heller, 1952; Haubold, 1971b,
1984; Demathieu and Wiedmann, 1982; Olsen and Baird, 1986, Haderer,
1988, 1990, 1991; Lockley et al., 2006; Karl and Haubold, 1998, 2000;
Lockley and Meyer, 2000; Gand et al., 2000), the Upper Triassic por-
tion of the Newark Supergroup in eastern North America (e.g., Lull,
1953; Olsen and Baird, 1986; Silvestri and Szajna, 1993; Szajna and
Silvestri, 1996; Olsen et al., 1998; Lucas and Sullivan, 2006) and the
Chinle Group in the American Southwest (e.g., Baird, 1964; Conrad et
al., 1987; Hunt et al., 1993a; Lockley and Hunt, 1995; Lockley et al.,
2001; Lucas et al., 2001; Hunt and Lucas, 2006a; 2007a).

In Morocco, the Carnian interval of the Argana Group yields a
similar footprint assemblage that includes Rhynchosauroides,
Brachychirotherium, Atreipus and Grallator? (Biron and Dutuit, 1981).
The South American Late Triassic footprint record is from Argentina
(Brazilian records are doubtful: Leonardi, 1994). Prosauropod, small
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FIGURE 2. Representative tracks of the Grallator, Brontopodus, Chelichnus, Batrachichnus and Characichnos ichnofacies from the Triassic (after
Lockley and Hunt, 1995; Haubold, 1984; Demathieu and Oosterink, 1983). Brasilichnium ichnocoenosis of the Chelichnus ichnofacies. Chirotherium and
Apatopus ichnocoenoses of the Batrachichnus ichnofacies. Dicynodontipus, Therapsipus, Procolophonichnium, Brachychirotherium and Evazoum
ichnocoenoses of the Brontopodus ichnofacies, and Grallator ichnocoenosis of the Grallator ichnofacies.

theropod, synapsid (both small cynodont and large dicynodont) and
chirothere (Brachychirotherium) tracks are known from Upper Triassic
strata in Rio Negro, San Juan and La Rioja provinces (e.g., Casamiquela,
1964; Bonaparte, 1969; Arcucci etal., 1995, 2000; Marsicano and Barredo,
2000). Late Triassic theropod tracks are also known in Australia from
the Sydney basin in New South Wales and the Callide basin in southeast-
ern Queensland (e.g., Molnar, 1991; Thulborn, 1998).

TRIASSIC TETRAPOD ICHNOFACIES
AND ICHNOCOENOSES

Introduction

Hunt and Lucas (2007b) provided a discussion of terminology
relevant to the study of tetrapod ichnofacies. An ichnocoenosis can be
defined as a trace fossil assemblage produced by a biological community
that can be characterized by morphological criteria (independent of depo-
sitional environment or biological affinities) (e.g., Bromley, 1996; Mcllroy,
2004; Hunt and Lucas, 2007). Seilacher (1964, p. 303) introduced the
term ichnofacies for “general trace associations, or types of
ichnocoenoses, representing certain facies with a long geologic range.”
Subsequently, Hunt and Lucas (2007) defined five archetypal tetrapod
ichnofacies for nonmarine environments: Chelichnus, Grallator,
Brontopodus, Batrachichnus and Characichnos ichnofacies (Table 1).
The following review is principally based on Hunt and Lucas (2006b,
2007).

Batrachichnus Ichnofacies

Hunt and Lucas (2007b) proposed the Batrachichnus ichnofacies
for ichnofaunas in which the majority of tracks are of quadrupedal carni-
vores with a moderate-high diversity (four to eight ichnogenera). This
ichnofacies represents tidal flat-fluvial plain environments from the De-
vonian to the Cretaceous. Hunt and Lucas (2006b, 2007) recognized two
ichnocoenoses of this ichnofacies in the Triassic (Fig. 2; Table 1).

Hunt and Lucas (2007b) named the Chirotherium ichnocoenosis
for the well-studied Early-Middle Triassic ichnofaunas of Europe and
North America that are dominated by Chirotherium tracks (e.g., Peabody,
1948, Haubold, 1971a; Lucas et al., 2003) (Fig. 2). Other common ichnotaxa

are Rotodactylus, Rhynchosauroides, Isochirotherium and Synaptichnium.

Hunt and Lucas (2006b) recognized a distinctive and pervasive
ichnocoenosis throughout much of the Upper Triassic portion of the
Newark Supergroup in eastern North America assigned to the Apatopus
ichnocoenosis. Ichnofaunas of this ichnocoenosis lack Evazoum and
Eosauropus, contain less than 50% Brachychirotherium and Grallator
and are characterized by ichnotaxa that are rare or absent elsewhere,
including Apatopus and Gwyneddichnium.

Brontopodus Ichnofacies

Hunt and Lucas (2007b) proposed the Brontopodus ichnofacies
for medium diversity ichnofaunas in which the majority of tracks are of
terrestrial herbivores with a small quantity (generally > 10%) of terres-
trial carnivore tracks. This ichnofacies includes coastal plain-marine shore-
line environments and some lacustrine shorelines, and it ranges from Late
Permian to Recent in age. Hunt and Lucas (2006b) recognized four
ichnocoenoses within this ichnofacies in the Triassic and herein we de-
fine a fifth (Fig. 2; Table 1).

The oldest ichnocoenosis within the Brontopodus ichnofacies oc-
curs in the earliest Triassic (possibly restricted to the Induan) and is
characterized by dicynodont footprints in southern Africa, Antarctica
and Australia (Watson, 1960; MacDonald et al., 1991; Retallack, 1996).
Hunt and Lucas (2006b) termed this the Dicynodontipus ichnocoenosis
(Fig. 2).

The majority of Early Triassic to early Middle Triassic ichnofaunas
represent the Chirotherium ichnocoenosis of the Batrachichnus
ichnofacies. However, a small number of localities are dominated by
therapsid tracks. Hunt and Lucas (2006b) termed this the Therapsipus
ichnocoenosis for the therapsid ichnotaxon from the Moenkopi Forma-
tion of Arizona (Hunt et al., 1993b).

Herein, we recognize a new ichnocoenosis in the Anisian carbon-
ate tidal flats of Germany and the Netherlands. This Procolophonichnium
ichnocoenosis represents a temporal equivalent of the red-bed
Chirotherium ichnocoenosis (Lucas, 2007). This ichnocoenosis is domi-
nated by tracks of Procolophonichnium and Rhynchosauroides with
only rare chirothere tracks (Demathieu and Oosterink, 1983, 1988;
Diedrich, 1998, 2000, 2002a, b; Lucas, 2007).
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Archetypal Predominant trace fossil types Constituent Triassic ichnocoenoses Inferred
Tetrapod environment
Ichnofacies
Chelichnus Low diversity ichnofaunas (less Brasilichnium (Late Triassic-Early Eolian
than 4 ichnogenera) of tetrapod Jurassic: Lockley et al., 1994) crossbeds
tracks that have equant shape with
subequal manual and pedal
impressions and short digit
impressions
Batrachichnus | Majority of tracks are of Chirotherium (Early-Middle Triassic: Tidal flat-
quadrupedal carnivores; medium- Hunt and Lucas, 2007); fluvial plain
high diversity (4-8 ichnogenera) Apatopus (Late Triassic: Hunt and Lucas,
2006b)
Brontopodus Majority of tracks are terrestrial Dicynodontipus (Early Triassic: Hunt and | Coastal plain,
herbivores with small quantity Lucas, 2006b); clastic or
(generally > 10%) of terrestrial Therapsipus (Middle Triassic: Hunt and carbonate
carnivore tracks; medium-high Lucas, 2006b); marine
diversity (4-8 ichnogenera) Procolophonichnium (Middle Triassic: shoreline
herein)
Brachychirotherium (Late Triassic: Hunt
and Lucas, 2006b);
Evazoum (Late Triassic: Hunt and Lucas,
2006b)
Grallator Medium-high diversity ichnofaunas | Grallator (Late Triassic: Hunt and Lucas, | Lacustrine
(5-8 ichnogenera) with tracks 2007) margin
(usually dominant) of tridactyl
avian and non-avian theropods
Characichnos | Parallel scratch marks and fish unnamed Shallow
swimming trails (Undichna) lacustrine/
aquatic

Hunt and Lucas (2007b) redefined Lockley’s (2007) Late Triassic
Grallator-Brachychirotherium-Rhynchosauroides ichnofacies as the
Grallator ichnocoenosis of the Grallator ichnofacies. Further study of
Late Triassic ichnofaunas by Hunt and Lucas (2006b) indicated that four
individual ichnocoenoses can be discriminated within this plexus, and
two of them can be assigned to the Brontopodus ichnofacies, and one
each to the Grallator and Batrachichnus ichnofacies.

Hunt and Lucas (2006b) recognized the Evazoum ichnocoenosis
for Late Triassic ichnofaunas that are numerically dominated by tracks
of quadrupedal herbivores (e.g., Lockley and Hunt, 1995, fig. 3.25). The
Redonda Formation of east-central New Mexico is typical of these
ichnofaunas (Klein et al., 2006). The ichnogenus Evazoum also occurs in
Wales and Lesotho and often co-occurs with Eosauropus (Lockley et al.,
2000), in, for example, western North America, Lesotho and Wales
(Lockley and Hunt, 1995; Lockley and Meyer, 2000). In Switzerland
and Greenland, Eosauropus occurs without Evazoum (Lockley and
Meyer, 2000). Hunt and Lucas (2006b) diagnosed the Evazoum
ichnocoenosis as consisting of ichnofaunas in which more than 40% of
the specimens represent Evazoum and/or Eosauropus.

Other Late Triassic ichnofaunas, dominated by the tracks of qua-
drupedal herbivores, are composed of more than 50% Brachychirotherium
tracks (e.g., sites in the Chinle Group of western North America, includ-
ing Shay Canyon in Utah and sites in Sloan Canyon in New Mexico).
These tracksites typically have 0-10% Evazoum or Eosauropus. Hunt
and Lucas (2006b) assigned these ichnofaunas to the Brachychirotherium
ichnocoenosis (Fig. 2).

Grallator Ichnofacies

Hunt and Lucas (2007b) proposed the Grallator ichnofacies for
medium to high diversity ichnofaunas (five to eight ichnogenera) domi-
nated by tracks of tridactyl avian and non-avian theropods (usually
dominant) or of other habitual bipeds. Tracks of bipedal and quadrupe-
dal ornithischians, sauropods and herbivorous mammals are also locally
common in this ichnofacies. This ichnofacies extends from the Late Tri-
assic to the Recent and often characterizes lacustrine margin environ-
ments. We recognize four ichnocoenoses of the Grallator ichnofacies
during the Triassic (Table 1).

As noted above, Hunt and Lucas (2007b) recognized a Grallator
ichnocoenosis in the Late Triassic. There are many Late Triassic
ichnofaunas in which the most abundant (>50%) ichnogenus is Grallator.
Notable ichnofaunas occur at the very top of the Chinle Group or in the
overlying Wingate Sandstone in Colorado (Gaston et al., 2003; Lucas et
al., 2006b); other prominent examples are in Wales, France, Germany,
Italy, Switzerland and Greenland (Lockley and Meyer, 2000, figs. 4.4,
4.10, 4.14).

Hunt and Lucas (2006b) noted that there is potential to subdivide
the Grallator ichnocenosis, and it clearly includes several sub-
ichnocoenoses, e.g., on the Colorado Plateau, the upper and lower Wingate
Sandstone have different sub-ichnocoenoses: a lower Eosauropus sub-
ichnocoenosis includes Brasilichnium, Brachychirotherium, and
Eosauropus, and an upper Otozoum sub-ichnocoenosis includes
Eubrontes, Batrachopus and Otozoum (Lucas et al., 2006b).
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Chelichnus Ichnofacies

Hunt and Lucas (2007b) proposed the Chelichnus ichnofacies for
ichnofaunas that have a low diversity (fewer than five ichnogenera) of
tetrapod tracks in which manus and pes tracks are equant in shape, of
subequal size and have short digit impressions. This ichnofacies is recur-
rent on dune faces in eolian environments, and it extends from the Early
Permian to the Early Jurassic.

Hunt and Lucas (2007b) redefined the Brasilichnium ichnofacies
of Lockley et al. (1994) as an ichnocoenosis of this ichnofacies (Table 1;
Fig. 2). Brasilichnium is abundant in the Early Jurassic Navajo Sand-
stone and coeval Aztec Sandstone in western North America (Utah,
California, Colorado). The Brasilichnium ichnocoenosis is also locally
present in the lower Wingate Sandstone in western Colorado (Schultz-
Pittman et al., 1996; Hunt and Lucas, 2006b).

Characichnos Ichnofacies

Hunt and Lucas (2007b) proposed the Characichnos ichnofacies
for medium diversity ichnofaunas in which the majority of tracks are
tetrapod swimming traces (parallel scratch marks) and fish swimming
trails (Undichna). This ichnofacies represents shallow lacustrine (and
tidal) environments. Swimming traces are notable in various Triassic
units in the western United States, including the Moenkopi Formation
(Lower-Middle Triassic) and equivalent strata in Arizona, Utah, Wyo-
ming and New Mexico (e.g., Peabody, 1948; Boyd and Loope, 1984;
McAllister and Kirby, 1998; Schultz et al., 1994; Lucas et al., 2003;
Mickleson et al., 2006a, b) and the Chinle Group (Upper Triassic) in
Arizona and New Mexico (e.g., Hunt et al., 1993a; Hunt and Lucas,
2006b). There is no named ichnocoenosis of this ichnofacies in the Trias-
sic.

Late Triassic Ichnoceonoses

There are thus five ichnocoenoses present in the Late Triassic:
Evazoum, Brachychirotherium (Brontopodus ichnofacies), Grallator
(Grallator ichnofacies), Apatopus (Batrachichnus ichnofacies) and
Brasilichnium (Chelichnus ichnofacies). The Apatopus ichnocoenosis is
geographically restricted to eastern North America (although Apatopus
occurs at one locality in Utah: Foster et al., 2003) and probably environ-
mentally controlled by the distribution of large rift lakes. The Evazoum
ichnocoenosis is principally restricted to western North America, where
it is replaced in the uppermost Chinle, Wingate and Sheep Pen forma-
tions (latest Triassic) by the Grallator ichnocoenosis. The Shay Canyon
tracksite in Utah pertains to the Brachychirotherium ichnocoenosis and
is stratigraphically low in the upper Chinle. It may represent a lateral
equivalent of the Evazoum ichnoceonosis or it may be stratigraphically
lower, which would suggest a temporal progression of ichnocoenoses
from Brachychirotherium to Evazoum to Grallator (Hunt and Lucas,
2006b).

The ichnofaunas of the lower Chinle are poorly known but in-
clude Brachychirotherium, lack Evazoum, and several include
Barrancapus (Hunt and Lucas, 2006a). These ichnofaunas may repre-
sent the Brachychirotherium ichnocoenosis (possibly a Barrancapus
sub-ichnocoenosis). Barrancapus appears to be a potential index
ichnotaxon of the Barrancan sub-lvf (land-vertebrate faunachron) of the
Revueltian Ivf. Eosauropus and Evazoum are index ichnotaxa of the
Apachean lvf (Hunt and Lucas, 2006b).

TRIASSIC TETRAPOD TRACK
BIOSTATIGRAPHY AND BIOCHRONOLOGY

Introduction

Lucas (2007) reviewed the Phanerozoic record of tetrapod tracks
(Devonian-Neogene) and noted that three principal factors limit their use
in biostratigraphy and biochronology (palichnostratigraphy): (1) invalid
ichnotaxa based on extramorphological variants; (2) slow apparent evo-

lutionary turnover rates; and (3) facies restrictions. The ichnotaxonomy
of tetrapod footprints has generally been oversplit, largely due to a
failure to appreciate extramorphological variation. Thus, many tetrapod
footprint ichnogenera, and most ichnospecies, are useless “phantom”
taxa that confound biostratigraphic correlation and biochronological sub-
division. Tracks rarely allow identification of a genus or species known
from the body fossil record. Indeed, almost all tetrapod footprint
ichnogenera are equivalent to a body fossil-based family or a higher taxon
(order, superorder, etc.). This means that ichnogenera necessarily have
much longer temporal ranges and therefore slower apparent evolutionary
turnover rates than do body fossil genera. Because of this, footprints
cannot provide as refined a subdivision of geological time as do body
fossils. The tetrapod footprint record is also much more facies controlled
than the tetrapod body fossil record. The relatively narrow facies win-
dow for track preservation, and the fact that tracks are almost never
transported, redeposited or reworked, limits the facies that can be corre-
lated with any track-based biostratigraphy (Lucas, 2007).

Biostratigraphy and Biochronology

There is much literature on Triassic tetrapod footprint biostratig-
raphy, especially based on the European and North American records.
The most comprehensive are the publications of Demathieu (e.g., 1977,
1982, 1984, 1994; Demathieu and Haubold, 1972, 1974), who estab-
lished the presence of three different Triassic footprint assemblages in
Europe that Lucas (2007) validated. These are the chirothere assemblage
of Olenekian-early Anisian age (early-Middle Triassic), the
dinosauromorph assemblage of late Anisian-Ladinian age (late Middle
Triassic) and the dinosaur assemblage of Carnian-Rhaetian age (Late
Triassic). Lucas (2007) suggested that a fourth footprint assemblage,
based on earliest Triassic dicynodont footprints from Gondwana, may
also be discernable.

Earliest Triassic

The dicynodont tracks from the South Africa, Antarctica and Aus-
tralia (Watson, 1960; MacDonald et al., 1991; Retallack, 1996) may
represent a distinct ichnofauna. Retallack (1996) attributed these tracks
to the body-fossil genus Lystrosaurus, which defines a classic biochron
of earliest Triassic (Induan) age (Lucas, 1998). However, these dicynodont
tracks cannot be reasonable be attributed at the generic level so they
cannot be used to support the Lystrosaurus biochron. There is a need for
additional study of the latest Permian and earliest Triassic ichnofaunas.
The most significant ichnofaunas of these ages are from South Africa.

Early-Middle Triassic

The late Early to early Middle Triassic (Olenekian-Anisian) is
characterized by a chirothere- (archosaur-) dominated assemblage that
also persists throughout most of the Middle Triassic. European evidence
(especially France) suggests that the chirothere-dominated footprint as-
semblage continues in red-bed facies into rocks as young as Ladinian
(Lucas, 2007). The chirothere-dominated ichnofauna includes the
archosaur ichnogenera Isochirotherium, Synaptichnium, Sphingopus,
Chirotherium, Rotodactylus, Rhynchosauroides and Brachychirotherium,
as well as the synapsid track Therapsipus (e.g., Peabody, 1948; Hunt et
al., 1993b; Nesbitt and Angielczyk, 2002; Lucas et al., 2003; Lucas,
2007).

Late Middle Triassic

Later Middle Triassic assemblages are both Anisian and Ladinian
(Perovkan-Berdyankian: Lucas, 1998) in age. The only biostratigraphic
datum to distinguish them from the earlier chirothere assemblage is the
Ladinian lowest occurrence of dinosaur or dinosaur-like (dinosauromorph)
tracks (Lucas, 2007). Apparent tridactyl, bipedal tracks have long been
known from Middle Triassic strata in Europe and attributed to dinosaurs
by various workers (see review by Demathieu, 1989). More recently, a



more sophisticated analysis of this problem by Haubold (1999; Haubold
and Klein, 2000) argues that there was a lengthy and complex evolution-
ary transition from the dinosauromorph foot/gait to the dinosaur foot/
gait well documented in the Triassic of the German section.

In Germany, track surfaces of the Benker Sandstein up to the
Lowenstein Formation (Gipskeuper) and in the Lower Steinmergelkeuper
have quadrupedal, chirotherian-like, pentadactyl pes imprints and
trackways assigned to the ichnogenus Parachirotherium (Lucas, 2007).
Tridactyl Atreipus- and Grallator- like tracks have their lowest occur-
rence in the Benker Sandstein (Rehnelt, 1950, 1952, 1959, 1983; Weiss,
1976, 1981) and increase in abundance up section. Haubold and Klein
(2000) identify these tracks as “Parachirotherium-Atreipus-Grallator”
and concluded that they represent dinosauromorph track makers.

Regardless of how these tracks are identified, the lowest occur-
rence of tridactyl dinosaur or dinosaur-like (dinosauromorph) tracks
appears to be Ladinian and may form a valuable biostratigraphic datum.
Lucas (2007) recognized the appearance of dinosauromorph tracks in the
later Middle Triassic as marking a distinct footprint assemblage of this
age.

Late Triassic

There have been attempts to identify two temporally successive
Late Triassic footprint assemblages. Thus, Olsen (1980) identified three
footprint assemblages in the Newark Supergroup of eastern North
America, two of Late Triassic age and one of Early Jurassic age. More
detailed stratigraphic data have shown that the two Late Triassic assem-
blages should be combined into one characterized primarily by
Brachychirotherium, Gwyneddichnium, Grallator, Atreipus and
Rhynchosauroides (Silvestri and Szajna, 1993; Szajna and Silvestri, 1996;
Lucas and Huber, 2003; Lucas, 2007). Olsen and Huber (1998) raised the
possibility that an older, distinctive footprint assemblage may be present
near the base of the Newark Supergroup, but when extramorphological
variation is considered, this assemblage consists of characteristic Late
Triassic ichnotaxa, including Apatopus, Grallator and Brachychirotherium.
Haubold (1986) followed Olsen’s (1980) zonation, applying it to the
European and South African records. However, current ichnotaxonomy
and understanding of stratigraphic distribution makes it clear that only
one Late Triassic footprint assemblage can be identified in these regions
(Lucas and Hancox, 2001; Lucas and Huber, 2003).

Lockley (1993) and Lockley and Hunt (1994, 1995) also pre-
sented a similar zonation for the upper Chinle Group and the Glen
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Canyon Group in the western United States. They identified four suc-
cessive zones, two of which are Late Triassic in age: (1)
Brachychirotherium and small grallatorid zone of the upper Chinle Group
(Rock Point sequence of Lucas, 1993); and (2) medium-size grallatorid
assemblage of the Wingate Sandstone. However, subsequent collecting
and stratigraphic data demonstrate that assemblages 1 and 2 are a single
assemblage dominated by Grallator and Brachychirotherium, which Lucas
et al. (2006a) termed the Brachychirotherium assemblage zone.
However, it is possible to discriminate two successive Late Trias-
sic intervals based on ichnofaunas. The sauropodomorph traces Evazoum
and Fosauropus first appear in the later Norian or Rhaetian. These
ichnotaxa occur in the Late Triassic of western North America, Greenland,
Switzerland and Lesotho (e.g., Lockley and Hunt, 1995; Lockley and
Meyer, 2000; Lockley et al., 2006; Lucas et al., 2006a). Older Late
Triassic ichnofaunas lack these ichnotaxa, and their appearance corre-
sponds with the evolution of larger sauropodomorphs in the Norian. The
Newark Supergroup is conspicuous among Upper Triassic units that
yield significant tracks in lacking these sauropodomorph tracks. It is
important to note that the extensive ichnofaunas of the Late Triassic-
Early Jurassic Newark Supergroup represent a very narrow range of
depositional environments, essentially lacustrine margins of rift basin
lakes. These ichnofaunas are distinct from contemporary ichnofaunas in
other significant ways, including the presence of Apatopus and the preva-
lence of Atreipus.

CONCLUSIONS

There are five subdivisions of the Triassic that can be recognized
based on tetrapod tracks: (1) earliest Triassic — dicynodont tracks; (2)
Early-Middle Triassic (Olenekian-early Anisian) - chirothere- (archo-
saur-) dominated assemblage; (3) late Middle Triassic (late Anisian-
Ladinian) - dinosauromorph assemblage; (4) early Late Triassic (Carnian-
early Norian) —tridactyl dinosaur assemblage; and (5) late Norian-Rhaetian
- sauropodomorph track assemblage.

A global Triassic biochronology based on tetrapod body fossils
recognizes eight biochronological units (Lucas, 1998). The Triassic tetra-
pod footprint record resolves to about five time intervals, so it has much
less temporal resolution than the body fossil record (Lucas, 2007).

ACKNOWLEDGMENTS

We thank Jerry Harris and John Foster for providing helpful re-
views.

REFERENCES

Abel, O., 1926, Der erste Fund einer Tetrapodenfihrte in den unteren
alpinen Trias: Paldontologische Zeitschrift, v. 7, p. 22-24.

Arcucci, A.B., Forster, C. and Marsicano, C., 1995, “Theropod” tracks
from Los Rastros Formation (Middle Triassic), La Rioja Province, Ar-
gentina: Journal of Vertebrate Paleontology, v. 15, supplement to no. 3,
p. 16A.

Arcucci, A.B., Marsicano, C.A., and Casellu, A.T., 2000, Tetrapod foot-
prints from Los Colorados Formation, Upper Triassic of Argentina:
Journal of Vertebrate Paleontology, v. 20, supplement to no. 3, p. 27A

Avanzini, M., 1999, New Anisian vertebrate tracks from the Southern Alps
(Val d’Adige and Valle Non-Italy): Rivista Museo Civica Scienze Naturali
,E. Caffi,” v. 20, p. 17-21.

Avanzini, M., 2002, Dinosauromorph tracks from the Middle Triassic
(Anisian) of the Southern Alps I (Valle di Non — Italy): Bolletino della
Societa Paleontologica Italiana, v. 41, p. 37-40.

Avanzini, M. and Leonardi, G., 2002, Isochirotherium inferni ichnosp. n. in
the Illyrian (late Anisian, MiddleTriassic) of Adige Valley: Bolletino
della Societa Paleontologica Italiana, v. 41, p. 41-50.

Avanzini, M., and Lockley, M.G., 2002, Middle Triassic archosaur popula-
tion structure: Interpretation based on Isochirotherium delicatum fossil

footprints (southern Alps, Italy): Palacogeography, Palacoclimatology,
Palaeoecology, v. 185, p. 391-402.

Avanzini, M., and Neri, C., 1998, Impronte di tetrapodi da sedimenti anisici
della Valle di Non (Trentino occidentale — Italia): nota preliminare:
Annali Museo Civico di Storia Naturale die Ferrara, v. 1, p. 5-19.

Avanzini, M., Ferretti, P., Seppi, R. and Tomasoni, R., 2001, Un grande
esemplare di orma “dinosauroide” Parachirotherium Kuhn 1958 sp.
dall’ Anisico superiore (Illirico) del Sudalpino (Italia): Studi Trentino
Scienze Naturali Acta Geologica, v. 76, p. 201-204.

Baird, D., 1964, Dockum (Late Triassic) reptile footprints from New
Mexico: Journal of Paleontology, v. 38, p.118-125.

Beurlen, K., 1950, Neue Fihrtenfunde aus der frinkischen Trias: Neues
Jahrbuch fiir Geologie und Paldontologie Monatshefte, v. 1950, p. 308-
320.

Biron, P.E. and Dutuit, J., 1981, Figurations sédimentaires et traces d’activité
au sol dans le Trias de la formation d’Argana et de 1’Ourika (Maroc):
Bulletin du Museum d’Histoire Naturelle, v. 4, p. 399-427.

Bonaparte, J.F., 1969, Dados sobre la evolucion paleoecologica enlas
formaciones tridsicas de Ischigualasto-Villa Unién: Acta Geoldgica
Lilloana, v. 10, p. 189-206.



84

Boyd, D.W. and Loope, D.B., 1984, Probable vertebrate origin for certain
sole marks in Triassic red beds of Wyoming: Journal of Paleontology, v.
58, p. 467-476.

Bromley, R.G., 1996, Trace fossils: biology and taphonomy (second edi-
tion): London, Unwin Hyman, 361 p.

Casamiquela, R.M. 1964. Estudios icnolégicos; problemas y métodos de la
icnologia con aplicacion al estudio de pisadas mesozoicas (Reptilia,
Mammalia) de la Patagonia. Buenos Aires: Ministério do Asundos Sociales,
229 p.

Charles, H., 1949, Note sur la presence de Chirotherium prés de Solliés-Ville
(Var): Compte Rendus du Séance Paléthnologie, v. 2, p. 10-12.

Conrad, K.L., Lockley, M.G. and Prince, N.K., 1987, Triassic and Jurassic
vertebrate-dominated trace fossil assemblages of the Cimarron Valley
region: implications for paleoecology and biostratigraphy: New Mexico
Geological Society Guidebook, v. 38, p.127-138.

Courel, L. and Demathieu, G., 1973, Donnes recentes sur les Trias du Mont
d’Or Lyonnais dans les domaines de la stratigraphie et de 1’ichnologie:
Geobios, v. 6, p. 5-26.

Courel, L. and Demathieu, G., 1976, Une ichnofaune reptilienne remarquable
dans les grés Triasique de Largentiére (Ardeche, France):
Palaeontographica A, v. 151, p. 194-216.

Demathieu, G., 1966, Rhynchosauroides petri et Sphingopus ferox, nouvelles
empreintes de reptiles de grés triasiques de la bordure Nord-Est du Massif
Central: Compte Rendus de I’Academie des Sciences D, v. 263, p. 483-
486.

Demathieu, G. 1970. Les empreintes de pas de vertébrés du Trias de la
bordure Nord-Est du Massif Central. Paris. Cahiers de Paleontologie,
Centere National de la Recherche Scientifique, 227 p.

Demathieu, G., 1971, Cinq nuevelles espéces d’empreintes de reptiles du
Trias de la bordure N.E. du Massiv Central: Compte Rendus de I’ Academie
des Sciences D, v. 272, p. 812-814.

Demathieu, G., 1977, La palichnologie de vertebras, Développement re-
cent et role dans la stratigraphie du Trias: Bulletin du Bureau Recherches
Géologiques et Miniéres, v. 3, p. 269-278.

Demathieu, G., 1982, Archosaurier-Fahrtenfaunen der Trias: Die Bedeutung
ihrer Ahnlichkeiten und ihrer verschiedenheiten; ihre mégliche
Verwendung im Rahmen der Stratigraphie der Trias: Geologischen
Rundschau, v. 71, p. 741-746.

Demathieu, G., 1984, Une ichnofaune du Trias moyen du basin de Lodéve
(Hérault, France): Annales de Paléontologie, v. 70, p. 247-273.

Demathieu, G.R., 1989, Appearance of the first dinosaur tracks in the
French Middle Triassic and their probable significance; in Gillette, D.D.
and Lockley, M.G., eds., Dinosaur tracks and traces: Cambridge, Cam-
bridge University Press, p. 201-207.

Demathieu, G., 1994, Synthese géologique du Sud-Est de la France: Donées
bistratigraphiques: Mémoire du Bureau de Recherches Géologiques et
Miniéres, v. 125, p. 63-64.

Demathieu, G. and Durand, M., 1975, A propos de quelques traces de pas et
figures sedimentaires dans le Buntsandstein supérieur du sud-ouest des
Vosgues: Bulletin Academie et Société Lorraine des Sciences, v. 54, p.
23-36.

Demathieu, G. and Gand, G., 1972, Coelurosaurichnus perriauxi — empreinte
dinosauroide du Trias nouvelle: Bulletin de la Société d’Histoire Naturelle
d’Autun, v. 62, p. 1-17.

Demathieu, G. and Gand, G., 1973, Deux espéces ichnologiques nouvelles de
grés a Empreintes du Trias du Plateau d’ Antully: Bulletin de la Société
d’Histoire Naturelle d’Autun, v. 67, p. 11-27.

Demathieu, G. and Haubold, H., 1972, Stratigraphische Aussagen der
Tetrapodenfahrten aus der terrestrischen Trias Europas: Geologie, v. 21,
p. 802-836.

Demathieu, G. and Haubold, H., 1974, Evolution und Lebensgemeinschaft
terrestrischer Tetrapoden nach ihren Fahrten in der Trias: Freiberger
Forschungshefte C, v. 298, p. 51-72.

Demathieu, G. and Leitz, F., 1982, Wirbeltier-Fihrten aus dem R&t von
Kronach (Trias, Nordost-Bayern): Mitteilungen der Bayerische
Staatssamlungen fiir Paldontologie Historische Geologie, v. 22, p. 63-
89.

Demathieu, G. and Oosterink, H.W., 1983, Die Wirbeltier-Ichnofauna aus

dem Unteren Muschelkalk von Winterswijk (Die Reptilfdhrten aus der
Mitteltrias der Niederlande): Staringia, v. 7, p. 1-51.

Demathieu, G. and Oosterink, H.W., 1988, New discoveries of ichnofossils
from the Middle Triassic of Winterswijk (the Netherlands): Geologie en
Mijnbouw, v. 67, p. 3-17.

Demathieu, G. and Weidmann, M., 1982, Les empreintes de pas de reptiles
dans le Trias du Vieux Emosson (Finahaut, Valais, Suisse): Eclogae
Geologicae Helvetiae, v. 75, p. 721-726.

Demathieu, G., Ramos, A. and Sopena, A., 1978, Fauna icnologica del Triasico
del extremo Noroccidental de la Cordillera Iberica (Prov. de Guadalajara):
Estudios Geologicos, v. 34, p. 175-186.

Diedrich, C., 1998, Stratigraphische Untersuchungen der Ichnofaziestypen
einer neuen Wirbeltierfahrtenfundstelle aus dem Unteren Muschelkalk
des Teutoburger Waldes, NW-Deutschland: Neues Jahrbuch fiir Geologie
und Paldontologie Monatshafte, v. 1998, p. 626-640.

Diedrich, C., 2000, Vertebrate track ichnofacies types of the Oolith mem-
ber (Lower Muschelkalk, Middle Triassic) in the central Teutoburger
Wald (NW-Germany) and their stratigraphical, facial and
palacogeographical significance: Zentralblatt fiir Geologie Paldontologie
Teil I, v. 1998, p. 925-939.

Diedrich, C., 2002a, Die Wirbeltierfahrtenfundstelle Borgholzhausen
(Teutoburger Wald, NW-Deutschland) aus der Oolith-Zone (Unterer
Muschelkalk, Mitteltrias): Paldontologische Zeitschrift, v. 76, p. 35-
56.

Diedrich, C., 2002b, Wirbeltierfahrten aus dem Unteren Muschelkalk
(Mitteltrias) von Thiiringen (SE-Deutschland): Neues Jahrbuch fiir
Geologie und Paldontologie Monatshefte, v. 2002, p. 75-91.

Ebel, K., Falkenstein, F., Haderer, F. and Wild, R., 1998, Ctenosauriscus
koeneni (v. Huene) und der Rauisuchier von Waldshut-Biomechanische
und Beziehungen zu Chirotherium sickleri Kaup: Stuttgarter Beitrdge zur
Naturkunde B, v. 261, p. 1-18.

Ellenberger, P., 1970, Les niveaux paléontologiques de premiére apparition
des mammiféres primordiaux en Afrique du Sud et leur ichnologie:
Establissement de zones stratigraphiques detaillées dans le Stormberg du
Lesotho, (Afrique du Sud) (Triassique supérieur a Jurassique; in Haughton,
S. H., ed., International Union of Geological Sciences, Second Sympo-
sium on Gondwana Stratigraphy and Paleontology. Pretoria, Council for
Scientific and Industrial Research, p. 347-370.

Ellenberger, P., 1972, Contribution a la classification des pistes de vertébrés
du Trias: Les types du Stromberg d’Afrique du Sud (I): Palacovertebrata,
Mémoire Extraordinaire, 152 p.

Foster, J. R., Hamblin, A. H. and Lockley, M. G., 2003, Apatopus trackway
and other footprints from the Chinle Group of southern Utah: an up-
date: Ichnos, v. 10, p. 165-168.

Gand, G., 1976, Coelurosaurichnus palissyi: Bulletin de la Société d’Historie
Naturelle d’Autun, v. 79, p. 11-14.

Gand, G., 1977, Sur le matériel ichnologique recolt¢ dans le Muschelkalk de
Culles-les Roches (Saone-et-Loire): Bulletin de la Société d’Historie
Naturelle de Creusot, v. 35, no. 2, p. 21-44.

Gand, G., 1978, Interprétations paléontologique et paléoécologique d’un
sixieme assamblage a traces de reptiles des carriéres triasiques de St.-
Sernin-du Bois (Autunois, France). Conclusions générales a étude du
gisement: Bulletin de la Société d’Historie Naturelle d’Autun, v. 87, p. 9-
29.

Gand, G., 1980, Note sur quelques nouvelles pistes de reptiles observées dans
le Trias moyen du Plateau d’Antully (Saone-et-Loire-France): Bulletin
de la Société d’Historie Naturelle d’Autun, v. 89, p. 7-20.

Gand, G. and Pellier, J.-F., 1976, Sur quelques traces ornithoides recoltees
dans le Trias moyen de Bourgogne: Bulletin de la Société d’Historie
Naturelle de Creusot, v. 34, p. 24-33.

Gand, G., Pellier, F. and Pellier, J.-F., 1976, Coelurosaurichnus sabinensis:
Bulletin de la Société d’Historie Naturelle d’Autun, v. 79, p. 19-22.
Gand, G., Vianey-Liaud, M., Demathieu, G., and Garric, J., 2000, Deux
nouvelles traces de pas de dinosaures du Trias Supérieur de la Bordure
Cévenole (La Grand-Combe, sud-est de la France): Geobios, v. 33, p.

599-624.

Gaston, R., Lockley, M.G., Lucas, S.G. and Hunt, A.P., 2003, Grallator-

dominated fossil footprint assemblages and associated enigmatic foot-



prints from the Chinle Group (Upper Triassic), Gateway area, Colorado:
Ichnos, v. 10, p. 153-163.

Haderer, F., 1988, Ein dinosauroider Fdhrtenrest aus dem Unteren
Stubensandstein (Obere Trias, Nor, km4) des Strombergs (Wiirttemberg):
Stuttgarter Beitrdge zur Naturkunde B, v. 138, p. 1-12.

Haderer, F., 1990, Ein tridactyles Trittsiegel aus dem Unteren Stubensandstein
(Obere Trias, Nor) des Riihlenbachtales (Wiirttemberg): Stuttgarter
Beitrdge zur Naturkunde B, v. 160, p. 1-14.

Haderer, F., 1991, Erstnach weis eines chirotheriiden Fihrtenrestes aus dem
Unteren Stubensandstein (Obere Trias, Nor) des Strombergs
(Nordwiirttemberg): Stuttgarter Beitrdge zur Naturkunde B, v. 174, p. 1-
12.

Haderer, F., Demathieu, G.P. and Bottcher, R., 1995, Wirbeltier-Féahrten
aus dem Roétquarzit (Oberer Buntsandstein, Mittlere Trias) von Hardheim
bei Wertheim/Main (Siiddeutschland): Stuttgarter Beitridge zur Naturkunde
B, v. 230, p. 1-31.

Haubold, H., 1971a, Ichnia amphibiorum et reptiliorum fossilium: Encyclo-
pedia of Paleoherpetology, v. 18, 124 p.

Haubold, H., 1971b, Die Tetrapodenfiahrten des Buntsandsteins:
Paldontologische Abhandlungen A, v. 3, p. 395-548.

Haubold, H., 1984, Saurierfiahrten. Wittenberg Lutherstadt, A. Ziemsen
Verlag, 231 p.

Haubold, H., 1986, Archosaur footprints at the terrestrial Triassic-Jurassic
transition; in Padian, K., ed., The beginning of the age of dinosaurs:
Cambridge: Cambridge University Press, p. 189-201.

Haubold, H., 1999, Tracks of the Dinosauromorpha from the Early Trias-
sic: Zentralblatt fur Geologie und Paldontologie Teil I, v. 1998, p. 783-
795.

Haubold, H. and Klein, H., 2000, Die dinosauroiden Féhrten
Parachirotherium—Atreipus—Grallator aus dem unteren Mittelkeuper
(Obere Trias: Ladin, Karn, ?Nor) in Franken: Hallesches Jahrbuch fiir
Geowissenschaften B, v. 22, p. 59-85.

Heller, F., 1952, Reptilienfédhrten-Funde aus dem Ansbacher Sandstein des
Mittleren Keupers von Franken: Geologische Blatter fiir Nordost-Bayern
und angrezende Gebiete, v. 2, p. 129-141.

Hitchcock, E. 1858. Ichnology of New England: A report on the sandstone
of the Connecticut Valley, especially its fossil footmarks. Boston: W.
White, 199 p.

Huene, F. von, 1931a, Die fossilier Fahrten im Rhdt von Ischigualasto in
Nordwest-Argentinien: Palaeobiologica, v. 4, p. 99-112.

Huene, F. von, 1931b, Verschiedene mesozoische Wirbeltierreste aus
Stidamerika: Neues Jahrbuch fiir Mineralogie, Geologie und Paldontologie
Beilage Band, v. 66, p. 181-198.

Hunt, A.P. and Lucas, S.G., 2006a, Late Triassic tetrapod tracks from
Petrified Forest National Park: New Mexico Museum of Natural History
and Science, Bulletin 37, p. 221-225.

Hunt, A.P. and Lucas, S.G., 2006b, Triassic-Jurassic tetrapod ichnofacies:
New Mexico Museum of Natural History and Science, Bulletin 37, p. 12-
22

Hunt, A.P. and Lucas, S.G., 2007a, Late Triassic tetrapods of western North
America: New Mexico Museum of Natural History and Science, Bulletin,
in press.

Hunt, A.P. and Lucas, S.G., 2007b, Tetrapod ichnofacies: a new paradigm:
Ichnos, v. 14, p. 59-68.

Hunt, A.P., Lockley, M.G., and Lucas, S.G., 1993a, Vertebrate and inverte-
brate tracks and trackways from Upper Triassic strata of the Tucumcari
basin, east-central New Mexico: New Mexico Museum of Natural His-
tory and Science, Bulletin 3, p. 199-201.

Hunt, A.P., Santucci, V.L., Lockley, M.G. and Olson, T.J., 1993b, Dicynodont
trackways from the Holbrook Member of the Moenkopi Formation
(Middle Triassic: Anisian), Arizona, USA: New Mexico Museum of Natural
History and Science, Bulletin 3, p. 213-218.

Karl, C. and Haubold, H., 1998, Brachychirotherium aus dem Coburger
Sandstein (Mittlerer Keuper, Karn/Nor) in Nordbayern: Hallesches
Jahrbuch Geowissenschaften, v. B 20, p. 33-58.

Karl, C. and Haubold, H., 2000, Saurierfahrten im Keuper (Obere Trias)
Frankens, die Typen von Brachychirotherium: Berichte
Naturwissenschaftliche Gesellschaft Bayreuth, v. 24, p. 91-120.

85

Kaup, J.J., 1835a, Uber Thierfihrten bei Hildburghausen: Neues Jahrbuch
fiir Mineralogie, Geologie und Paldontologie, v. 1835, p. 227-228.

Kaup, J.J. 1835b. Féhrten von Beuteltieren; in Das Tierreich: Darmstadt, p.
246-248.

King, M.J. and Benton, M.J., 1996, Dinosaurs in the Early and Middle
Triassic? - the footprint evidence from Britain: Palaecogeography,
Palaeoclimatology, Palacoecology, v. 122, p. 213-225.

Klein, H., Lucas, S.G. and Haubold, H., 2006, Tetrapod track assemblage of
the Redonda Formation (Upper Triassic, Chinle Group) in east-central
New Mexico — re-evaluation of ichnofaunal diversity from studies of
new material: New Mexico Museum of Natural History and Science,
Bulletin 37, p. 241-250.

Krebs, B., 1966, Zur Deutung der Chirotherium-Fahrten: Natur und Mu-
seum, v. 96, no. 10, p. 389-496.

Leonardi, G. 1981, Novo ichnogénero de tetrapode Mesozdico da Formagdo
Botucatu, Araraquara, SP: Anais Academie Brasileira de Ciéncias, v. 53,
no. 1, p. 211.

Leonardi, G., 1994, Annotated atlas of South American tetrapod footprints
(Devonian to Holocene): Ministério de Minas e Energia, Brasilia, 248 p.

Lockley, M.G., 1993, Auf der Spuren der DinoSaiirier. Birkhaiiser, Basel,
238 p.

Lockley, M.G., 2007, A tale of two ichnologies: the different goals and
missions of invertebrate and vertebrate ichnotaxonomy and how they
relate in ichnofacies analysis: Ichnos, v. 14, p. 39-57.

Lockley, M.G. and Hunt, A.P., 1994, A review of Mesozoic vertebrate
ichnofaunas of the Western Interior Unites States: evidence and impli-
cations of a superior track record; in Caputo, M.V., Peterson, J.A. and
Franczyk, J.F., eds., Mesozoic systems of the Rocky Mountain region,
USA. Denver, RMS-SEPM , p. 95-108.

Lockley, M.G. and Hunt, A.P., 1995, Dinosaur tracks and other fossil foot-
prints of the western United States: New York, Columbia University
Press, 338 p.

Lockley, M.G., and Meyer, C., 2000, Dinosaur tracks and other fossil foot-
prints of Europe: New York, Columbia University Press, 323 p.

Lockley, M.G., Hunt, A.P. and Meyer, C., 1994, Vertebrate tracks and the
ichnofacies concept: implications for paleoecology and
palichnostratigraphy; in Donovan, S., ed., The paleobiology of trace
fossils: London, John Wiley, p. 241-268.

Lockley. M.G., Lucas, S.G. and Hunt, A.P., 2006, Evazoum and the renam-
ing of northern hemisphere “Pseudotetrasauropus”: implications for
tetrapod ichnotaxonomy at the Triassic-Jurassic boundary: New Mexico
Museum of Natural History and Science, Bulletin 37, p. 199-206.

Lockley, M.G., King, M., Howe, S. and Sharp, T., 1996b, Dinosaur tracks
and other archosaur footprints from the Triassic of south Wales: Ichnos,
v. 5, p. 23-41.

Lockley, M.G., Wright, J.L., Hunt, A.P. and Lucas, S.G., 2001, The Late
Triassic sauropod track record comes into focus: old legacies and new
paradigms: New Mexico Geological Society Guidebook, v. 52, p. 181-
190.

Lucas, S.G. 1993. The Chinle Group: revised stratigraphy and biochronology
of Upper Triassic nonmarine strata in the western United States; in
Morales, M., ed., Aspects of Mesozoic Geology and Paleontology of the
Colorado Plateau: Flagstaff, Museum of Northern Arizona, Bulletin 59,
p. 27-50.

Lucas, S.G., 1998, Toward a tetrapod biochronology of the Permian: New
Mexico Museum of Natural History and Science, Bulletin 12, p. 71-91.

Lucas, S.G., 2007, Tetrapod footprint biostratigraphy and biochronology:
Ichnos, v. 14, p. 5-38.

Lucas, S.G. and Hancox, P.J., 2001, Tetrapod-based correlation of the non-
marine Upper Triassic of southern Africa: Albertiana, v. 25, p. 5-9.
Lucas, S.G. and Huber, P., 2003, Vertebrate biostratigraphy and biochronology
of the nonmarine Late Triassic; in LeTourneau, P. and Olsen, P.E., eds.,
The great rift basins of the Triassic Pangea: New York, Columbia Uni-

versity Press, p. 143-191.

Lucas, S. G. and Sullivan, R. M., 2006, Tetrapod footprints from the Upper
Triassic Passaic Formation near Grterford, Montgomery County, Penn-
sylvania: New Mexico Museum of Natural History and Science, Bulletin
37, p. 251-256.



86

Lucas, S.G. and Schoch, R.R., 2002, Triassic temnospondyl biostratigraphy,
biochronology and correlation of the German Buntsandstein and North
American Moenkopi Formation: Lethaia, v. 35, p. 97-106.

Lucas, S.G., Hunt, A.P. and Lockley, M.G., 2001, Tetrapod footprint
ichnofauna of the Upper Triassic Redonda Formation, Chinle Group,
Quay County, New Mexico: New Mexico Geological Society Guidebook,
v. 52, p. 177-180.

Lucas, S.G., Heckert, A.B. and Hunt, A.P., 2003, Tetrapod footprints from
the Middle Triassic (Perovkan-early Anisian) Moenkopi Formation,
west-central New Mexico: New Mexico Geological Society Guidebook,
v. 54, p. 241-244.

Lucas, S.G., Lockley, M.G., Hunt, A.P. and Tanner, L.H., 2006a, Biostrati-
graphic significance of tetrapod footprints from the Triassic-Jurassic
Wingate Sandstone on the Colorado Plateau: New Mexico Museum of
Natural History and Science, Bulletin 37, p. 109-117.

Lucas, S.G., Lockley, M.G., Hunt, A.P., Milner, A.R.C. and Tanner, L.H.,
2006b, Tetrapod footprint biostratigraphy of the Triassic-Jurassic tran-
sition in the American Southwest: New Mexico Museum of Natural
History and Science, Bulletin 37, p. 105-108.

Lull, R.S., 1953, Triassic life of the Connecticut Valley: Bulletin of the
Connecticut State Geology Natural History Survey, v. 181, p. 1-331.
MacDonald, D.I.M., Isbell, J.L. and Hammer, W.R., 1991, Vertebrate
trackways from the Triassic Fremouw Formation, Queen Alexandra
Range, Antarctica: Antarctic Journal of the United States, v. 26, p. 20-

21.

Marsicano, C.A. and Barredo, S., 2000, Tetrapod track assemblage from the
Upper Triassic of Argentina: paleoecological and paleogeographical
implications: 31% International Geological Congress, Rio de Janeiro,
Abstracts: CD-ROM.

McAllister, J.A. and Kirby, J., 1998, An occurrence of reptile subaqueous
traces in the Moenkopi Formation (Triassic) of Capital Reef National
Park, south central Utah, USA: Journal of Pennsylvania Academy of
Sciences, v. 71 (supplement and index), p. 174-181.

Mcllroy, D., 2004, Some ichnological concepts, methodologies, applica-
tions and frontiers, in Mcllroy, D., ed., The application of ichnology to
paleoenvironmental and stratigraphic analysis. Geological Society of
London Special Publication, v. 228, p. 3-27.

Melchor, R.N. and De Valais, S., 2006, A review of Triassic tetrapod track
assemblages from Argentina: Palaeontology, v. 49, p. 355-379.

Mickleson, D.L., Huntoon, J. and Kvale, E.P., 2006a, The diversity and
stratigraphic distribution of pre-dinosaurian communities from the Tri-
assic Monekopi Formation: New Mexico Museum of Natural History
and Science, Bulletin 34, p. 132-137.

Mickleson, D.L., Milner, A.R.C., Deblieux, D.D. and McGuire, J.L., 2006b,
The oldest Early Triassic fossil vertebrate footprints in North America,
from Zion National Park, Utah: New Mexico Museum of Natural His-
tory and Science, Bulletin 34, p. 141-144.

Mietto, P., 1986, Orni di tetrapodi nella Formazione di Werfen del Recoarese:
Rivista Italiana di Paleontologia e Stratigrafia, v. 92, p. 321-326.

Mietto, P., 1987, Parasynaptichnium gracilis nov. ichnogen., nov, isp.
(Reptilia Archosauria Pseudosuchia) nell’Anisco inferiore di Recoarco
(Prealpi vicentine, Italia): Memorie di Scienze Geologiche, v. 39, p. 37-
47.

Molnar, R., 1980, Australian late Mesozoic terrestrial tetrapods, some im-
plications: Memoire de la Société Géologique de France, v. 139, p. 131-
143.

Molnar, R.E., 1991, Fossil reptiles in Australia; in Vickers-Rich, P. Monaghan,
J.M., Baird, R.F. and Rich, T.H., eds., Vertebrate palacontology of
Australasia: Melbourne, Pioneer Design Studio, p. 605-702.

Nesbitt, S.J. and Angielczyk, K.D., 2002, New evidence of large dicynodonts
in the upper Moenkopi Formation (Middle Triassic) of northern Ari-
zona: PaleoBios, v. 22, p. 10-17.

Olsen, P.E., 1980, A comparison of the vertebrate assemblages from the
Newark and Hartford basins (early Mesozoic, Newark Supergroup) of
eastern North America; in Jacobs, L.L., ed., Aspects of vertebrate his-
tory: essays in honor of Edwin Harris Colbert: Flagstaff, Museum of
Northern Arizona Press, p. 35-53.

Olsen, P.E. and Baird, D., 1986, The ichnogenus Atreipus and its signifi-

cance for Triassic biostratigraphy; in Padian, K., ed., The beginning of
the Age of Dinosaurs: Cambridge, Cambridge University Press, p. 261-
87.

Olsen, P.E. and Galton, P., 1984, A review of the reptile and amphibian
assemblages from the Stormberg of southern Africa, with special empha-
sis on the footprints and the age of the Stormberg: Paleontologia
Africana, v. 25, p. 87-110.

Olsen, P. E. and Huber, P., 1998, The oldest Late Triassic footprint assem-
blage from North America (Pekin Formation, Deep River basin, North
Carolina, USA). Southeastern Geology, v. 38, p. 77-90.

Olsen, P.E. and Padian, K., 1986, Earliest records of Batrachopus from the
southwestern United States, and a revision of some early Mesozoic
crocodylomorph ichnogenera; in Padian, K., ed., The beginning of the
Age of Dinosaurs:L Cambridge, Cambridge University Press, p. 259-
273.

Olsen, P.E., Smith, J.B., and McDonald, N.G., 1998, Type material of the
species of the classic theropod footprint genera Eubrontes, Anchisauripus,
and Grallator (Early Jurassic, Hartford and Deerfield basins, Connecti-
cut and Massachusetts, U.S.A.): Journal of Vertebrate Paleontology, v.
18, p. 586-601.

Orzag-Sperberg, F., 1966, Stratigraphie et paléogeographie du Trias de Lodéve
(Hérault): Bulletin de la Société Géologique de France, v. 7, p. 667-671.

Peabody, F.E., 1948, Reptile and amphibian trackways from the Moenkopi
Formation of Arizona and Utah: University of California Publications,
Bulletin Department of Geological Sciences, v. 27, p. 295-468.

Raath, M.A., 1996, Earliest evidence of dinosaurs from central Godwana:
Memoirs of the Queensland Museum, v. 39, p. 703-709.

Raath, M.A., Kitching, J.W., Shone, R.W., and Rossow, G.J., 1990, Dinosaur
tracks in Triassic Molteno sediments: the earliest evidence of dinosaurs
in South Africa: Palaeontologia Africana, v. 27, p. 89-95.

Rehnelt, K., 1950, Ein Beitrag iiber Fahrtenspuren im unteren Gipskeuper
von Bayreuth: Berichte Naturwissenschaftliche Gesellschaft, v. 1950, p.
27-36.

Rehnelt, K., 1952, Ein weiterer dinosauroider Fahrtenrest aus dem Benker-
Sandstein von Bayreuth: Geologische Blitter fiir Nordost-Bayern und
angrezende Gebiete,, v. 2, p. 39-40.

Rehnelt, K., 1959, Neue Reptilfihrten-Funde aus der germanischen Trias:
Jahrbuch Staatliche Museum der Mineralogie und Geologie, v. 1959, p.
97-103.

Rehnelt, K., 1983, Berichtigung einer Reptil-Fahrtenspur aus dem Benker
Sandstein (Keuper/Trias) Frankens-Coelurosaurichnus arntzeniusi n. sp.:
Lobbecke Museum und Aquarium Jahresberichte, v. 82, p. 47-51.

Retallack, G.J., 1996, Early Triassic therapsid footprints from the Sydney
basin, Australia: Alcheringa, v. 20, p. 301-314.

Riihle v. Lilienstern, H., 1939, Féhrten und Spuren im Chirotherium-Sandstein
von Siidthiiringen: Fortschrifte Geologie und Paldontologie, v. 12, no.
40, p. 293-387.

Rusconi, C., 1951, Rastros de patas de reptiles Pérmicos de Mendoza: Revista
de Historia y Geografia de Cuyo, Mendoza, v. 3, no. 3, p. 43-54.

Rusconi, C., 1967, Animales extinguidos de Mendoza y de la Argentina:
Mendoza, La Imprensa Oficial, 125 p.

Sarjeant, W.A.S., 1967, Fossil footprints from the Middle Triassic of
Nottinghamshire and Derbyshire: Mercian Geologist, v. 2, p. 327- 341.

Sarjeant, W.A.S., 1970, Fossil footprints from the Middle Triassic of
Nottingham and the Middle Jurassic of Yorkshire: Mercian Geologist, v.
3, p. 269- 282.

Sarjeant, W.A.S., 1996, A re-appraisal of some supposed dinosaur footprints
from the Triassic of the English Midlands: Mercian Geologist, v. 14, p.
22-30.

Sarjeant, W.A.S., 2000, The Mesozoic mammal footprint record reconsid-
ered: with an account of new discoveries in the Cretaceous of northwest-
ern Alberta, Canada: Paleontological Society of Korea Special Publica-
tion, v. 4, p. 153-168.

Schreiber, S., 1956, Faziesverhéltnisse des Buntsandsteins und Keupers bei
Kronach:Erlanger Geologische Abhandlungen, v. 22, p. 1-71.

Schultz, R.J., Lockley, M.G. and Hunt, A.P., 1994, New tracks from the
Moenkopi Formation at Glen Canyon National Recreation Area; in
Santucci, V.L., ed., The paleontological resources of the National Parks:



National Park Service Technical Report NPS/NRPO/NRTR-95/16, p.
60-63.

Schultz-Pittman, R.J., Lockley, M.G. and Gaston, R., 1996, First reports of
synapsid tracks from the Wingate and Moenave formations, Colorado
Plateau region: Museum of Northern Arizona, Bulletin 60, p. 271-273.

Seilacher, A., 1964, Biogenic sedimentary structures; in Imbrie, J. and Newell,
N., eds., Approaches to paleoecology. Wiley, New York, p. 296-316.

Sickler, F.K.L., 1834, Sendschreiben an Dr. Blumenbach {iber die hochst
merkwiirdigen Reliefs der Féahrten urweltlicher Tiere in den Hessberger
Steinbriichen bei Hildburghausen: Programm des Herzoglisch Gymnasi-
ums zu Hildburghausen, p. 1-16.

Sickler, F.K.L., 1835, Féhrten bei Hildburghausen: Neues Jahrbuch fur
Geologie und Paldontologie, v. 1835, p. 230-232.

Silvestri, S.M. and Szajna, M.J., 1993, Biostratigraphy of vertebrate foot-
prints in the Late Triassic section of the Newark basin, Pennsylvania:
reassessment of stratigraphic ranges: New Mexico Museum of Natural
History and Science, Bulletin 3, p. 439-445.

Sirna, G., Dalla Vecchia, F.M., Muscio, G. and Piccoli, G. 1994. Catalogue of
Paleozoic and Mesozoic vertebrates and vertebrate localities of Tre
Venezie area (north eastern Italy): Memorie di Scienze Geologiche, v.

87
46, p. 255-281.

Soergel, W., 1925, Die Fahrten der Chirotheria: Jena, Fischer, 78 p.

Staines, H.R.E. and Woods, J.T., 1964, Recent discovery of Triassic dino-
saur footprints in Queensland: Australian Journal of Science, v. 27, p. 55.

Szajna, M.J. and Silvestri, S.M., 1996, A new occurrence of the ichnogenus
Brachychirotherium: implications for the Triassic-Jurassic mass extinc-
tion event: Museum of Northern Arizona Bulletin, v. 60, p. 275-283.

Thulborn, T., 1998, Australia’s earliest theropods: footprint evidence in the
Ipswich Coal Measures (Upper Triassic) of Queensland: Gaia, v. 15, p.
301-311.

Watson, D.M.S., 1960, The anomodont skeleton: Transactions of the Zoo-
logical Society of London, v. 29, p. 131-208.

Weiss, W., 1976, Ein Reptilfihrten-Typ aus dem Benker-Sandstein und
untersten Blasensandstein des Keupers um Bayreuth: Geologische Blitter
fiir Nordost-Bayern und angrezende Gebiete,, v. 26, p. 1-7.

Weiss, W., 1981, Saurierfahrten im Benker-Sandstein: Geologische Blitter
fiir Nordost-Bayern und angrezende Gebiete,, v. 31, p. 440-447.

Willruth, K., 1917, Die Fdhrten von Chirotherium: Zeitschrift fiir
Naturwissenschaft, v. 86, p. 395-444.

Wing, S.L. and Sues, H-D., 1992, Mesozoic and early Cenozoic terrestrial
ecosystems; in Behrensmeyer, A.K., Damuth J.D., DiMichele, W.A.,
Potts, R., Sues, H-D. and Wing, S.L., eds., Terrestrial ecosystems through
time: Chicago, University of Chicago Press, p. 327-416.



