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Earliest records of
Batrachopus from the
southwestern United
States, and a revision
of some Early Mesozoic
crocodylomorph
ichnogenera

PAUL E. OLSEN anD KEVIN PADIAN

Introduction

During the field season of 1983, a field party
from the University of California investigated the
faunas of the Kayenta and Moenave formations in
northeastern Arizona, on lands of the Navajo and
Kaibab-Paiute nations. This fieldwork was a contin-
uation of paleontological, sedimentologic, and bio-
stratigraphic reconnaissance of the region begun in
1981 and supported by grants from the National
Geographic Society and the Museum of Paleontol-
ogy of the University of California (UCMP). Work
to date has been summarized by Clark and Fastovsky
(Chapter 23) and by Padian et al. (1982). The tracks
described here were discovered by J. M. Clark, and
collected by Clark, K. Padian, S. M. Gatesy, and
E. Cobabe. Upon arrival at Berkeley, the sandstone
slabs bearing the footprints were washed and cleaned
with a soft brush to remove dirt; latex molds of the
best preserved individual tracks and trackways were
made by Kyoko Kishi.

The purpose of this chapter is to describe these
tracks, the first southwestern records of the croco-
dylomorph ichnogenus Batrachopus. To do so, how-
ever, it has proved necessary to revise the ichno-
genus Batrachopus and other named ichnogenera,
mostly from the Newark Supergroup of eastern
North America. We also review the stratigraphic
distribution of trackways comparable to Batracho-
pus, and we conclude that the basis of first records
suggests correlation of the Dinosaur Canyon Mem-
ber of the Moenave Formation with the Early Ju-
rassic horizons of the Newark Supergroup.

The trackways described here were collected
from two different areas in the Dinosaur Canyon
Member of the Moenave Formation. The first lo-
cality, V85012, is some 500 m east of the type locality
of Protosuchus richardsoni (UCMP locality V3828)

near “‘Protosuchus Pillar,” worked by Barnum
Brown and field crews from the American Museum
of Natural History (AMNH) in 1931 and 1934. As
Colbert and Mook (1951) noted, eight Protosuchus
specimens came from the “Protosuchus Pillar”” area
in Dinosaur Canyon during those years; seven are
AMNH specimens, and the eighth is a UCMP spec-
imen (36717) discovered by Dr. S. P. Welles (lo-
cality V4120). From this same region, less than half
a kilometer south—southeast of Protosuchus Pillar,
six protosuchian skeletons and the first set of foot-
prints mentioned above were discovered within 100
m of each other by James M. Clark in 1983. The
tracks came from the base of a cross-bedded orange—
red sandstone bed, 1.5-3.0 m thick, with blue-white
spheres and burrows; the crocodile skeletons were
higher in this bed. Clark (UCMP field notes, 1983)
determined that the type specimen of Protosuchus
is from the next higher sandstone horizon, similar
to the lower bed but without cross bedding, and
separated from it by one meter of shaly sandstone,
brown with green—white spheres and tunnels. Clark
concluded, and we agree, that all the Protosuchus
localities in this area are much higher in the Moenave
Formation than Colbert and Mook (1951) realized:
Locally, the Moenave is a graded sandstone terrace,
above which the talus and cliffs of Dinosaur Canyon
rise. The cliffs are primarily formed of Kayenta
rocks, with a cap of Navajo Sandstone, and the
Moenave—Kayenta contact is probably within fifteen
meters of the highest occurrence of Protosuchus.
The second footprint locality, V84239, is about
two miles (3.5 km) south-southeast of the Land-
mark, north of Tanahakaad Wash, Coconino
County, Arizona, near the base of the Adeii Eechii
Cliffs. [A third record of Batrachopus, uncollected,
occurs in the Dinosaur Canyon Member of the

From: K. Padian (ed.), 1986 The Beginning of the Age of Dinosaurs, Faunal Change Across the Triassic-Jurassic
Boundary, Cambridge University Press, New York, p. 259-273.



Paul E. Olsen and Kevin Padian

Moenave Formation in Tanahakaad Wash, in as-
sociation with other skeletons of Protosuchus (J. M.
Clark pers. comm.).]

The footprints from both localities are pre-
served in slabs of coarse orange-red sandstone, badly
weathered and friable, up to 2 cm thick, interbedded
between layers of finer orange-red mudstone that
have been easily washed from the footprint-bearing
layers. In the first locality surveyed (V85012), about
0.4 m* of track-bearing sandstone was collected;
from the second locality (V84239), about 1.8 m’ were
collected. We took measurements and made com-
posite drawings of the manus and pes from latex
molds of the footprints. When we compared our
molds, drawings, and composites to specimens, pho-
tographs, and drawings of similar ichnites, we were
able to assign the new tracks to the ichnogenus Ba-
trachopus E. Hitchcock 1845, which was first rec-
ognized in the Early Mesozoic Newark Supergroup
of the Connecticut Valley.

As noted above, the purpose of this chapter
is to describe the Moenave footprints and to justify
their assignment to Batrachopus. We also discuss
their biostratigraphic significance, especially with re-
spect to the age of the Moenave Formation. In the
course of our study, however, it became clear that
the ichnogenus Batrachopus required substantial re-
vision and comment before any tracks could be re-
ferred to it.

The standard reference for Connecticut Valley
footprints is Lull (1915, revised 1953). Unfortu-
nately, several pervasive problems with Professor
Lull’s work must be frankly discussed, specifically
those dealing with diagnosis and reconstruction of
the trackways that constitute most of the paleover-
tebrate evidence of the Connecticut Valley. In many
cases, including the ichnogenus Batrachopus, Lull
incorrectly identified the type specimens designated
by Edward Hitchcock in the mid 1800s, and often
incorrectly recognized nominal priority. Lull’s in-
ferences about the possible trackmakers of most
tracks, including many badly preserved ones, have
generally stood up very well. On the other hand, his
drawings of the trackways are often not reliable.
They are less drawings of specimens than idealiza-
tions of footprint forms. In contemporary ichnol-
ogical work, composites of manus and pes are
normally made by comparing prints in a series, re-
versing and superimposing tracings of successive
tracks to ascertain their consistent features. It is clear
that Lull did not do this, and often (e.g., Lull 1953,
fig. 54) merely repeated reversed drawings of single
impressions to simulate trackways. His reconstruc-
tions of trackways suffer because he did not faithfully
reproduce three important components: the dis-
tances between manus and pes, the distances be-
tween successive left and right prints, and the
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orientation of manus and pes prints with respect to
each other and to the direction of movement. Fi-
nally, although he did recognize the importance of
ontogenetic growth to the relative proportions of
footprints (e.g., Lull 1953, pp. 295-307), it did not
seem to affect his acceptance of many of Hitchcock’s
form genera as valid, regardless of their similarities
to slightly larger tracks or of their unique features
resulting from substrate differences or poor pres-
ervation. To begin with, therefore, we will revise the
ichnogenus Batrachopus.

Figure 20.1. Trackways of Batrachopus deweyi.
Scale is 3 cm. A, Neotype trackway of Batracho-
pus deweyi (A.C. 26/5 and 26/6; locality unknown)
showing the impression of digit V in the first two
pedal impressions. B, Type trackway of B. “gra-
cilis” (A.C. 42/3; Turners Falis Sandstone of
Massachusetts).
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Early Mesozoic crocodylomorph ichnogenera

Systematic paleontology
Batrachopus E. Hitchcock 1845

E. Hitchcock 1845, p. 25

Sillimanius E. Hitchcock 1845, p. 24 (in part)
Palamopus E. Hitchcock 1845, p. 24
Anisopus E. Hitchcock 1848, p. 226
Cheirotheroides E. Hitchcock 1858, p. 130
Arachnichnus E. Hitchcock 1858, p. 117
Shepardia E. Hitchcock 1858, p. 131
Macropterna E. Hitchcock 1858, p. 24
Exocampe E. Hitchcock 1858, p. 142
Chelonoides E. Hitchcock 1858, p. 140
Sustenodactylus E. Hitchcock 1858, p. 116
Orthodactylus E. Hitchcock 1858, p. 114
Antipus E. Hitchcock 1858, p. 115
Comptichnus E. Hitchcock 1865, p. 9
Anisichnus C. H. Hitchcock 1871, p. xxi
Parabatrachopus Lull 1942, p. 421

Type species: Batrachopus deweyi
Included species: deweyi, parvulus, dispar
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Emended diagnosis:

Small quadrupedal archosaurian ichnite. The manus has
five toes and is usually rotated so that digit II points for-
ward, digit IV points laterally, and digit V points poste-
riorly. The pes is functionally tetradactyl and digitigrade.
Digit V of the pes, when impressed, is reduced to an oval
pad posterior to and nearly in a line with digit III. Digit
I11 of the pes is longest and digit I is shortest. (See Figs.
20.1, 20.2.) The pes length, from the base of digit I to the
tip of digit 1V, ranges between approximately 2 and
8 cm.

Geologic range:

?Latest Triassic (but see below), Early Jurassic, Newark
Supergroup of eastern North America: McCoy Brook For-
mation of Fundy Basin; Turners Falls Sandstone of Deer-
field Basin; Shuttle Meadow, East Berlin, and Portland
formations of Hartford Basin; Feltville, Towaco, Boonton,
and uppermost meter of Passaic formations, Newark Basin
(Olsen 1980a—c, 1981, 1983; Olsen and Baird 1982; Olsen

Figure 20.2. Type trackways of species synonymous with Batrachopus deweyi. Scale is 3 cm. A, Two parallel
trackways that make up the type of B. “gracilior” (A.C. 46/3; ?Turners Falls ss.; locality unrecorded). B, Type
trackway of B. “bellus” (A.C. 26/21; Turners Falls ss.). C, Two intersecting trackways that make up the type
of **Chirotheroides pilulatus™ (A.C. 34/37, Turners Falls ss.; locality unrecorded).
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and Galton 1984). Infra-Lias (?Hettangian) of Vendée,
France; Upper Stormberg Group (Early Jurassic) of south-
ern Africa; La Cantera Formation (Early Cretaceous) of
Argentina (see remarks and references in the section en-
titled Biogeographic and Stratigraphic Implications below).

Batrachopus deweyi

(E. Hitchcock 1843) E. Hitchcock

1845, emend.

Objective synonyms

Sauroidichnites deweyi E. Hitchcock 1843, p. 261,
Plate 11, Fig. 9

Batrachopus deweyanus E. Hitchcock 1845, p. 25

Anisopus deweyanus E. Hitchcock 1848, p. 226,
Plate 16, Figs. 5, 6; E. Hitchcock 1858, p. 60,
Plate 9, Fig. 3; Plate 41, Fig. 2; Plate 43, Fig.
1-2; Plate 53, Fig. 8; Plate 58, Fig. 11

Lull 1904a, p. 483; Lull 1915, p. 175, Fig. 32; Lull
1953, p. 237, Figs. 104-5

Subjective synonyms

Anisopus gracilis E. Hitchcock 1845; 1848, p. 228,
Plate 16, Figs. 3-4; E. Hitchcock 1858, p. 61,
Plate 9, Fig. 4; Plate 35, Fig. 5; Plate 36, Fig. 1;
Plate 43, Figs. 3-5; Plate 58, Fig. 9

Anisichnus gracilis C. H. Hitchcock 1889, p. 119

Batrachopus gracilis Lull 1904a, p. 484; Lull 1904b,
p. 381, Figure (“Probable footprint of Stego-
mosuchus longipes™); Lull 1915, p. 177, Fig. 34;
Lull 1953, p. 238, Fig. 107

Anisopus gracilior E. Hitchcock 1863, p. 54; E. H.
Hitchcock 1865, p. 6, Plate 1, Fig. 3

Anisichnus gracilior C. H. Hitchcock 1889, p. 119

Batrachopus gracilior Lull 1904a, p. 484; Lull 1915,
p. 177, Fig. 35; Lull 1953, p. 239, Fig. 108
(wrong specimen citation listed in Fig. 108, but
correct in text)
Apatichnus bellus E. Hitchcock 1858, p. 101, Plate
17, Fig. 6; Plate 35, Fig. 8; Plate 45, Fig. 6
Batrachopus bellus Lull 1904a, p. 485; Lull 1915,
p. 178; Lull 1953, pp. 239-40

Cheirotheroides pilulatus E. Hitchcock 1858, p. 130,
Plate 23, Fig. 4; Plate 36, Fig. 6; Plate 54, Fig.
3

Lull 1904a, p. 485; Lull 1915, p. 170, Fig. 37; 1953,
pp. 240-1, Figs. 110-11

Arachnichnus dehiscens E. Hitchcock 1858, p. 117,
Plate 20, Figs. 12-13; Plate 37, Fig. 2; E. Hitch-
cock 1865, p. 24, Plate 17, Fig. 2

Lull 1904a, p. 539; Lull 1915, p. 261, Fig. 122; Lull
1953, pp. 265-6, Figs. 140-1

Tentative subjective synonyms
?Comprichnus obesus E. Hitchcock 1865, p. 9, Plate
5, Fig. 4; Plate 18, Fig. 6; Lull 1904a, p. 538;
Lull 1915, p. 260, Fig. 121; Lull 1953, pp. 241-
2, Figs. 112-13. Holotype A.C. 55/5
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?Shepardia palmipes E. Hitchcock 1858, p. 131,
Plate 24, Fig. 2; Lull 1904a, p. 538; Lull 1915,
p- 260, Fig. 120; Lull 1953, p. 243, Fig. 114, Hol-
otype A.C. 33/47

?Palamopus palmatus E. Hitchcock 1841, p. 483,
Plate 34, Figs. 15-16. Holotype A.C. 27/3

?Palamopus gracilipes E. Hitchcock 1858, p. 129,
Plate 23, Fig. 6; Plate 34, Fig. 1. Holotype A.C.
35/23

?Palamopus rogersi E. Hitchcock 1841, p. 496, Plate
45, Fig. 41 (in part). Holotype A.C. 36/52

?Exocampe arcta E. Hitchcock 1858, p. 142, Plate
25, Figs. 5, 6, 10; Plate 49, Fig. 5. Holotype A.C.
35/24

?Exocampe ornata E. Hitchcock 1858, p. 143, Plate
25, Fig. 11; Plate 48, Figs. 1, 6. Holotype A.C.
39/69

?Exocampe minima E. Hitchcock 1865, p. 11, Plate
18, Fig. 3. Holotype A.C. 55/4

?Chelonoides incedens E. Hitchcock 1858, p. 140,
Plate 31, Fig. 3. Holotype A.C. 6/1

?Sustenodactylus curvatus E. Hitchcock 1858,
p. 116, Plate 20, Fig. 11; Plate 34, Fig. 3. Hol-
otype A.C. 34/43

?0rthodactylus floriferus E. Hitchcock 1858, p. 114,
Plate 20, Fig. 7; Plate 45, Fig. 2. Holotype A.C.
6/1

?0rthodactylus intro-vergens E. Hitchcock 1858,
p. 114, Plate 20, Fig. 8; Plate 51, Fig. 1. Holo-
type A.C. 34/32

?0rthodactylus linearis E. Hitchcock 1858, p. 115,
Plate 20, Fig. 9; Plate 48, Fig. 4. Holotype A.C.
27/15

?Antipus flexiloquus E. Hitchcock 1858, p. 115.
Plate 20, Fig. 10. Holotype A.C. 41/52

Neotype

A.C. 26/5 and 26/6 (counterparts) as given by Lull (1904a)
(see discussion, below, for details). Locality data unre-
corded, but matrix looks like East Berlin Formation, Hart-
ford Basin, at Mount Tom, Massachusetts.

Emended diagnosis

Batrachopus in which the complete manus impression is
about 75 percent of the length of the pes, including the
metatarsophalangeal pads. Pedal digits IV and II are sub-
equal in length, and the distal phalangeal pad of digit I is
approximately opposite the crease between the two most
proximal phalangeal pads of digit 11. The pes length, from
the base of digit I to the tip of digit IV, ranges between
approximately 2 and 6 cm.

Geologic range

?Latest Triassic (but see below), Early Jurassic, Newark
Supergroup: Portland, East Berlin, and Shuttle Meadow
formations of the Hartford Basin, Turners Falls Sandstone
of the Deerficld Basin, and Feltville, Towaco, Boonton.
and uppermost Passaic formations of the Newark Basin
(see references listed for the genus, above).
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Discussion

The first Connecticut Valley ichnite recognized as quad-
rupedal was named Sauroidichnites deweyi by E. Hitchcock
in 1843 (Plate XI, Fig. 9). The slab figured shows a partial
trackway and an isolated manus—pes set. No locality was
given for this specimen, and no number was given to it.
No slab matching its description is listed in E. Hitchcock’s
(1865) catalog of the Ambherst collection; the figured spec-
imen is not mentioned in the 1843 paper. Our attempts to
locate the specimen at Amherst have failed. Lull (1904a,
1915, 1953) cited a clearly different specimen (A.C. 26/5
and 26/6) as the type. This specimen also lacks locality data,
but Hitchcock did include it in deweyi in 1858. It is clear
from E. Hitchcock’s (1843) lithograph that digit I of the
pes is relatively longer than in B. parvulus (see below),
and in all ways it seems to belong to the same ichnospecies
as the slab that Lull designated as the type. Because the
type specimen appears to be lost, but the species is ap-
parently still valid, we accept as the neotype the specimen
that Lull believed was the holotype.

The neotype (A.C. 26/S and 26/6) of deweyi is an
excellent trackway with seven manus—pes sets that show
all the characters typical of the genus and species (sec Fig.
20.1A); it falls in the upper part of the known size range.
The two most posterior manus—pes impressions show a
well-defined pad for digit V, which we have occasionally
observed in other specimens referrable to the genus.

The species deweyi was originally included in the
higher group name Sauroidichnites. Hitchcock used higher
names. such as Ornithichnites and Sauroidichnites, not as
generic names of actual specimens, but rather as classifi-
catory ideals (Lull, 1915, pp. 171-2). Therefore, they do
not have priority over Batrachopus (see also Baird 1957).
In 1845, E. Hitchcock applied generic names to the spec-
imens themselves, with a clear table of synonymy. Included
in this list was the new genus Batrachopus, which included
the single species deweyanus (a new spelling of deweyi).
The date of establishment for Batrachopus is thus 1845. In
the same list, Hitchcock named two other genera, Silli-
manius and Palamopus, which we regard as subjective syn-
onvms of Batrachopus. They are poor specimens that
cannot be diagnosed to the specific level, and thus are
inappropriate as the basis of a genus.

Batrachopus gracilis (Fig. 20.1B) was also named
bv E. Hitchcock in 1845, but he did not figure or describe
it until 1848. The type specimen (A.C. 42/3) consists of a
long row of clear manus—pes sets. Digit I of the pes is
definitely longer than in B. parvulus, and its most distal
pad lies opposite the crease between the first and second
phalangeal pads of digit II (Fig. 20.3). The manus is about
75 percent of the pes in length. Apart from its smaller size,
longer pace, and the lack of impressions of digit V in the
pes. this form is identical to B. deweyi, and we thercfore
synonymize the two.

The type slabs of Batrachopus gracilior, B. bellus,
Arachnichnus dehiscens, and Cheirotheroides pilulatus con-
sist of trackways that show no appreciable differences from
Batrachopus deweyi other than size, when all of the manus—
pes sets are considered and their composites compared
(Figs. 20.1. 20.2, 20.4). We thus consider these taxa sub-
jective synonyms of B. deweyi. The differences among
them as illustrated by Luill (1904a, 1915, 1953) result from
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inaccurate renderings of isolated manus—pes sets that do
not represent entire trackways.

The ichnotaxa listed above as “‘tentative subjective
synonyms,”” as well as their objective synonyms (which Lull
listed in 1953), cannot be distinguished from Batrachopus
deweyi; unfortunately, the specimens are too poorly pre-
served for us to tell if they share all of the characters of
the genus and species B. deweyi.

Batrachopus parvulus

(E. Hitchcock 1841) E. Hitchcock

1845, emend.

Ornithichnites parvulus E. Hitchcock 1841, Plate 39,
Fig. 26.

Holotype

20/4 A.C., Ambherst College; collected from the sidewalks
of Middletown (E. Hitchcock, 1865) or Middlefield (Lull,
1915, 1953), Connecticut, by Dr. Joseph Barratt around
1835. (Middlefield was separated from Middletown in 1886;
the latter is more likely to have been paved with large
flagstones in 1835). Judging from town records, the slab,
which is of the same lithology as typical middle Portland
Formation sandstone, probably was excavated from the old
Portland quarry across the Connecticut River. This slab
also bears the holotype of Sauropus barrattii. No referred
specimens.

Emended diagnosis

Batrachopus distinguished by a very short pedal digit I,
with its most distal pad lying about opposite the most prox-
imal phalangeal pad on digit II. Digits IV and II are about
equal in their forward projection. The manus is about 71
percent of the length of the pes.

Geological range
Early Jurassic, Middle Portland Formation, Hartford
Basin, Newark Supergroup of eastern North America.

Discussion

What E. Hitchcock called Ornithichnites parvulus in 1841
was the first named ichnospecies of what he later called
Batrachopus. The trackway consists of two successive
manus—-pes impressions on the same slab as the type of
Sauropus barrattii (see Chapter 6). In 1843, when E. Hitch-
cock named Sauroidichnites deweyi, he recognized that par-
vulus might be the same sort of track. In 1845, when he
named Batrachopus, he did not list parvulus as one of the
species. In 1858, however, he explicitly synonymized par-
vulus with deweyi, and never mentioned parvulus after-
ward; in fact, in the 1865 Supplement to the Ichnology, E.
Hitchcock described the type specimen of parvulus as An-
isopus gracilis.

Examination of the type slab (Fig. 20.3) suggests
that parvulus is a determinate species, distinguished prin-
cipally by its shorter digit I. It comes from the middle
Portland Formation of the Hartford Basin, whereas all the
other type specimens of Batrachopus come from either the
Turners Falls Sandstone of the Deerfield Basin or the East
Berlin Formation of the Hartford Basin.
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Batrachopus dispar Lull 1904
Lull 1904a, p. 483, Fig. 2; Lull 1915, p. 176, Fig.
33; Lull 1953, p. 237-8, Fig. 106.

Holotype

21/7 A.C., Amherst College, from the Turners Falls Sand-
stone of Lily Pond, Gill, Massachusetts, Deerfield Basin,
Newark Supergroup. No referred specimens.

Emended diagnosis

Large Batrachopus, supposedly distinguished by a rela-
tively small manus impression, but the manus is too in-
complete for comparison.

Discussion

The type specimen of this species unfortunately has only
one well-defined manus impression, and it is very lightly
impressed: it shows only digits 11, III, and IV (not four
toes as shown by Lull 1904a, 1915, 1953) (Fig. 20.5). The
digits impressed are, however, as long proportionally as in
B. deweyi. Digits Il and IV are subequal. The apparent
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difference in manus size could result from the incomplete
manus impression in B. dispar. The pedes are identical,
except for size. The pes of B. dispar is roughly 60 percent
longer than that of B. deweyi and is the largest Batrachopus
in the Amherst collection. Because of the size difference
and the lack of complete information on the manus, we
provisionally retain dispar as a valid species pending the
description of better material.

Description of the Moenave

Formation specimens

The trackways collected from the Moenave
Formation (UCMP 130583-130596) are preserved in
slabs of coarse orange-red sandstone about 1.0-1.5
cm thick. Footprints are abundant on the slabs and
are usually impressed to a depth of 3-5 mm. All the
footprints appear to be of the same type, though
they range in size from about 20 to 60 mm pedal
length. Some tracks are poorly preserved and yield

Figure 20.3. Type of Batrachopus parvulus (A.C. 20/4; Portland Formation, sidewalk, Middletown, Connecti-
cut), a natural cast. A, Entire type slab, including the type of Sauropus barrattii (the larger, five-toed track),
the type of Batrachopus parvulus (on right), and several badly worn ?grallatorid tracks and possible tail drag
marks. Scale is 10 cm. B, Detail of Batrachopus parvulus trackway in A. Scale is 4 cm.
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little information; these are frequently the deeper
tracks. which suggests high water content and poor
substrate competence at the time the tracks were
made. Manus impressions are variably present and
are usually less distinct than pedal impressions.

All of the relatively clear footprints show the
same diagnostic characters of Batrachopus deweyi.
The line drawings of specimens in Figures 20.6 and
20.7. the composite restoration in Figure 20.8, and
the photographs in Figure 20.9 obviate long discus-
sion of characteristics. In all the manus—pes sets in
which the digits can be discerned, the manus is out-
wardly rotated and there is no impression of pedal
digit V in all but the deepest tracks. These features
are typical of Batrachopus. The manus is about 75
percent of the length of the pes, and the distal pad
of pedal digit I is approximately opposite the crease
between the two most proximal phalangeal pads of
digit I, as in Batrachopus deweyi.

Comparison of Batrachopus to

other ichnotaxa

As Baird (1954, 1957) noted, Batrachopus il-
lustrates the culmination of the large-scale trend,
visible through the early Mesozoic, of the reduction
in the significance of digit V in the dominant quad-

Figure 20.4. Composites of trackways of Batrach-
opus deweyi and B. dispar. Scale is 1 cm. All
drawn as right manus—pes sets. A, Composite of
slabs A.C. 26/5 and 26/6 (see Fig. 20.1A), type of
Batrachopus deweyi, showing impression of digit
V. B, Composite of type trackway of B. “gra-
cilis”, A.C. 42/3 (see Fig. 20.1B). C, Composite
of slab A.C. 46/3 (Fig. 20.2A), type of B. “‘gra-
cilior”. D, Composite of slab A.C. 26/21 (Fig.
20.2B), type of B. “bellus”. E, Composite of slab
A.C. 34/37 (Fig. 20.2C), type of *“Cheirotheroides
pilulatus”. F, Best manus—pes set of slab A.C. 21/
7 (Fig. 4), B. dispar.

G, g @
| |§@l
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Figure 20.5. Type slab of Batrachopus dispar
(A.C. 21/7; Turners Falls ss., Massachusetts). Ex-
traneous tracks, mostly Grallator spp., in dotted
lines. Scale is 4 cm.

Figure 20.6. Batrachopus deweyi from the Dino-
saur Canyon Member, Moenave Formation,
northeastern Arizona. Scale is 3 cm. UCMP speci-
men numbers 130587 (A), 130594 (B), 130586 (C),
130588-91 (D), 130592-3 (E), and 130596 (F).
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Figure 20.7. Trackways of Batrachopus deweyi from the Dinosaur Canyon Member, Moenave Formation,
northeastern Arizona. Scale is 3 cm. UCMP specimen numbers 130595 (A), 130585 (B), and 130584 (C) (also

shown in Fig. 20.11).

rupedal, nondinosaurian archosaur ichnofaunas
(Fig. 20.10). In Batrachopus, digit V is only very
rarely impressed, and when it is, only an oval pad
posterior to digit I11 is present. Otozoum (Fig. 20.10)
is considered a scaled-up, graviportal version of its
contemporary Batrachopus (Baird 1954, 1957). Bra-
chychirotherium, characteristic of the Late Triassic
horizons of the Newark and of the Early to Late
horizons of the German Keuper, has a slightly larger
pad for digit V that projects slightly laterally and is
present in almost all trackways. Chirotherium, dom-
inant in the Early and Middle Triassic, has the least
reduced digit V, and in most tracks it projects
strongly laterally and is usually recurved (Fig.
20.10).

Along with the loss of a functional digit V in
the pes, the manus of Batrachopus shows a greater
outward rotation than in any other nondinosaurian
archosaurs. The manus in Chirotherium and Bra-
chychirotherium are partially rotated outward, with
digit V pointing laterally in most trackways. In Ba-
trachopus, however, digit V of the manus usually
points backward. A similar orientation is seen in the
manus of the related crocodylomorph track Pter-
aichnus (Padian and Olsen 1984) and in the unre-
lated dinosaur track Anomoepus.

Figure 20.8. Composites of Batrachopus deweyi
material. Scale is 1 cm. All drawn as right manus—
pes sets. A, Composite of Moenave material,
based on material drawn in Figs. 20.6 and 20.7. B,
Composite of Newark Supergroup material, based
on material drawn in Figure 20.1-20.4. Note that
the impression of pedal digit V, as shown here,

occurs only rarely.
B
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To avoid confusion, we note that we are using
the terms *‘crocodilian” and “‘crocodylomorph” in
their osteotaxonomic sense. Crocodilians (= Cro-
codylia) include the traditional grades Protosuchia,
Mesosuchia, and Eusuchia (Romer 1966); Croco-
dvlomorpha includes Crocodylia plus their closest
relatives. the sphenosuchids and pedeticosaurs sensu
{ato (genera include, for example, Sphenosuchus,
Pedeticosaurus,  Saltoposuchus, Hesperosuchus,
Pseudhesperosuchus, Terrestrisuchus). The spheno-
suchids and pedeticosaurs are small, lightly built,
terrestrial. possibly bipedal forms. We will suggest
below that Batrachopus could have been made by a
crocodilian sensu stricto, but we are not sure about
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the other crocodylomorphs mentioned above, be-
cause their pedal structures are poorly known.
Therefore, the presence of noncrocodilian croco-
dylomorph bones in Late Triassic rocks does not
necessarily imply that Batrachopus would have been
present there as well.

Possible trackmakers of

Batrachopus

A pedal digit V reduced as much as it is in
Batrachopus is seen in several Mesozoic archosaurs,
including Lagosuchus (Romer 1972; Bonaparte
1975), Lagerpeton (Romer 1972), crocodiles, and

Figure 20.9. Photograph of UCMP 130584, Batrachopus deweyi, from the Moenave Formation, Dinosaur Can-
von Member, Arizona. Diameter of lens cap is 54 mm.

[ o S

Figure 20.10. Comparison of ichnites similar to Batrachopus, all drawn as right manus—pes sets. Scale is 1 cm.
A. Chirotherium barthi, from the Moenkopi Formation of Arizona (after Baird, 1957), Early Triassic.

B. Brachychirotherium parvum, from the Passaic Formation of New Jersey (after Baird, 1957), Late Triassic.
C. Batrachopus deweyi, from the Newark Supergroup. D, Alligator ?mississipiensis, drawn from lithograph in
Dean (1861: Plate 21), with manus and pes positioned according to trackways of Cairman sp. in Padian and
Olsen (1984). E. Otozoum moodii, from the Portland Formation of Massachusetts, drawn reversed from

A.C. 1514,
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dinosaurs. The basic form of the rest of the pes of
Lagosuchus and Lagerpeton is very different from
the form of the reconstructed pes of Batrachopus,
but the possibility cannot be eliminated that a very
primitive, as yet unknown dinosaur could have made
Batrachopus tracks. This is because Batrachopus re-
tains a number of features plesiomorphic to all ar-
chosaurs, which most dinosaurs modified, and which
today are found only in crocodiles: for example,
quadrupedality, five digits in both the manus and
pes, and four long toes with the third toe longest.

As reconstructed from the trackways, the
bones of the manus and pes of Batrachopus cannot
be distinguished from those of crocodilians. More-
over, the strongly out-turned, five-fingered manus is
definitely present in the tracks of modern crocodiles
(Dean 1861; Schaeffer 1941; Padian and Olsen
1984). [The five-fingered manus is also out-turned
in Anomoepus (Lull 1953, p. 194, Fig. 61), usually
considered an ornithischian track; however, the pes
is functionally tridactyl in the latter, which proves
that the two trackmakers were very different.] The
osteology of the manus and pes of Batrachopus, us-
ing the rules worked out by Peabody (1948) and
Baird (1954, 1957) strongly resembles those of both
modern and Early Mesozoic crocodiles (Fig. 20.11).
Finally, in both the Newark Supergroup and the
Glen Canyon Group, crocodile skeletons in the same
size range as Batrachopus occur in the same strata
(Protosuchus in the Moenave Formation of the Glen
Canyon Group and Stegomosuchus in the Newark).
In fact, J. M. Clark discovered six protosuchian skel-
etons less than 100 m from the Batrachopus track-
ways collected from locality V85012.
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The inferred association of Batrachopus with
crocodilian skeletons has an interesting history. Lull
(1904a) suggested that B. “gracilis™ (our B. deweyi)
is probably the trackway of Stegomosuchus longipes,
a small armored reptile known from a partial, in-
completely preserved skeleton discovered in the
Portland Formation near Longmeadow, Connecti-
cut. At first, the skeleton was referred to the small
aetosaur Stegomus, of which one species, S. arcu-
atus, was known from a much lower horizon in the
New Haven Arkose of New Haven, Connecticut.
Differences of the carapaces and limbs of the two
specimens convinced Lull to erect a separate genus,
and he did so noting the long foot of the new form,
which lacked a fifth free digit. He therefore sug-
gested (Lull 1904b, p. 381) the possible association
of Stegomosuchus with Batrachopus, regarding the
former (and hence the trackmaker of the latter) as
a quadrupedal “‘pseudosuchian” allied to the aeto-
saurs but distinctly different. As it turns out, Lull’s
view of the association appears to be a good infer-
ence, but Stegomosuchus, instead of aetosauroid,
is properly regarded as a crocodile (Walker 1968).
This supports our assessment on independent
grounds that Batrachopus is the footprint of a
crocodylomorph.

Itis important to note, however, that as strong
as the osteological resemblance is between the re-
constructed Batrachopus feet and those of proto-
suchid and modern crocodiles, the same resemblance
could be shared with many noncrocodilian croco-
dylomorphs, for which complete pedes have not
been preserved. Unfortunately, the foot is not well-
known in “paracrocodiles” (Walker 1970) in gen-

Figure 20.11. Comparison of reconstructed pes of (A) Batrachopus deweyi with (B) manus and pes of Alligator
sp. [from Romer (1956)], and with (C) manus and pes of Protosuchus richardsoni {from Colbert and Mook
(1951)]. Scale is 1 cm. All drawn as right manus—pes sets.
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eral. Terrestrisuchus, from the Late Triassic Car-
boniferous limestone fissure fills of Cowbridge,
Glamorgan, Wales (Crush 1984), is an exception be-
cause it appears to have a digit V with two small
phalanges. Batrachopus shows no evidence of pha-
langes on pedal digit V, although Chirotherium and
Brachychirotherium do, so we can presume to elim-
inate Terrestrisuchus and similar forms from consid-
eration as the trackmaker of Batrachopus. We
conclude that the trackmaker was most probably a
true crocodilian or a crocodylomorph with a pedal
digit V reduced to the state seen in crocodilians.

Stratigraphic implications

Batrachopus was originally discovered in a
sandstone slab probably from the East Berlin For-
mation of the Hartford Basin, Newark Supergroup,
and has since been found in nine additional forma-
tions in the Hartford and four other basins. In every
case, Batrachopus is restricted to horizons directly
below the oldest basalt and sediments interbedded
and above it. These horizons, long thought to be
Triassic in age, have been reassigned to the Lower
Jurassic on the basis of radiometric dating of the
basalt flows and by biostratigraphic correlation of
palynomorphic and vertebrate fossils (Cornet, Trav-
erse, and McDonald 1973; Olsen and Galton 1977,
Cornet 1977; Olsen 1980a—c; Cornet and Olsen
1985).

Footprints from three other regions have been
referred to Batrachopus. The stratigraphically oldest
form so ascribed is B. varians, from the Middle
Triassic of France (Demathieu 1970). The pes is pro-
portionally very similar to Batrachopus, specifically
B. deweyi, but the manus points straight ahead and
is not of the Batrachopus type, which Demathieu,
working only with Lull’s figures, could not have re-
alized. The existing material of B. varians suggests
to us a brachychirotheriid rather than a true
Batrachopus.

Another supposedly Middle Triassic form is
Batrachopus (Parabatrachopus) argentina (Lull
1942), from what Lull listed as the Paganzo Beds I11
of the Sierra de la Quijadas, Argentina. Lull also
described a species of Grallator, as Anchisauripus
australis, from the same beds. However, the basin
exposed in the Sierra de la Quijadas is the San Luis
Basin (see Anderson and Anderson 1970), in which
the Paganzo Beds proper do not occur. Instead, Sti-
panicic (1956) listed the track-bearing strata as Di-
vision III of the San-Luisense interval, and noted
similarities between this sequence and the Botucatu
Group of Brazil, which contains a lower sequence
of possible Early Jurassic age (Cordani, Kawashita,
and Filho 1978) and an upper sequence of lavas and
interbedded sediments of Early Cretaceous age.
However, the stratigraphy of the Batrachopus-
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bearing beds has since been revised (Criado Roque,
Mombru, and Moreno 1981; Bonaparte 1981), and
these beds are now recognized as from the La Can-
tera Formation (Flores 1969) of the Gigante Group.
The La Cantera Formation has produced a Neocom-
ian pollen assemblage and has, therefore, been reas-
signed to the Early Cretaceous (Yrigoyen 1975). The
La Cantera footprint faunule is completely separate
from the Triassic, Chirotherium-bearing Los Rastros
beds of the Ischigualasto—Ville Union Basin, with
which it is often listed (e.g., Haubold 1971).

Other occurrences of Batrachopus were re-
ported from the Infralias (probably Hettangian) of
Veillon, Vendée, France. Lapparent and Montanet
(1967) named these Batrachopus gilberti. These ap-
pear to be true Batrachopus and are indistinguish-
able from B. deweyi. Similar tracks occur in the
Upper Stormberg Group of southern Africa and
were named Plateotetrapodiscus rugosus, Suchopus
bakoenaorum, Molapopentapodiscus pilosus, and
Synaptichnium motutongense (Ellenberger 1970,
1974). Although the available material fits within the
range of variation known in Batrachopus trackways,
it has no diagnostic features; definite assignment to
that genus must await the discovery of better ma-
terial (Olsen and Galton 1984). The Upper Storm-
berg is thought to be of Early Jurassic age on the
basis of associated reptile and mammal remains, te-
trapod ichnofossils (Olsen and Galton 1977, 1984),
and some limited palynological information and ra-
diometric dates (Aldiss, Benson, and Rundel 1984).

The diagnostic features of the Batrachopus
trackways and their absence in earlier strata form
an interesting pattern.Virtually all Batrachopus re-
ported from eastern North America, Europe, and
South Africa occur in strata of Early Jurassic age,
where dates can be assigned or correlated on other
grounds. The one exception is a faunule with Ba-
trachopus from the uppermost meter of the Passaic
Formation, Newark Basin, Newark Supergroup. Ol-
sen and Galton (1977) and Olsen (1980a,b, 1983)
considered the age of this assemblage Late Norian
(Rhaetian of earlier authors). However, strata in the
same position in other parts of the Newark Basin
have produced good Early Jurassic palynoflorules,
in which the transition to Late Triassic palynoflorules
occurs some 10-20 m lower (Cornet 1977; Cornet
and Olsen 1985). The Passaic Batrachopus assem-
blage may, therefore, also be Early Jurassic (Het-
tangian) in age. This faunule overlies and is
completely distinct from the older Brachychirother-
ium—Apatopus footprint assemblage characteristic of
the rest of the Passaic Formation (Chapter 6), and in
all other biostratigraphic particulars is of typical
“Jurassic” aspect.

We conclude from the above that, apart from
the possibility that Batrachopus may yet be found in



Paul E. Olsen and Kevin Padian

horizons of latest Triassic age, its known distribution
is Hettangian to Neocomian (Early Jurassic to Early
Cretaceous). We qualify this generalization for sev-
eral reasons. Bones of crocodylomorphs are known
from sediments of Norian and younger age, although
at present records of crocodylomorphs with clearly
reduced fifth pedal digits are restricted to Hettangian
and younger sediments. Protosuchian crocodiles are
known from the Los Colorados Formation of Argen-
tina (Bonaparte 1971), which we regard as of Norian
age. Known protosuchians lack phalanges on the
fifth digit, so it can be presumed that Batrachopus-
type footprints could be found in horizons slightly
earlier that their known range. The Los Colorados
fauna is a good admixture of typical Norian and Lias-
sic faunal types, and could well be transitional. At
present, it provides the only datum suggesting poten-
tial extension of the known range of inferred track-
makers of Batrachopus, that is, crocodylomorphs
with reduced pedal digit V.

Age of the Moenave Formation

The Moenave Formation has long eluded a
well-founded assessment of age; various proponents
have argued for either a Late Triassic or an Early
Jurassic age based on isolated factors (reviews in
Harshbarger, Repenning, and Irwin 1957; Pipiringos
and O’Sullivan 1978; Peterson and Pipiringos 1979).
The Glen Canyon Group, which includes the Win-
gate, Moenave, Kayenta, and Navajo formations,
has yielded relatively few fossils of any kind until
recently, and there are as yet no radiometric age
determinations for any part of the Glen Canyon
Group. However, recent palynological investiga-
tions of the Whitmore Point Member of the Moen-
ave Formation have provided indications that the
Glen Canyon Group, with the exception of the basal
Rock Point Member of the Wingate Formation (see
below), is probably entirely Jurassic in age. Based
on a series of comparisons of Whitmore Point pollen
to pollen from the Newark Supergroup (detailed in
Peterson and Pipiringos 1979, pp. 31-3), Bruce Cor-
net and his colleagues have correlated the Moenave
locality with the upper—lower to lower—-middle part
of the Portland Formation of the Newark Super-
group, which is late Sinemurian to early Pliensba-
chian in age (Peterson, Cornet, and Turner-
Peterson 1977). Cornet based these determinations
both on the predominance of striate Corollina, the
principal palynomorphic indicator of Liassic hori-
zons in Europe, and on the presence of forms ref-
erable to Corollina itunensis, Chasmatosporites
apertus, and Callialasporites, known only from Lias-
sic and younger strata (the first species only from
middle Liassic and younger rocks). Peterson and Pi-
piringos agreed with Cornet’s conclusion that the
entire Glen Canyon Group above the Rock Point
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Member of the Wingate Formation was Liassic in
age (middle Sinemurian to late Toarcian). However,
it should be mentioned that the Whitmore Point
Member, from which pollen samples were taken, is
stratigraphically just above the Dinosaur Canyon
Member, from which the Protosuchus and Batra-
chopus were collected (Harshbarger et al. 1957).

Unfortunately, repeated attempts to find ad-
ditional palynofloras have failed. In 1981, Carol Hot-
ton of the UCMP field party collected twenty-eight
pollen samples and tested nine others from the Ka-
yenta Formation of northeastern Arizona, all of
which proved barren (Chapter 23; Padian et al.
1982). Two samples from the Whitmore Point Mem-
ber of the Moenave Formation were tested, but only
the one from the locality sampled by Cornet proved
fossiliferous. The predominance of striate Corollina
suggested a Lower Jurassic age. In the sample she
studied, Hotton did not find Corollina itunensis or
Callialasporites, but also found no taxa characteristic
of Late Triassic European horizons. Although fur-
ther testing is always desirable, we accept the Liassic
determination of Peterson, Cornet, and Turner-
Peterson, in view of the high correspondence of the
Moenave and Portland palynofloras.

Vertebrate fossils from the Moenave have also
been sparse; Clark and Fastovsky (Chapter 23) re-
view the fauna. The crocodile Protosuchus, one can-
didate for the Batrachopus trackmaker, has been the
most common vertebrate fossil collected. Eight spec-
imens were recovered from the Dinosaur Canyon
Member of the Moenave Formation by field parties
from the American Museum of Natural History and
the Museum of Paleontology of the University of
California between 1931 and 1941. In 1983 the
UCMP field party, as mentioned above, found six
other skeletons less than half a mile from the original
Protosuchus locality. These, like the other speci-
mens, were found near the top of the Moenave For-
mation, close to its contact with the Kayenta
Formation. Considerably lower in the Whitmore
Point Member, at the same pollen locality discussed
above, J. M. Clark and members of the UCMP field
party collected bone scraps of fishes and reptiles in
1981 and 1983. These included the first records of
turtles (a partial shell) and theropod dinosaurs (a
vertebra) from the Moenave Formation. The sub-
holostean fish Semionotus and the conchostracan Cy-
zicus have also been collected from the Whitmore
Point Member (discussed in Olsen, McCune, and
Thomson 1982), and several species referable to Se-
mionotus (including Lepidotes) have come from the
Springdale Sandstone or upper Dinosaur Canyon
Member farther north (review in Harshbarger et al.
1957). S. P. Welles and other UCMP investigators
have collected similar fish remains from the Moen-
ave Formation near Kanab, Utah.
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None of the paleovertebrate taxa recovered
from the Moenave Formation is diagnostic of Trias-
sic or Jurassic horizons. Therefore, the age of the
Moenave should not be based only on vertebrate
correlations. However, given the abundance of
Moenave crocodiles, and the absence of Late Trias-
sic crocodiles or crocodiloid tracks anywhere in the
world except for the questionably dated Los Colo-
rados Formation of South America (Cornet and Ol-
sen 1985), we suggest that the Batrachopus-bearing
horizons may be correlative and of Early Jurassic
age (Peterson et al., 1977). This inference seems to
be supported by a strong correspondence between
Moenave and Portland palynofloras. In addition,
there is a marked universal nonconformity near the
base of the Glen Canyon Group, separating the
Rock Point Member of the Wingate Formation
(which intergrades with the uppermost Chinle For-
mation) from the Lukachukai Member of the Win-
gate [which intergrades with overlying Kayenta and
Navajo Formations in an apparently continuous se-
quence of deposition (Pipiringos and O’Sullivan
1978)]. The Rock Point Member has yielded typical
Late Triassic Chinle vertebrates, a fauna much dif-
ferent from those of overlying Glen Canyon sedi-
ments. Although there is no evidence either way for
the age of the earliest Moenave and Wingate de-
posits, the possibility exists that this unconformity
discussed by Pipiringos and O’Sullivan separates the
available Triassic and Jurassic records in the south-
western United States. At this point, all available
evidence points to an Early Jurassic age for the Glen
Canyon Group proper, excluding the Rock Point
Member, and including the vertebrate—, footprint-,
and pollen—bearing horizons discussed here.

Note added in proof

Fr. Giuseppe Leonardi, the eminent Brazilian
paleoichnologist, has recently informed us that Ba-
rrachopus has been discovered in the Prado region
of southwestern Colombia, in sediments dated by
ammonites as late Norian (below the traditionally
recognized “Rhaetian”) in age. This information
corresponds to our prediction in this paper that foot-
prints of crocodylomorphs, such as Batrachopus,
would be discovered in sediments from the Late
Triassic (Norian), from which age skeletal material
of crocodylomorphs has been known for some years.
At the same time, if this new record is correctly
identified, it extends the stratigraphic range of Ba-
rrachopus. which by itself can no longer be regarded
as evidence for a maximal Jurassic age. The foot-
prints described to us by Fr. Leonardi have not yet
been published; it will be interesting to see the de-
gree to which they conform to known records of
Barrachopus from sediments of Jurassic and later

age.
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