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DEDICATION TO NORMAN J. SILBERLING AND E. TIMOTHY TOZER

It is both an honor and a pleasure to dedicate this volume to Norm Silberling and Tim Tozer, two of the great
knights errant of the Triassic timescale. Nearly 30 years ago, in 1968, Norm Silberling and Tim Tozer published one of
the classic mileposts along the path to a global Triassic timescale. Titled “Biostratigraphic classification of the marine
Triassic in North America” (Geological Society of America, Special Paper 110), this work owed much to Norm and
Tim’s immediate predecessors, Si Mueller and Frank McLearn, who had amassed much of its underlying data. Nev-
ertheless, it was Norm and Tim’s masterful synthesis that established a standard Triassic ammonite zonation that has
been tested and elaborated for decades and is still central to many aspects of the ongoing work on the Triassic
timescale.

Born 28 November 1928 in Oakland, California, Norm Silberling grew up and was educated in northern
California, ultimately receiving a Ph.D. in geology from Stanford University in 1957. Norm was a student of the
legendary Si Mueller, who followed James Perrin Smith (Mueller’s thesis advisor) in developing the phenomenal
record of Triassic ammonoids known from Nevada. Before finishing his Ph.D., Norm saw service in the Korean War,
where he was awarded two combat stars. After the Ph.D., his professional career began on the faculty of Stanford
University, and then he moved in the 1970s to working for the U. S. Geological Survey, firstin Menlo Park, California,
then in Washington, D. C., and finally in Denver, Colorado, where he retired in the mid-1990s.

During Norm’s scientific career he was never far from Nevada, though both Alaska and, ultimately, New
Zealand also became field areas. From the 1950s through the 1970s, Norm’s research evolved from ammonoid
biostratigraphy to regional stratigraphy and ultimately into tectonics. Indeed, Norm was one of the key players in
developing an understanding of what are variously called suspect (or allochthonous, or accreted or displaced) terranes,
particularly based on his Alaskan work. His application of the terrane concept to the geology of western Nevada
revolutionzed our understanding of the Mesozoic geological history of the Great Basin. Indeed, it is fair to say that
Norm’s contributions to tectonics are at least equal to his work on Triassic biostratigraphy.

Thus, Norm Silberling has really had two careers as an earth scientist and contributed more to both than most
contribute to a single career. He truly stands as one of the twentieth century’s most important Triassic ammonite
biostratigraphers, one of its most perceptive tectonicists and one of the most accomplished students of the geological
history of western North America.

I (Spencer Lucas) worked with Norm in Sonora, Mexico, during the mid-1990s. Together, we collected the
first Early Triassic ammonites found in Mexico, and Norm brought great clarity and wise caution to interpretation of the
structural morass of the Caborca terrane from which lesser observers have mostly conjured tectonic fantasy. I can truly
say that Norm is a fine gentleman and a gentle soul—soft spoken and well spoken, but with a penetrating intellect and
vast experience that made him one the most valuable field collaborators of my career.

Tim Tozer was born 13 January 1928 in Potters Bar, England. In the 1940’s, the family moved to Canada
where Tim completed high school, after which he returned to the UK to attend University at Cambridge. After gradu-
ating in 1948, Tim travelled back to Canada to undertake PhD studies at the University of Toronto (1952), and then
work as a lecturer at the University of Western Ontario (1948-1952). Starting in 1952, Tim then began over a half-
century of work with the Geological Survey of Canada, first in Ottawa and later in Vancouver.

Tim’s early research work in Canada involved Cretaceous-Paleocene nonmarine molluscs, but his interest
became firmly focussed on the Triassic after meeting Frank McLearn, a GSC colleague and leading authority on the
Triassic and its ammonoids, who retired the year Tim joined the GSC but kept active writing and mentoring Tim. Tim’s
first exposure to Triassic rocks was in the southern Yukon where he spent the 1953 season studying the Lewes River
Group. That same year, he visited Cowichan Lake on Vancouver Island with George Jeletsky, and then Tyaughton
Creek in south-central B.C. with Howard Tipper, both crucial areas for latest Triassic biochronology.

The major focus of Tim’s fieldwork from the mid 1950’s was not in the Cordillera but in the far north. Together
with Ray Thorsteinson, a contemporary from the University of Toronto, he was to spend a decade exploring the
Canadian Arctic Archipelago (1954-1964). This was pioneering work. The geology of the Arctic was largely un-
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known, and Tim and Ray mapped vast tracts of the islands for the first time, establishing, among other things, the
Mesozoic-Tertiary stratigraphy of the Sverdrup Basin. For Tim, this began with a 6 month field season by dog and sled;
only later did Piper Super Cub aircraft become the mode of transport. Tim went on to establish the Lower Triassic
stages and to define their constituent ammonoid faunas. This was to become the North American standard
chronostratigraphy: Griesbachian, Dienerian, Smithian, and Spathian, aptly named after Arctic creeks that he had first
named to commemorate distinguished researchers of the Lower Triassic.

Tim began work in northeast British Columbia in 1960, with a raft expedition on the mighty Liard River. This
provided much Middle Triassic data to add to his knowledge of the Lower Triassic of the Arctic. In 1964, he visited
Peace River Valley, treading in McLearn’s footsteps and building on his legacy. Collaborative work with Norm Silberling
began at this time — they were together in B.C. in 1965. Tim and Norm pushed forward with the marriage of Canadian
and US Triassic data in a way that Si Muller and Frank McLearn never achieved simply because they never met. Tim
was now in a position to produce his classic “Standard for Triassic Time” (1967), and shortly after that the joint
landmark paper with Norm Silberling.

Tim travelled the world far and wide studying Triassic rocks and ammonoids, mastering his subject and meeting
key players in the Triassic world. His fascination with the personalities of 19" century Triassic studies gave Tim’s
research a depth that few achieve — a view of the people behind the science. His famous ‘pink book’ - for which a GSC
‘Miscellaneous Series’ publication was invented! - lays out the unfolding drama of “The Triassic and its ammonoids:
The Evolution of a Time Scale.” This scholarly masterpiece is highly recommended reading.

Tim’s foreign travels and international liaisons enriched his science with wide ranging correspondents and oppor-
tunities to host visiting scientists. It was during one such visit in the late 1970’s with a Chinese colleague that he flew
over Williston Lake to view the drowned Peace River Valley where Frank McLearn had worked in the 1930’s, and
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that he had followed in 1964. It was here that Upper Triasssic ammonoid zonation was carefully pieced together prior

to the valley being dammed and flooded (1967). Rather than see only remnants of the former outcrops, Tim was
startled to see new exposures around the entire lake shore. He wasted no time and immediately planned fieldwork that
I (Mike Orchard), having recently joined the GSC, was fortunate enough to become involved with: the following year
(1980) Tim and I set off to explore entirely new, ‘virgin’ outcrop - ‘dripping with ammonoids and bursting with
conodonts’! This was undoubtedly the highlight of my early years with the GSC and hugely exciting for Tim, who now
saw the somewhat synthetic ammonoid zonation laid out in clear succession. This was to be the beginning of our long
collaboration intercalibrating the ammonoid and conodont scales. Over the next two decades we re-visited many of
the sites in B.C. that Tim now knew to be pivotal in his biochronology, and some new ones like the Queen Charlotte
Islands, where the pioneering George Mercer Dawson worked in the 1870’s. On that occasion, Tim used Dawson’s
original field notes to locate unique localities — typical of Tim’s scholarly approach. It was Tim’s ammonoid zonation
that truly laid the foundation for advancement in conodont biochronology. The impact of Tim’s work is manifest in his
monumental 1994 work “Canadian Triassic ammonoid faunas”.

Tim’s knowledge of Triassic rocks throughout western Canada eventually led to his consideration of Cordille-
ran tectonics. Why were there reefs in the Yukon and anomalous distributions of certain fossils? Tim is credited with
introducing the notion of transported fossil assemblages, and in 1982 he represented his views in a landmark paper
assessing plate and terrane movements in which he proposed paleolatidudes for circum-Pacific allochthonous ter-
ranes.

Tim’s career achievements were recognised in 1989 by his paleontological peers when he received the Elkanah
Billings Medal, awarded by the Geological Association of Canada for lifetime achievement in paleontological research.
Four years later he received a rare honour with an appointment to membership of the Order of Canada, awarded by
the Governor General of Canada for contributions “to our knowledge of the stratigraphy and structure of the Arctic
Islands and the physical and biological state of our earth during the Triassic Period”. Truly deserved.

—Spencer G. Lucas and Michael J. Orchard
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At the aftermath of the end-Permian mass extinction, Panthalassan ocean chemistry underwent profound changes,
as outlined by geochemical, sedimentological and paleontological observations. The Early Triassic carbon, sulfur,
nitrogen and strontium isotope records show patterns that, in concert, are unprecedented in earth history. The Early
Triassic carbon isotope record is marked by three positive excursions, all located at, or close to stage/substage bound-
aries—Dienerian-Smithian (Induan-Olenekian), Smithian-Spathian, and Spathian-Anisian (Olenekian-Anisian)—as
reported previously from sites located in the Tethyan realm. Carbon isotope data from marine sequences on the
western margin of the North American continent show an identical pattern, confirming the global nature of Lower
Triassic carbon isotope fluctuations. All three excursions are present in the Ursula Creek section in Northeast British
Columbia (Williston Lake), and fully or partially recorded in several sections within the Thaynes Formation outcrop in
the Western United States (Utah, Nevada and SE Idaho). As in the Tethys, these carbon isotope excursions stand out,
not only by their abruptness, but also by their extreme magnitude, comparable only with Precambrian and Early
Cambrian counterparts.

The high abundance of organic matter throughout the Ursula Creek section allowed us to provide a continuous
nitrogen isotope profile for the entire Early Triassic and part of the Anisian. The 8'°N values are relatively constant for
most of the section, but display a negative excursion of 1.5%o across the Olenekian-Anisian boundary, mirroring the
carbon isotope excursion. It indicates increased nitrate availability, consistent with the onset of an upwelling system
indicated by the presence of phosphate nodules. While the nitrogen isotope anomaly is likely to be local, confined to
the North American upwelling zone, it suggests a sudden increase in ocean productivity, in agreement with a positive
excursion in carbon isotopes. Another remarkable feature of the Early Triassic stable isotope record is represented by
alarge sulfurisotope shift, as recorded in sedimentary sulfates, though its timing and relationship to the carbon isotope
record is not well defined. Sulfurisotope profiles in the Moenkopi Formation in SW Utah and N Arizona show a major
increase in $*S values from approximately 11%o in the Lower Red Member (Smithian) to values as high as 30%o in the
Shnabkaib Member (Spathian). §**S values from the younger (Lower Anisian?) Moqui Member are relatively low,
around 10%o, indicating a return to initial values and thus defining a positive excursion within the Spathian, possibly
spanning the Spathian-Anisian boundary. Tentative correlations with the carbon isotope record from the Thaynes
Formation, due to interfingering relationships between the Thaynes and Moenkopi formations, indicate a decoupling of
the carbon and sulfur isotope cycles during the Smithian and Spathian (Olenekian). Although it s difficult to reconstruct
a scenario that would account for all geochemical anomalies described above, the stable isotope record is consistent
with an Early Triassic stratified, stagnant ocean, low latitudinal temperature gradients, large carbon isotope gradients
between deep, anoxic and surface waters, and increased sulfate reduction in the anoxic zone that would lead to large
fractionation of sulfur isotopes and formation of residual brines enriched in *'S. A reorganization of the ocean circulation
system and onset of vigorous upwelling currents at the end of the Early Triassic would mark the return to normal
conditions and final recovery after the end-Permian mass extinction.
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THE TRACHYCERATIDAE FROM SOUTH CANYON (CENTRALNEVADA):
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Abstract—South Canyon, type locality of the Lower Carnian Trachyceras desatoyense Zone of the North
American Standard Scale, has been extensively sampled utilizing a bed-by-bed approach. The ammonoid rich
Middle Member of the Augusta Mountain Formation (Star Peak Group) has been sampled at five sites, and
preliminary data are presented. Suture line analysis permits the identification of the genus Daxatina from the lower
part of the Middle Member and subsequently, this genus is reported for the first time from South Canyon.
Trachyceras, also identified on the basis of its suture line, definitely occurs in the higher part of the studied interval,
about 50 m from the base. This discovery of Daxatina, a genus almost identical to Trachyceras except for its
ceratitic suture line, brings into question the definite taxonomical position of Trachyceras desatoyense Johnston,
1941, a species whose suture line is not known. Taxonomical analysis of South Canyon Trachyceratidae is also
complicated by the very common occurrence in both Daxatina and Trachyceras of a preseptal layer, an inner layer
of the test that tends to smooth the internal mold with respect to the outer surface of the test. The occurence of
Daxatina, in conjunction with conodont and daonellid faunal analyses, support the correlation of the lower part of

the Middle Member with the Upper Ladinian Frankites sutherlandi Zone of British Columbia.

INTRODUCTION

By tradition, the chronostratigraphy of the Triassic is mostly
based on ammonoids, which provide the highest power of biochronologic
resolution for the study of marine successions. This distinctive advan-
tage of the ammonoids also holds true for resolving one of the major
chronostratigraphic problems of the Upper Triassic Series, i.e., the defi-
nition of the GSSP of the Carnian Stage. Up till now only one candidate
marker for this boundary has been suggested, and this is the appearance
of the ammonoid Daxatina cf. canadensis at Prati di Stuores-Stuores
Wiesen, in the Dolomites, Italy (Broglio Loriga et al., 1999). The
correlatability of this particular bioevent and its calibration with con-
odont and bivalve events are still under evaluation. South Canyon (cen-
tral Nevada, Fig. 1) is one of the three most interesting areas for the
definition of the GSSP of the Carnian Stage, and the other site is the Spiti
Valley (Tethys Himalaya, northern India; Balini etal., 1998,2001). South
Canyon is of great interest because it is the key-locality for interconti-
nental correlation with North America. However, ammonoids from this
site were never studied with a bed-by-bed approach. Because of the great
importance of this site, a joint research program based on bed-by-bed
sampling of ammonoids, conodonts (M.J. Orchard) and bivalves (C.A.
McRoberts) was started in 2002. A summary of the new data is pre-
sented in the Field Trip Guidebook (Balini et al., 2007), and the con-
odonts are described by Orchard and Balini (this volume). Herein, we
describe in more detail certain facts and taxonomic problems concerning
a key group for the definition of the Ladinian-Carnian boundary, i.e., the
ammonoids of the Family Trachyceratidae Haug, 1894.

IMPORTANCE OF SOUTH CANYON FOR
THE NORTHAMERICAN TRIASSIC

For more than 60 years South Canyon has been regarded as the
best locality for the Lower Carnian in North America. It is the type
locality of the Trachyceras desatoyense Z.one, the first zone of the Lower
Carnian of the North American Standard Scale (Silberling and Tozer,
1968; Tozer, 1994; Fig. 2), that is based on the ammonoid “fauna” des-
cribed by Johnston in 1941. This “fauna” is of high diversity, consisting
of 13 genera, 17 new species (among them Trachyceras desatoyense),
and 5 taxa in open nomenclature, but until the work of Tozer (1994) it
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FIGURE 1. Location map of South Canyon in the New Pass Range (central
Nevada).

had not been recognized elsewhere in North America. Its position within
the North American Standard Scale was not easy to define, and a few
refinements were required (see also Balini et al. 2007, fig. 3). Johnston
(1941) correlated the “fauna” with the Lower Carnian Trachyceras aon
or Trachyceras aonoides zone of the Tethyan Triassic, but its position
with respect to the typical Upper Ladinian ammonoid zones was not
recognized until 1968, when Silberling and Tozer discovered elements of
the Frankites sutherlandi Zone, the uppermost zone of the Upper
Ladinian, several hundreds of feet below the Trachyceras desatoyense
“fauna”. The position of the Trachyceras desatoyense zone with respect
to the other Carnian ammonoid zones was even more difficult to clarify.
In 1968 Silberling and Tozer suggested time equivalence with the
Trachyceras obesum Zone of British Columbia, a poorly documented
zone also containing Trachyceras s.s. ammonoids (Tozer, 1967, Silberling
and Tozer, 1968). This poorly defined zone was later revised by Tozer
(1981 and 1994); Trachyceras obesum was moved to Austrotrachyceras
Krystyn, 1979, and the discovery in British Columbia of a few
Trachyceras desatoyense specimens below the Austrotrachyceras obesum
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Ammonoid Zone Type locality
<Zt Sirenites nanseni Ewe Mountain, BC
S| o
E g Austrotrachyceras obesum Ewe Mountain, BC
< |
(6] Trachyceras desatoyense South Canyon, Nevada
5 Frankites sutherlandi Boiler Canyon, BC
Z 2 . .
3 % Maclearnoceras maclearni Fossil Gate, BC
j Meginoceras meginae Boiler Canyon, BC

FIGURE 2. The North American Upper Ladinian—Lower Carnian ammonoid
Standard Scale (Tozer, 1994). Except for the Trachyceras desatoyense Zone
(shaded area) all zones are defined in British Columbia (BC).

Zone, definitively established the position of the 7’ desatoyense Zone as
lowermost Carnian, below the A. obesum Zone.

THE STRATIGRAPHIC SUCCESSION AT SOUTH CANYON

The Triassic succession at South Canyon was briefly described
by Silberling (1956). In 1977 Nichols and Silberling discussed
lithostratigraphic classification and correlation, and they slightly modi-
fied the lithostratigraphy of the section. Figure 3 shows the synthetic log
of the Triassic succession (see Balini et al., 2007, for descriptions of the
lithofacies). Basically, the Augusta Mountain Formation is subdivided
into three members. The Lower Member consists of thick-bedded to
massive coral limestones, with intercalations of conglomerates in the
lower part, and of shales in the upper part. The top of the Lower Mem-
ber is very peculiar and consists of well bedded coquina-like brachiopod
limestone beds, which testify to the drowning of the carbonate platform.
The Middle Member, consisting of alternating marls and limestones, is
capped by massive limestones of the Upper Member, which record the
onset of carbonate platform conditions.

The Augusta Mountain Formation is rather fossiliferous. Fora-
minifers (Gazdzicki and Stanley, 1983), cnidarians (Roniewicz and
Stanley, 1998) and bivalves (Waller and Stanley, 2005) were reported
mostly from the Lower Member. Brachiopods are very abundant at the
top of the member, but they have not been studied. Conodonts were
reported from the Middle Member by Mosher (1968). Ammonoids oc-
cur in two fossil bearing intervals (Silberling and Tozer, 1968). The lower
occurrence, recorded within the Lower Member (USGS Locality M2559),
provided ammonoids representative of the Frankites sutherlandi Zone,
while the upper occurrence, documented in the lower part of the Middle
Member (USGS Locality M2560), is the stratum typicum of the
Trachyceras desatoyense Zone. New data regarding ammonoids, con-
odonts and bivalves from the lower part of the Middle Member are
briefly described by Balini et al. (2007) and by Orchard and Balini (this
volume).

THE STUDIED SECTIONS
Sections

South Canyon is oriented approximately W-E and the Triassic
succession strikes 120°-140° SE and dips 40°-60°SW. The beds dip with
the slope on the northern side of the canyon, whereas they dip against
the slope on the southern side. Details on the distribution of the out-
crops are illustrated in Balini et al. (2007), but here we simply summa-
rize that the Middle Member is soft weathering and is not very well
exposed. The best outcrops are located on the northern side of the can-
yon (WGS84 coordinates 39°36°N, 117°30°W) because the debris cover
is thinner than on the southern side. Natural outcrops are scattered, and
bed-by-bed sampling of the stratigraphic section usually requires the
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FIGURE 3. The Triassic succession at South Canyon. The stratigraphic
section is slightly modified from Silberling (1956). The position of USGS
localities M2559 and 2560 is described in Silberling and Tozer (1968).

removal of debris. Five sites were sampled during four field excursions
from 2001 to 2006. These sites (labelled A, B, D, E and F) are distributed
over a distance of less than 500 m along strike. The stratigraphic intervals
exposed at the five sites are shown in Figure 4. Site A is more or less
equivalent to USGS locality M2560 (N.J. Silberling, personal commun.
to MB and JJ, 2001).

Lithology

The upper part of the Lower Member and the lowermost 70 m of
the Middle Member can be subdivided into the following four lithologic
intervals (see also Balini et al., 2007; Fig. 4):

1) Lower Member. Gray crinoidal packstones in 20 to 50 cm thick
beds.

2) Lower Member. Gray bioclastic, brachiopod rich, packstones
in 10 to 20 cm thick beds, with rare marly interbeds. Thickness about 7
m.

3) Middle Member. Monotonous alternation of light gray to dark
gray bioclastic marly mudstones and wackestones with gray marls. The
mudstones-wackestones usually contain varying amounts of ammonoids,
and sometimes brachiopods and bivalves. Brachiopods are more com-
mon in the lowermost part. Thickness about 65 m.

4) Middle Member. Interval dominated by gray mudstones in 30
to 50 cm thick beds, with some intercalations of up to 60 cm thick
intervals of marly mudstones/calcareous marls in 1 cm thick beds and
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FIGURE 4. The lowermost part of the Middle Member of the Augusta
Mountain Formation on the northern side of South Canyon showing the
position of the stratigraphic intervals sampled at sites A, B, D (2), E and F,
as well as the faunal composition of some cephalopod assemblages. Numbers
at the right of the faunal bars show the designation number of the sample
(section and # of bed) and, in parentheses, the total number of cephalopod
specimens in the sample.

with marls.

Lithologic intervals 1-2 and 4 are much better exposed than the
soft weathering interval 3, and have been used to define and compare the
relative position of the studied sections.

Sampling

Sampling was conducted utilizing a bed-by-bed approach. All
naturally or artificially exposed beds at the five sites were sampled.
Occasionally, some beds exposed along side the sections were also
sampled. These samples are plotted on the sections, but they are sepa-
rate from samples taken within designated sections.

Sampling procedures assured almost no selection of specimens,
and nearly all incomplete specimens were kept as well. Consequently,
we may safely assume that sampling composition reflects the composi-
tion of the faunas recorded in the beds.

THE RECORD OF TRACHY CERATIDAE
Faunal Composition

In the studied sections nearly all beds are fossiliferous. Cephalo-
pods are the most common megafossils, but brachiopods and bivalves
are also common. Brachiopods are not only restricted to interval 2 (Fig.
4), but they are also found in the lower part of interval 3. Their frequency
decreases, while the frequency of daonellids increases. A total of 1505

ammonoids have been collected thus far.

Ammonoids are found from the uppermost bed of the brachiopod
packstones (interval 2) to the Middle Member. Faunal composition of
the cephalopod assemblages is shown in Figure 4. Ammonoids belong to
the families Trachyceratidae, Joannitidae, Clionitidae, Lobitidae,
Arcestidae and Noritidae. Family indeterminate mainly includes rather
incomplete specimens of small size with almost evolute coiling, which
could be referred to either Clionitites (family Clionitidae) or Hannaoceras
(family Trachyceratidae).

Trachyceratidae are undoubtedly the most frequent group of am-
monoids, and they represent a little more than the 50% of the overall
collection. Their dominance normally ranges between 50 to 80%. Only
rarely it is lower than 40%, but on occasion they represent 100% of the
assemblage. Faunal diversity at the family rank may change from bed to
bed, and does not seem to be influenced by sample size. The faunas with
the highest diversity are A21, B11, and F1, with 5 to 6 families, but
sample D10 yielded the largest number of specimens, and includes only
Trachyceratidae, as well as Nautiloids and specimens in open position
(family indet.).

Family Composition

Although taxonomic analysis is still in progress, we do present
some qualitative and semiquantitative data. Ammonoid families are rep-
resented by few to very few genera. Joannitidae, Clionitidae, Lobitidae
and Noritidae are represented by only one genus each, Joannites,
Clionitites, Lobites and Neoclypites, respectively. No definite examples
of Perrinoceras (family Hungaritidae) and Coroceras (family Lobitidae)
were collected even though these two genera were reported from South
Canyon by Johnston (1941). The Trachyceratidae are only slightly more
diversified. Most belong to the group of Daxatina and Trachyceras (Figs.
5-6), while Hannaoceras is much rarer. Silenticeras is represented by
only one specimen from level D4, but the occurrence of Frankites
sutherlandi from levels SCAN 14 and SCAN 15 is noteworthy (Fig. 5,
Balini, in press). The first report of Frankites from South Canyon is of
great bio- and chronostratigraphical significance, but it is treated in a
separate contribution (Balini, in press). Here we focus on another group
of Trachyceratidae very important for bio- chronostratigraphy, i.e., the
group of Daxatina and Trachyceras.

TAXONOMIC PROBLEMSAFFECTING
THE TRACHY CERATIDAE

Among the Trachyceratidae, the genera Daxatina Strand, 1919,
and Trachyceras Laube, 1869 are morphologically very close. Both gen-
era are characterized by a ventral furrow, dense ribs, several spiral rows
of nodes and two rows of double-pointed ventral nodes bordering the
furrow. Although Daxatina sometimes has triple pointed ventral nodes
(e.g., Daxatina canadensis Whiteaves, 1889: Tozer, 1994, pl. 85, fig. 7),
the only clear distinguishing difference between the two genera is the
suture line, which is ammonitic in Trachyceras, and ceratitic in Daxatina,
with occasional wrinkles on the external saddle (Tozer, 1994, p. 166, fig.
68e).

Taking into account that Daxatina is traditionally regarded as a
latest Ladinian genus in North America, and that Trachyceras is accepted
everywhere in the world as a typically Carnian ammonoid, the morpho-
logical similarities between the two genera suggest possible phylogenetic
relationships. However, up till now bed-by-bed analysis of these rela-
tionships has not been done.

Even if the morphological similarities of Daxatina and Trachyceras
may suggest intriguing and stimulating hints for future phylogenetic
investigations, there is, however, a direct and somewhat depressing con-
sequence: for specimens retaining the test, the separation of Daxatina
and Trachyceras may be nearly impossible.

Given this complex background, it is clear that the South Canyon
ammonoid record is of great interest. This is probably the only site in the
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world with a very rich and uncondensed record of well preserved
Trachyceratidae, in particular of the group of Daxatina and Trachyceras.
At the present stage of work, the taxonomic revision of the ammonoid
faunas of South Canyon is not yet complete. However, we present
herein a few facts which are useful for the discussion on the GSSP of the
Carnian Stage. We also illustrate some problems in order to show the
direction of ongoing investigations.

Fact #1: Daxatina is Documented in the South Canyon Sections

Atsites A and B, Daxatina is quite common and is represented by
at least two groups. The first group exhibits a rather involute coiling and
is very densely and finely ribbed (Fig. 7A-B). It includes some of the
specimens classified by Johnston as Trachyceras cf. T. aonoides. The
other group is more strongly ornamented and is probably represented by
more than two species (Fig. 7C-E). The suture lines (Fig. 8) are clearly
ceratitic, or just slightly crenulated.

Daxatina has been also found in the 2" marker bed sampled at
sites D(2) and E (Fig. 7E).

Fact #2: Trachyceras is also Documented
in the South Canyon Sections

The sections sampled at sites D(2), E and F (Fig. 6) are character-

ized by two rather rich fossil bearing levels, which can be easily corre-
lated, especially sites D(2) and E (Fig. 6). The lower level (levels D4=
E14,E4 and ES5) yields involute, compressed and densely ribbed
Trachyceratidae, while the upper level (D10=E15, E3, E11, E12, E13)
yields not only compressed and densely ribbed Trachyceratidae, but
also the above mentioned coarsely ornamented Daxatina (Fig. 7E). These
two marker beds are also probably exposed at site F (Fig. 6). The search
for preserved suture lines has not met with much success in the 1%
marker bed, while in the 2™ marker bed Daxatina (level D10 and E3) and
two groups of ammonoids with an ammonitic suture have been identified
(Figs. 9-10). The first group (Figs. 9-10A) exhibits a suture that is un-
doubtedly ammonitic, even if it is not as deeply indented as in typical
Trachyceras aon. This group fits much better with Trachyeras than with
Daxatina because the latter never displays true indentitions of the saddles.
The second group possesses a more indented suture (Fig. 10B) and is
conspecific with the specimen classified as Trachyceras (Trachyceras)
cf. T desatoyense Johnston by Silberling (1956, fig.2B). However, this
second group of Trachyceras does not agree with the types of Trachyceras
desatoyense, since it exhibits a narrow venter and an almost subtriangular
whorl section (M.B. pers. observation of specimens housed at NMNH,
Washington).



FIGURE 7. Examples of Daxatina from South Canyon. A, specimen B11-76, internal mould of phragmocone, lateral view. B, same specimen, ventral view.
C, specimen B11-95, phragmocone, ventral view. D, same specimen, lateral view. E, specimen D10-70, body chamber, lateral view. Bar scale is 1 cm.

7
7

C

FIGURE 8. Suture lines of Daxatina specimens. A, specimen A22-8. B,
specimen B11-95 (see also Figure 7C). C, specimen B11-66. Shaded area is
covered by test. Bar scale is 0.5 cm.

Question #1 and #2: Where is and
What is Trachyceras desatoyense Johnston, 1941?

These questions cannot be answered at the present time. The
type specimens of Trachyceras desatoyense retain the test, and their
suture lines are unknown. Moreover, Johnston did not select as the
holotype one of his beautifully preserved, relatively large sized speci-
mens such as pl. 68, fig. 4, but instead, chose one of the smallest speci-
mens (pl. 67, fig. 4-5), which is a juvenile.

The preservation of the test should not represent a problem for

FIGURE 9. Example of Trachyceras from level F1, specimen F1-54 (see
also Figure 10A) preserved as internal mold with preseptal layer. A, lateral
view. B, ventral view showing rounded instead of double pointed ventral
nodes. Bar scale is 1 cm.

the understanding of the internal mold, because for ammonoids the inter-
nal mold normally reflects almost exactly the morphology of the outer
surface of the test. Unfortunately, this is not true for the South Canyon
Trachyceratidae. Frankites, Daxatina, and Trachyceras specimens in the
collection exhibit, almost as a rule, a thick and well developed preseptal
layer (Fig. 11) in the innermost part of the body chamber, as well as on
the phragmocone. This structure of the shell was described by Tozer
(1972) for Frankites, but this is the first report for Daxatina and
Trachyceras. Figure 11 includes some examples of specimens possessing
a preseptal layer. In some specimens (Fig. 11A-B) two layers can be
recognized, while other specimens apparently have three layers (Fig.
11C-D). Further investigation is necessary to clarify the structure and
ontogenetic meaning of this double or multilayered feature.

From a taxonomic point of view, the preseptal layer precludes a
direct comparison between the internal mold and outer surface of the test
because the internal mold may be much smoother than the outer surface
(Fig. 11D). When the preseptal layer is present, the septa are imprinted
onto it, and not on the (outer) test. This structural feature does not have
a “smoothing” influence on the indentitions of the suture lines. Specimen
F1-54 (Fig. 10A) possesses a preseptal layer, and its suture line was
drawn from the surface of the internal mold. Notwithstanding this fea-
ture, its suture line is definitely ammonitic.

STRATIGRAPHIC SIGNIFICANCE OF THE NEW DATA

Results from the recent investigations conducted at South Can-
yon on ammonoids, conodonts and bivalves, in cooperation with M.J.
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FIGURE 10. Suture lines of Trachyceras specimens. A, specimen F1-54. B,
specimen F1-1, submature, probably conspecific with Trachyceras
(Trachyceras) cf. T. desatoyense Johnston, Silberling 1956 (non Johnston,
1941). Bar scale is 0.5 cm.

Orchard and C.A. McRoberts (Balini, in press; Balini et al., 2007; Or-
chard and Balini, this volume), necessitate a modification in the correla-
tion of the South Canyon succession with British Columbia. The lower
part of the Middle Member of the Augusta Mountain Formation ex-
posed at site A and B is now correlated with the upper part of the
Frankites sutherlandi Zone of British Columbia. With regard to am-
monoids, the facts in support of this new correlation are:

1) The occurrence of Frankites sutherlandi at site B, level SCAN
14 and 15 (Balini, in press).

2) The occurrence of Daxatina from the lower part of site A to the
top of site B, and in level D10.

3) The occurrence of Trachyceras rather high in the succession
(site F, level F1).

Ongoing investigations are focused in three directions:

a) To complete the study of the Trachyceratidae at site A and B
in order to determine if Daxatina occurs together with Trachyceras. As

shown in Figure 5, some ammonoids resemble the external morphology
of T desatoyense Johnston (Fig. 11E-F) from the top of the Lower
Member to the top of Site B. The suture line of these specimens is
unknown.

b) To test whether the F.O. of Trachyceras is recorded in the 2
marker level or in the 1% marker level. The suture line of specimens from
level D4 (=E14) is not known.

¢) To study the beds overlying F1 in order to determine where
the main faunal change occurs.

Given that in North America the Ladinian-Carnian boundary tra-
ditionally has been placed at the first occurrence of Trachyceras (Tozer,
1967, Silberling and Tozer, 1968; Tozer, 1981 and 1994), the identifica-
tion of Trachyceras s.s. only from higher levels at South Canyon strongly
suggests that the Ladinian-Carnian boundary should be moved from the
ammonoid barren shallow water limestones of the Lower Member to the
fossil rich limestones of the Middle Member. This relocation of the
boundary improves the overall significance of the South Canyon succes-
sion since the Ladinian-Carnian boundary would not be influenced by a
facies change. However, the practical difficulties in the separation of
Daxatina from Trachyceras would suggest the re-evaluation of
Trachyceras as a guide fossil for the base of the Carnian Stage. The final
decision on the selection of the boundary marker event will depend on
the possibility of having the support of additional marker events for
identification and correlation. The experience with the South Canyon
succession (Balini et al., 2007) demonstrates that for the definition of the
base of the Carnian Stage, no single bio-chronostratigraphic tool prevails
over the others for the power of resolution and correlatability.
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LOWER TRIASSIC MICROBIALITES VERSUS SKELETAL CARBONATES,
A COMPETITION ON THE GONDWANA MARGIN

AYMONBAUD

Geological Museum, Lausanne, Switzerland

As shown by Baud et al. (2005, 2007), a major crisis occurred in Phanerozoic carbonate systems during the end-
Permian mass extinction that involved a wholescale change in oceanic geochemistry. The prolific upper Paleozoic
skeletal carbonate factory was abruptly replaced by a non-skeletal carbonate factory (Baud, 1998). When preserved
between the two carbonate systems, the boundary is marked by a post-extinction clay (boundary clay) of latest
Permian age (preparvus-meishanensis conodont zone). Microbial communities affected sedimentation in a variety of
normal marine areas (Baud et al., 1997).

On the Cimmerian margin and on the Gondwana margin, from Zagros through Taurus westward, a post-extinc-
tion calcimicrobial unit occurs above the extensive Permian skeletal carbonate platform exposed in the shallow, low
energy post-extinction carbonate ramp with massive thrombolitic mounds and/or stromatolites. To the east, on the
Gondwana margin in Oman and North India, the calcimicrobial unit is more discrete or absent as shown by the Wasit
block (Krystyn et al., 2003), where the skeletal carbonate is entirely building the basal Triassic limestones. In the Salt
Range (Pakistan), with deepening of depositional environment, the basal Triassic crinoid-brachiopod grainstones are
progressively replaced by ammonoid-bivalve packstone-wackestone (Wignall and Hallam, 1993). For these authors,
the matrix of the limestone beds in the Ceratite marls is made of disintegrated shells of the bivalve Lepfocondria
minima. A similar situation exists in Kashmir with deeper limestone deposits. There are no visible microbial textures
seen or published in the Lower Triassic of Zanskar and the Spiti areas (Western Tethys Himalaya), but more research
isneeded.

In a Tethys Himalaya section of Central Nepal, Bassoullet and Colchen (1976) report a planar stromatolite bed
of half a meter thickness in their “coupe 2” of Ganesh Himal (probable Dienerian age), between skeletal (bivalves-
ammonoids) lime wackestone to packstone beds.

To the east, in the Tulong section of South Tibet, isolated stromatolite buildups (cm to dm) have grown on the top
of ammonoid wackestone-packstone beds (Smithian age: H. Bucher, oral communication). In this section, the Spathian
red ammonoid limestones show levels with stromatactis and thrombolitic texture, but the microbial activity seems
incidental compared to the skeletal carbonate production (mainly ammonoids and bivalves).

In summary, in the southern latitudes of the Gondwana margin, in contrast to the low latitudes and equatorial
domains, the environments of deposition are more favorable to the skeletal organisms, which are in competition with
the microbial carbonate factory, but the result is a very low rate of deposition (condensed deposit).
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FLORALAND PALEOENVIRONMENTAL CHANGES DURING THE END-TRIASSIC:
NEW DATA FROM EUROPEAN KEY SECTIONS

NINAR. BONIS!, WOLFRAM M. KURSCHNER! axo LEOPOLD KRYSTYN?

! Palaeoecology, Institute of Environmental Biology, Faculty of Science, Utrecht University, Laboratory of Palacobotany and Palynology,
Budapestlaan 4, NL-3584 CD Utrecht, The Netherlands, email: n.r.bonis@bio.uu.nl; > Department of Paleontology,
University of Vienna, Geozentrum, Althanstrasse 4, Vienna, Austria A-1090, email: leopold.krystyn@univie.ac.at

The Triassic-Jurassic boundary extinction event is still subject to many controversies. There were major changes
during the end-Triassic in both the terrestrial and marine realm, but the cause, timing and pattern of the extinction is not
clear yet. Palynology is a very useful biostratigraphic tool for land-sea correlation because events in terrestrial micro-
floral assemblages preserved in marine sediment successions can be integrated in a marine (bio)stratigraphic frame-
work. Another application of palynology is the reconstruction of past changes in vegetation and climate. We present the
results of a high resolution palynological study from two European Tr-J boundary key sections: the Hinteriss section in
the Northern Calcareous Alps (Austria), and the St. Audrie’s Bay section in the UK. The main objective is to document
floral changes and infer palaecoenvironmental changes throughout the Late Triassic. In the Hinteriss section, the
palynomorph assemblages (e.g., Ovalipollis, Rhaetipollis) still show a Rhaetian age for the lowermost part of the
Kendlbach Formation (i.e., Schattwald Beds of the Tiefengraben Member). Based on palynological evidence, the Tr-
Jboundary may be drawn in the middle part of the Tiefengraben Member, where also the oldest Jurassic ammonite
enters the record. In both the Tethys realm and St. Audrie’s Bay, pollen assemblages below the initial negative carbon
excursion show a vegetation dominated by conifers (e.g., Cheirolepidiaceae) and seed ferns. Just after the initial shift
both sections show a distinct increase in fern spores and a decrease in the amount of pollen from Cheirolepidiaceae.
It seems that this change in vegetation occurs earlier in St. Audrie’s Bay. At the start of the main negative isotope shift
(lower part of the Blue Lias Fm), the St. Audrie’s Bay pollen record indicates a vegetation almost completely consisting
of Cheirolepidiaceae, which persists throughout the section. The contemporaneous pollen record from the Alpine
realm consists, in contrast, of continuously high amounts of fern spores, while Cheirolepidiaceae pollen occur at
significantly lower abundances.
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SMITHIAN (EARLY TRIASSIC) AMMONOID SUCCESSIONS OF THE TETHYS:
NEW PRELIMINARY RESULTS FROM TIBET, INDIA, PAKISTAN AND OMAN

THOMAS BRUHWILER!, HUGO BUCHER!, NICOLAS GOUDEMAND' Ao ARNAUD BRAYARD?

! Paldontologisches Institut und Museum der Universitit Zirich, Karl Schmid-Strasse 4, CH-8006 Ziirich, Switzerland, e-mail: bruehwiler@pim.uzh.ch,
hugo.fr.bucher@pim.uzh.ch, goudemand@pim.uzh.ch; 2 UMR-CNRS 5125, “Paléoenvironnements et Paléobiosphére”, Université Claude Bernard Lyon
1, 2 rue Dubois, F-69622 Villeurbanne Cedex, France, e-mail: arnaud.brayard@univ-lyonl.fr

Following the end-Permian mass extinction, ammonoids were
among the fastest clades to recover (Brayard et al., 2006), with at least
two diversification phases during the Early Triassic. Diversification first
peaked during the Smithian and was followed by a marked extinction
phase at the end of this (sub-)stage. It was then followed by a second and
massive evolutionary radiation during the Spathian. The well-documented,
ammonoid-rich Smithian succession of NW Guangxi, South China is
subdivided into three main faunas, i.e., the “Flemingites rursiradiatus
beds”, the “Owenites koeneni beds” and the “Anasibirites multiformis
beds,” in ascending order (Brayard and Bucher, subm.). Ongoing work on
other Smithian Tethyan sections such as Tulong (Tibet), Spiti (India),
Salt Range (Pakistan), and Oman (exotic blocks at Baid, Wadi Musjah
and Jabal Safra) shows that these subdivisions have Tethyan-wide cor-
relatives. Moreover, even finer subdivisions can be correlated through-
out the studied basins (Fig. 1).

The beginning of the Smithian is characterized by beds with
Rohillites, which occur in Guangxi, Spiti (Krystyn et al., 2007), the Salt
Range and Oman. The subsequent “Flemingites beds” occur in Guangxi,
Spiti, the Salt Range, and Oman and contain a highly diversified am-
monoid fauna. In the Tulong section, ammonoids are not preserved in
this interval, but this time interval is nevertheless represented by diag-
nostic conodont assemblages. The next overlying “new prionitid A” beds
were found in Tulong and in the Salt Range. Associated with this new
genus are Aspenites acutus and Juvenites. Their exact correlation with the
NW Guangxi succession remains open.

The genus Owenites of middle Smithian age is relatively long-
ranging and occurs in all studied localities except for the Salt Range. In
NW Guangxi, the “Owenites beds” are further subdivided into the Ussuria,
Hanielites/Proharpoceras and the Inyoites/Pseudoceltites horizons

(Brayard and Bucher, subm.). These smaller subdivisions are partly
found in the other studied sections. The lower part of the Owenites beds
in Tulong, Spiti, the Salt Range and in Oman is represented by beds
containing a new genus, provisionally called “new prionitid B,” as well
as Paranannites spathi and Owenites simplex. These beds are more or
less correlative to the Ussuria and Hanielites/Proharpoceras horizons
from NW Guangxi. Proharpoceras was also found in an exotic block
from Oman of presumably the same age (Brayard et al., in press). The
next beds in the Salt Range and in Tulong are characterized by the occur-
rence of “flemingitid A,” which may possibly represent a new genus
among Flemingitidae. Exact correlation of this fauna with the NW Guangxi
succession remains open. The upper part of the “Owenites beds” is
characterized by the association of Inyoites, Pseudoceltites, Stephanites
and/or Meekoceras and is present at all studied localities.

The subsequent “Anasibirites/Wasatchites beds” also occur in all
localities. However, in Tulong, only poorly preserved prionitids here
referred to as ?Wasatchites were obtained. Therefore, the occurrence of
this fauna in South Tibet still needs to be confirmed. The “Anasibirites/
Wasatchites beds” mark the onset of the end-Smithian ammonoid extinc-
tion and are characterized by reduced diversity and a high degree of
cosmopolitanism. The next overlying beds with Glyptophiceras sinnatus
(Waagen) occur in the Salt Range, Kashmir and Spiti (G. aequicostatus
(Diener) is here treated as a synonym of G. sinnatus) and probably also
at Tulong, where they contain a new species of Hedenstroemia, called
here “Hedenstroemia A.” The uppermost Smithian beds contain
“Hedenstroemia A" and various representatives of Xenoceltites. These
beds were recognized in NW Guangxi, Tulong, Spiti and in the Salt
Range. They correspond to the extinction peak at the very end of the
Smithian.

(%5 Oman Salt Range Spiti Tulong NW Guangxi**
] 1 1
| Xenoceltites | | Xenoceltites | | Xenoceltites / Hedenstroemia A | | Xenoceltites / Hedenstroemia A
T T T
| Glyptophiceras sinnatus | | Glyptophiceras sinnatus | |?G/yptophiceras / Hedenstroemia A|
Anasibirites multiformis | | Anasibirites / Wasatchites | | Anasibirites / Wasatchites | | ?Wasafchites | | Anasibirites multiformis |
Inyoites oweni Stephanites Pseudoceltites Stephanites Inyoites
o s Pseudoceltites ) Meekoceras Pseudoceltites )
? |8 Pseudoceltites Pseudoceltites
@ £ Meekoceras Meekoceras
S (% Owenites I flemingitid A Owenites Owenites flemingitid A Owenites
Hanielites
new prionitid B new prionitid B new prionitid B new prionitid B ’Wl
I new prionitid A | | new prionitid A |
| Flemingites rursiradiatus | | Flemingites flemingianus | | Flemingites / Euflemingites* | | Flemingites rursiradiatus |
| Rohillites | | Rohillites | | Rohillites rohilla* | | Rohilites |
a] * Krystyn et al., 2007 ** Brayard and Bucher, subm.

FIGURE 1. Correlation of Smithian Tethyan ammonoid successions.
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GLOBAL DISTRIBUTION OF RHAETIAN RADIOLARIAN FAUNASAND THEIR
CONTRIBUTION TO THE DEFINITION OF THE TRIASSIC-JURASSIC BOUNDARY

ELIZABETH S. CARTER

Department of Geology, Portland State University, Portland, Oregon 97207-0751, USA, email: cartermicro@earthlink.net

This contribution presents a brief synopsis of past and newly
studied areas where radiolarian faunas of Rhaetian age are adding to our
global understanding of the end of the Triassic, and hence, the Triassic-
Jurassic boundary.

Before the finding of complete successions of Rhaetian radiolarian
faunas in the Sandilands Formation of Queen Charlotte Islands (QCI),
British Columbia, Canada (Carter et al., 1989; Carter, 1990), only scat-
tered records of the fauna were available from disparate regions of the
world. These included: Cache Creek, British Columbia (Cordey et al.,
1991), Oregon, USA (Yeh, 1989), Austria (Kozur & Mostler, 1981,
Kozur 1984a,b);, New Zealand (Sporli & Aita, 1988), Japan (Yao et al.,
1980 a, b; Yao, 1982; Kishida and Sugano, 1982; Kishida and Hisada,
1986; Yoshida, 1986), China (Kojima & Mizutani, 1987, Kojima, 1989;
Mizutani, Shao & Zhang, 1989), Tibet (Wang, Wang & Pei, 1990), the
Philippines (Cheng, 1989; Yeh, 1990, 1992), Far East Russia (Bragin,
1986, 1990, 1991), and Oman (Carter, 1993). Following discoveries in
QCI, Carter (1993) described many species and established Unitary
Associations (UA) zonation for the Proparvicingula moniliformis Zone
(assemblages 1 plus 2a-d; lower-middle Rhaetian) and the Globolaxtorum
tozeri Zone (assemblage 3; upper Rhaetian). Since that time, Rhaetian
faunas have been discovered in many other areas of the world (Table 1),
new species have been described, some well known species have been
confirmed to have a cosmopolitan distribution, and the faunas have proved
very beneficial for age dating, particularly in areas where other age-
diagnostic faunas are absent.

Newly studied areas where Rhaetian radiolarians have provided
age dating or contributed to terrane analysis and/or the evolution of
Tethys are briefly summarized below in the order they were reported:

The Philippines - Yeh & Cheng (1996) documented Rhaetian fau-
nas from red chert on Busuanga Island. They described new species,
reported the presence of other species described from QCI and Japan,
and concluded the fauna was late early Rhaetian in age, closely resem-
bling Rhaetian faunas from Central Japan.

Timor - Rose (1997) studied Late Triassic faunas from the River
Meto sections of the Aitutu and Wai Luli formations in west Timor,
finding comparison with taxa from Tethyan areas. Some Rhaetian taxa
documented are cosmopolitan but others have stronger affinities with
those in Japan and the Philippines.

Vancouver Island, B.C. - Mushroom Point, Kyuquot area, west-
ern coast of Vancouver Island - Carter (1997, internal report to GSC)
reported lower Rhaetian faunas (lower part of the Proparvicingula
moniliformis Zone). The faunas mirror QCI assemblages but also contain
some species of lower latitude affinity similar to those of Baja California
Sur (see below).

Japan — in a comprehensive study of Triassic and Lower Jurassic
faunas of the Mino terrane, central Japan, Sugiyama (1997) documented
the fauna, described new species and established 20 zones (TR 0-JR 0B).
Rhaetian faunas were assigned to TR 8C: first occurrence (FO) Skirt F
(possibly derived from Haeckelicyrtium takemurai) (late Norian to early
Rhaetian) and TR 8D: FO Haeckelicyrtium breviora (early to late
Rhaetian).

Turkey - Tekin (1999) studied Late Triassic radiolarians from the
Antalyia Nappes, Central Taurides, Southern Turkey. Rhaetian faunas
from the Dikmetas section, Cataltepe Nappe of the Antalyia Nappes
were assigned to assemblages 2b-2¢c and 3 of Carter (1993). Later studies
of the Hocakoy section of the Gokdere Formation, Alakirgay Nappe

(Tekin, 2002), indicated that the radiolarians could be well correlated
with Rhaetian faunas from the Mino terrane, central Japan (uppermost
two Triassic zones of Sugiyama (1997)) and Queen Charlotte Islands
(Proparvicingula moniliformis Zone).

Italy - Amodeo (1999) first recognized Rhaetian radiolarians in
the Buccaglione Member of the Scisty Silicei Formation of the Lagonegro
Basin, southern Italy. A number of species occurring in QCI were re-
ported and the fauna was correlated with the Proparvicingula moniliformis
Zone. Reggiani et al. (2005) found Rhaetian and Hettangian faunas in red
shales and radiolarites of the Buccaglione Member of the Madonna del
Sirino succession in the same area, and Bazzucchi et al. (2005) found
early Rhaetian faunas correlative with the Proparvicingula moniliformis
Zone, in the upper part of the Calcari con Selce Formation, Mt. Crocetta
section, Pignola.

Tibet (Xizang, China) - Ziabrev et al. (2004) reported the occur-
rence of rare Rhaetian species in red chert from the Bainang Terrane,
Yarlung-Tsangpo suture, southern Tibet. These faunas have helped record
the long history of sedimentation of Tethyan strata in an intra-oceanic
island arc subduction complex that was accreted to the Bainang terrane in
the Cretaceous.

Queen Charlotte Islands - Central Japan - Carter & Hori (2005)
established global correlation for Triassic-Jurassic boundary radiolarian
faunas from QIC and Central Japan using identical Rhaetian and
Hettangian species from these far disparate areas of Panthalassa.

China - Yeh & Yang (2006) described new species from the
Nadanhada Terrane in NE China, and compared age to early Rhaetian
species from QCI.

Hungary - Palfy et al. (2007) discussed Triassic- Jurassic bound-
ary radiolarians from the Csovar section, part of the Transdanubian
range unit of the Alcapa terrane, Hungary. The Rhaetian assemblage was
assigned to the Globolaxtorum tozeri Zone, containing the nominal taxon
and other elements common to low latitude faunas of Tethys.

Nevada, USA - Orchard et al. (2007) reported radiolarians of the
Globolaxtorum tozeri Zone in the Mount Hyatt and Muller Canyon
members of the Gabbs Formation in the Ferguson Hill section at New
York Canyon. The section is one of several proposed GSSP candidates
for the base of the Jurassic System.

Baja California Sur — Whalen et al. (1998) first reported radiolar-
ians and conodonts of Rhaetian age from the sandstone member of the
San Hipoélito Formation on the Vizcaino Peninsula. Orchard et al. (this
volume) presented the detailed stratigraphy of inland and coastal radi-
olarian-bearing sequences and utilized radiolarian zonation from QCI to
date the conodont succession. Long sequences of radiolarians in several
sections are assigned to both the Proparvicingula moniliformis and
Globolaxtorum tozeri zones. The radiolarians compare closely with
Rhaetian faunas of the Sandilands Formation, QCI, but minor variation
exists in the range of some species and other taxa occur that characterize
low latitude regions of Tethys.

The updated information presented on Rhaetian radiolarian fau-
nas (Table 1) emphasizes the cosmopolitan distribution of many species
and the propensity for radiolarians to occur in different sedimentary
facies, hence their usefulness for global correlation. This is significant in
dating strata surrounding the Triassic-Jurassic boundary. In years past,
little was known of Rhaetian radiolarian faunas but now they are known
worldwide as evidenced by the data submitted in this paper. Hettangian
faunas, although currently not as well known as Rhaetian ones, are,
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TABLE 1. Distribution of radiolarian faunas in Rhaetian strata around the world. QCI, Queen Charlotte Islands, (Carter, 1993); BCS, Baja California Sur
(Orchard et al., this volume; Carter, personal collections); NEV, Nevada, USA (Orchard et al., 2007); PHI, Philippines (Yeh, 1990, 1992, Yeh & Cheng,
1996); JAP, Japan (Yao et al,, 1980 a,b; Yao, 1982; Sugiyama, 1997); CHI, China (Yang & Mizutani, 1991; Yeh & Yang, 2006); TIB, Tibet (Wang et al.,
1989; Ziabrev et al., 2004); NZL, TIM, Timor (Rose, 1994); RUS, Far East Russia (Bragin, 1986, 1990, 1991); ITY, Italy (Amodeo, 1999; Reggiani et
al., 2005; Bazzucchi et al., 2005); AUS, Austria (Kozur & Mostler, 1981; Kozur, 1984 a,b); HUN, Hungary (Palfy et al., 2007); TUR, Turkey (Tekin, 1999,
2002), OMA, Oman (Carter, 1993).
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nevertheless, becoming more and more recognized and understood as
time passes. More research in needed in this area to expand our global
knowledge of Hettangian radiolarians.
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MEISHAN AND HUANGZHISHAN SECTIONS, SOUTH CHINA

ZHONG-QIANG CHEN!, JINNAN TONG? ano ZHUO-TING LIAO?

! School of Earth and Geographical Sciences, The University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia, e-mail:
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Both the Huangzhishan and Meishan sections are geographically closely located, about 40 km apart in north-
western Zhejiang Province, South China, but were situated at a restricted platform and ramp settings, respectively,
during the P/Tr transition. The P/Tr boundary beds exposed at these two sections can be correlated bed by bed in
terms of refined conodont zones, benthic faunal assemblages and geochemical signals. However, the so-called Sur-
vival Fauna Beds are rather thick, about 3.5 m thick at Huangzhishan, in sharp contrast to their thin counterpart, about
24 cm, at Meishan, and thus provide a window into more details of benthic responses to the P/Tr crisis. Benthic
communities in both niches underwent a significant decrease in the high level taxonomic groups and a distinct reduction
in body sizes during the P/Tr extinction. However, the surviving platform communities are much more abundant and
diverse than the ramp communities. The former are dominated by brachiopods and bivalves, and the latter by foramin-
iferans and brachiopods. Of these, most of the surviving platform brachiopods escaped the P/Tr disaster and contin-
ued to populate the same niches; whereas the surviving brachiopods on the ramp migrated from other habitats after the
event. These survivors, however, became extinct about 1-2 million years after the end-Permian crisis, and the commu-
nities were replaced by the low-diversity, Claraia-Ophiceras communities in the earliest Triassic. In addition, the
disaster taxon Lingula proliferated in the relatively shallow platform rather than the ramp habitats.
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WHAT DO WE KNOWABOUT THE MAGNETOSTRATIGRAPHY
ACROSS THE TRIASSIC-JURASSIC BOUNDARY?
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2 New Mexico Museum of Natural History and Science, 1801 Mountain Road NW, Albuquerque, NM 87104

INTRODUCTION

Rocks deposited across the Triassic-Jurassic boundary (TJB) are
preserved in several areas, including eastern North America (Newark
Supergroup), the United Kingdom (St. Audrie’s Bay), Morocco (central
High Atlas), Paris Basin (Montcornet), Turkey (Oyuklu), Argentina
(Neuquen Basin), parts of the Colorado Plateau and adjacent areas of
western North America (e.g., Moenave Formation). Despite consider-
able analysis of these sections, including but not limited to biostratigra-
phy, geochemistry, and magnetostratigraphy, correlations among these
stratigraphic sections continue to generate questions about the definition
of the TJB, timing of extinction events, widespread volcanism associated
with the Central Atlantic Magmatic Province (CAMP), and the state of
the geomagnetic field during this time period. Parts of the global polarity
time scale (GPTS) are calibrated to marine magnetic anomalies recorded
in oceanic crust, yet the oldest oceanic plates are too young to provide
data to attempt to calibrate the latest Triassic to earliest Jurassic GPTS.
Strata from terrestrial and marine basins reflect variations in depositional
environments, sedimentation rates, and biological preservation, and thus
complicate efforts at universal correlation of all TJB sections. We present
a review and evaluation of published magnetostratigraphic records that
include, but do not necessarily span, the time period between (about) the
Norian/Rhaetian (NR) boundary to near the Hettangian/Sinemurian (HS)
boundary and use this review as a framework by which to analyze new
magnetostratigraphic data currently being obtained (L. Donohoo-Hurley,
PhD dissertation in progress, 2007) from previously unsampled sec-
tions of the Moneave Formation located both on and off the Colorado
Plateau in southwestern Utah, and northern Arizona. In this discussion,
we adhere to the nomenclature of Opdyke and Channell (1996), where a
polarity zone is a magnetostratigraphic polarity unit with duration be-
tween 10° and 107 Ma; the geochronologic (time) equivalent is a chron,
and the chronostratigraphic equivalent is a chronozone. Similarly, for
shorter duration (10° to 10¢ Ma) features, the terms polarity subzone,
subchron, and subchronozone, respectively, apply.

THE TRIASSIC/JURASSIC BOUNDARY

One of the many factors hindering our understanding of the TIB
relates to how the boundary is actually defined. In the Newark Basin, the
TJB s inferred by vertebrate tracks and pollen preserved in the predomi-
nantly lacustrine rift basin sequence (Kent and Olsen, 1999; Whiteside
2007). Geochemical, biostratigraphic, magnetostratigraphic, and
chemostratigraphic data from CAMP lava flows interbedded with sedi-
ments are used to define the TJB in Moroccan sediments (Marzoli et al.,
2004; Knight et al., 2004). The transition from white, conodont-bearing
limestones to overlying chert-rich rocks is used to define the TIB in
typical Tethyan sections (Gallet et al., 2007). The TJB in the Neuquen
Basin of Argentina preserves terrestrial sediments deposited in an in-
ferred back arc basin that are conformably overlain by shallow marine
transgressive deposits containing ammonoids indicative of a TJIB age
(Llanos and Riccardi, 2000). The early Mesozoic of the American South-
west is dominated by terrestrial sediments, and the TJB is defined by
tetrapod tracks preserved in fluvial and lacustrine red-bed deposits (Lucas
and Heckert, 2001; Molina-Garza et al., 2003; Lucas and Tanner, 2006 b;
Lucas et al., 2006; Tanner and Lucas, 2006). Placement of the TJB in
Jurassic marine sediments that overlie Upper Triassic nonmarine varie-
gated silty clays and marls of the Paris Basin is constrained by am-

monoids, bivalves, ostracodes, and pollen (Yang et al., 1996). The St.
Audrie’s Bay section, Somerset Coast, UK, consisting of limestones and
shales, is a candidate Global Stratotype Section and Point for the base of
the Hettangian Stage (i.e. TIB), as defined by lowest occurrence (LO) of
the ammonoid Psiloceras planorbis (Hounslow et al., 2004). The LO of
Psiloceras planorbis has been used as a working definition of the TIB in
marine rocks since the early 1960’s (Lucas et al.,2007) and is adhered to
in this review, pending a formal definition of the GSSP for the base of the
Jurassic System, now in progress

From a magnetostratigraphic perspective, strata deposited at the
TJB and over the ~ 2 Ma time interval centered on the TJB (NR bound-
ary to HS boundary) appear to be characterized by dominantly normal
polarity chronozones to subchronozones (Fig. 1). The polarity character
of these intervals, however, is not consistent from basin to basin. The
Late Triassic to very earliest Jurassic polarity time scale of Kent and
Olsen (1999) (KO99) documents Newark Supergroup sedimentary rocks
of Rhaetian age to define mostly reverse polarity zones and subzones
and normal polarity zones and subzones during the latest Rhaetian to
early Hettangian, with a short, yet critical reverse polarity subzone
(E23r of KO99) that is inferred to lie just below the TJB. The strata at St.
Audrie’s Bay define mostly normal polarity zones and subzones with
one reverse polarity subzone in the latest Norian (SA5n.1r), and three
reverse polarity subzones in the early Rhaetian (SA5n.2r, SA5n.3r, and
SAS5r) (Hounslow et al., 2004). A recent compilation of Tethyan sedi-
ments shows the latest Triassic to be dominated by normal polarity
punctuated by one short reverse subzone in the late Norian (F-) and two
reverse subchrons in the early Rhaetian (H-, J-) (Gallet et al.,2007). The
Paris Basin section, which is largely in Lower Jurassic strata, yields, for
the late Rhaetian and Hettangian, magnetic directions of dominantly
normal polarity with one reverse subzone in the late Rhaetian, and four
reverse subzones in the Hettangian (Yang et al., 1996). The High Atlas,
Morocco section of basaltic lava flows reported by Marzoli et al. (2004),
which is inferred to span the TJB, is entirely of normal polarity, with the
exception of a single lava flow defining an inferred reverse subzone at or
near the TJB (Marzoli et al., 2004; Knight et al., 2004). The
magnetostratigraphic record of the Neuquen composite section of Argen-
tina for the lower Hettangian is consistent with previous interpretations
of a mostly normal polarity geomagnetic field, but by the middle Hettangian
the overall character of the geomagnetic record changes to reverse polar-
ity (Llanos and Riccardi, 2000). Although complicated by the possibility
of several short-lived disconformities, uppermost Chinle Group and
lowermost Glen Canyon Group strata from the American southwest
yield mostly normal polarity zones and subzones across the Norian-
Rhaetian boundary to the Hettangian-Sinemurian boundary with one
reverse subzone defined by sediments from the lower Glen Canyon
Group at Echo Cliffs (Molina-Garza et al., 2003; Hutny, 2006).

In particular for North America, but also for many other conti-
nents, a major change in plate motion may be essentially coincident with
the TJB (Fig. 2). Although specific paleomagnetic directions alone clearly
cannot be used to define the exact boundary, if the hypothesis of Gordon
etal. (1984) s viable, the apparent polar wander path for North America,
as well as other continents, is characterized by a major cusp (the J1 cusp
for North America) between two small circle tracks of paleomagnetic
poles, each with a very distinct Euler pole of rotation. For the American
Southwest, for example, paleomagnetic data (of normal polarity) from
rocks of latest Triassic age should track from north-northwest declina-
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FIGURE 1. Compilation of magnetostratigraphic sections that span the Triassic-Jurassic boundary, see text for details.

tion to declinations east of north, while maintaining very shallow inclina-
tions; rocks of Early Jurassic age should show the opposite behavior,
with declinations tracking back to the north-northwest, and then ulti-
mately steepening in inclination.

MAGNETOSTRATIGRAPHY

The use of red sediments in paleomagnetism (and in particular
magnetostratigraphy) has been controversial because of uncertainties
regarding the actual mode and timing of remanence acquisition (Collinson,
1974, Elston and Purucker, 1979; Larson et al., 1982; Ekstrand and
Butler, 1989; Beck et al., 2003) as well as the likelihood that sedimenta-
tion in such sequences is far from continuous. Although the presence of
normal and reverse polarity magnetizations that pass a paleomagnetic
reversals test (e.g., McFadden and McElhinny, 1990) is often inter-
preted as supporting the preservation of a primary or at least near-
primary magnetization, the time duration required for magnetization
acquisition and associated diagenetic processes clearly can span two or
more polarity intervals (Larson et al., 1982; Beck et al., 2003), and there
are several well-documented cases of secondary yet dual-polarity mag-
netizations in sedimentary sequences (e.g., Geissman et al. , 1990). Uti-
lization of intraformational fold tests, conglomerate fold tests, statistical
analysis of virtual geomagnetic poles, and/or replication of bedding par-
allel magnetostratigraphy is needed to adequately clarify primary mag-
netization (Hagstrum, 1993; Beck et al, 2003).

The following discussion concentrates on a review of
magnetostratigraphic records and their correlation with the proposed
polarity time scale based on extensive work on Newark Supergroup

sediments (K099). Marzoli (2004) and Knight (2004) (MK04) pro-
pose, on the basis of biostratigraphic, geochemical, radiometric (Palfy et
al., 2000, 2002), and magnetostratigraphic arguments, that the CAMP
volcanism in the Moroccan section is synchronous with volcanism in the
Newark and the onset of volcanism post-dates the TIB. An alternative
correlation the MK04 magnetostratigraphy posits the Moroccan strata
may be of Early Jurassic age, synchronous with poorly sampled Jurassic
flows in the Newark Basin, and implies the onset of CAMP occurs later
in Morocco than Newark (Whiteside et al., 2007). The preferred correla-
tion of magnetostratigraphy from the St. Audrie’s Bay, based on bios-
tratigraphy, to the Newark polarity time scale correlates reversal SASr
(occurs below the LO of planorbis but only by a few stratigraphic meters)
to E23r placing the TJB within the Newark CAMP basalt flows. Whiteside
et al. (2007) argue that biostratigraphy and carbon isotope records sup-
port correlation of the St. Audrie’s Bay section to poorly sampled Juras-
sic lava flows.

Molina-Garza et al. (2003) proposed magnetostratigraphic corre-
lation of the reversal found in the upper Dinosaur Canyon Member of
the Moenave Formation (description of Moenave Formation to follow)
to E23r of K099. In the absence of biostratigraphic tie points it is pos-
sible (although not desirable) to correlate between magnetostratigraphic
records by visual comparison. Dominantly normal polarity magnetiza-
tion directions acquired from sediments preserved in the Paris Basin are
visually correlated to the limited Hettangian part of the Newark time
scale (Yang et al., 1996). Paleomagnetic data from the Planorbis Zone
(basal strata) of the Neuquen section, Argentina, yields normal polarity
data and has a reported age of latest lower Hettangian (Llanos and Riccardi,
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FIGURE 2. Part of northern hemisphere projection showing paleomagnetic poles (IAGA Global Paleomagnetic Database) based on the following search
criteria: North America, ranging in age from 220 Ma to 180 Ma, primary remanence, and with demagnetization procedures including principle component
analysis. Squares represent cratonic poles or poles calculated from rocks in eastern North America. Poles derived from rocks in the American Southwest
are shown in circles. The approximate location of an apparent polar wander path constructed using the paleomagnetic Euler pole method of path

construction as described in Gordon et al. (1984).

2000). The preservation potential for magnetic polarity reversals in the
Tethyan basins is lower than in the Newark section because sedimenta-
tion rates were much higher in the Newark. However, magnetostratigraphic
correlation of the Tethyan sediments to the Newark polarity time scale,
together with the biostratigraphic arguments of Kozur and Weems (2005)
and geochemical arguments of Palfy et al. (2000, 2002), indicate that
more reversals may be in preserved in the Turkish sections than in the
Newark (Gallet et al., 2007). Gallet et al. (2007), therefore, propose that
the Newark Supergroup is missing lower Rhaetian sediments and thus
encompasses an early Rhaetian hiatus.

MOENAVE FORMATION

The Moenave Formation (siltstone and fine-grained sandstone)
(Fig. 3) is the lowest stratigraphic unit of the Glen Canyon Group and is
disconformably overlain by the Lower Jurassic Kayenta Formation
(Harshbarger et al., 1957, Lucas and Heckert, 2001; Molina-Garza, 2003,
Hutny, 2006). It is likely that strata of the Moenave Formation were
deposited across the TIB (Lucas et al., 2006). In southern Utah and
northwest Arizona, about 67 m of Dinosaur Canyon Member strata, the
basal member of the Moenave Formation, consist of fluvial and eolian
red-beds (Fig. 4). The Dinosaur Canyon Member interfingers with the
Wingate Sandstone to the east (Wilson, 1967, Lucas and Heckert, 2001,
Marzolf, 1994; Molina-Garza et al., 2003; Lucas and Tanner, 2004,

Hutny, 2006; Tanner and Lucas, 2006; Lucas and Tanner, 2006a). The
Whitmore Point Member conformably overlies the Dinosaur Canyon
Member and consists of about 25 m of mostly lacustrine strata with
minor intervals of hematitic to non-hematitic mudstone and limestone
(Harshbarger et al., 1957; Irby 1995; Lucas and Heckert, 2001; Molina-
Garza et al., 2006). The Springdale Sandstone has been previously de-
scribed as an uppermost member of the Moenave Formation. This re-
view accepts lithologic and stratigraphic arguments suggesting the
Springdale Sandstone is a discrete, basal member of the Kayenta Forma-
tion (Marzolf, 1994; Lucas and Heckert, 2001; Tanner et al., 2002; Tan-
ner and Lucas, 2006; Lucas and Tanner, 2006 a, b). The reader is referred
to Tanner and Lucas (2006), Lucas and Tanner (2006 a, b), and Lucas et
al., (2006) for a more detailed description of sedimentology, stratigra-
phy, biostratigraphy, and biochronology of the Moenave Formation.
Uppermost Triassic and lowermost Jurassic red beds of the Moenave
Formation were deposited on the craton margin, east of the evolving
Cordilleran arc (Bazard and Butler, 1991). Principal features associated
with post-Early Jurassic deformation in the American Southwest, which
led to local tilting of these strata, include formation of Laramide (base-
ment-involved) monoclines and normal faults of a range of geometries
associated with formation of the Basin and Range Province and Rio
Grande rift.

Previous paleomagnetic and magnetostratigraphic studies on the
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FIGURE 3. Stratigraphic representation of the Chinle and Glen Canyon
Groups from Lucas and Tanner (2006). The Moenave Formation is comprised
of the Dinosaur Canyon and Whitmore Point members but only the Dinosaur
Canyon Member interfingers with the Wingate Sandstone to the east.

Moenave Formation have been obtained from sections dominated by
fluvial and eolian sediments that appear to record fewer polarity zones
and subzones than rocks of equivalent age/time duration in northeastern
North America (Ekstrand and Butler, 1989, Molina-Garza et al., 2003;
Hutny, 2006) (Fig. 1). The work of Ekstrand and Butler (1986) was
principally intended to provide an initial paleomagnetic pole for the
formation and test the Gordon et al. (1984) hypothesis that the TJB was
the time period of a major, sharp change (J1 cusp) in the apparent polar
wander path for North America (Fig. 2). These workers described the
geomagnetic field during Moenave deposition as dominantly normal po-
larity with four reverse polarity subzones in the upper two meters of the
Whitmore Point Member.

Molina-Garza et al. (2003) sampled fluvial Moenave sections at
the Echo Cliffs and Comb Ridge and obtained a considerably lower
resolution polarity stratigraphy than the KO99 polarity record. At these
two localities, the Dinosaur Canyon Member is the only component of
the Moenave Formation, and two reverse polarity subzones were iden-
tified in the upper part of the Dinosaur Canyon Member. Additional
polarity zones/subzones were assumed by Molina-Garza et al. (2003) to
be defined in the (unsampled) less resistant mudstone and claystone
intervals. Molina-Garza et al. (2003) placed the TJB in the lower of the
two reverse polarity subzones in the upper part of the Dinosaur Canyon
Member. In her Masters thesis, Hutny (2006) documents an exclusively
normal polarity zone for the Whitmore Point Member of the Moenave
Formation. The Springdale Sandstone Member of the Kayenta Forma-
tion, where sampled, is dominated by normal polarity near its base and
reverse polarity in the middle and upper part. The Dinosaur Canyon
Member was not sampled by Hutny (2006). Hutny (2006) concluded
that the TJB was located near the contact between the Whitmore Point
and Springdale Sandstone, in an “unsampled” part of the section.

Magnetostratigraphic data are being obtained from four previ-
ously unsampled sections (Leeds, Warner Valley, Washington Dome, and
Fredonia) of the Moenave Formation (both Dinosaur Canyon Member
and Whitmore Point Member) as well as, where possible, the Springdale

Springdale Sandstone

Whitmore Point

FIGURE 4. Field photographs of the Leeds (top) and Warner Valley (bottom)
stratigraphic sections in the Moenave Formation.

Sandstone Member of the Kayenta Formation, in southwestern Utah
and northwestern Arizona. Our goal is to obtain the highest resolution
possible across latest Triassic to earliest Jurassic time in these rocks
through replicate section sampling and testing of the internal consistency
of the polarity record contained in these rocks. Our effort to prepare a
composite magnetostratigraphy for this time period will strive to miti-
gate complexities associated with quasi-continuous deposition of sedi-
ment of the Moenave Formation and provide data to better interpret the
morphology of the J1-cusp. The new polarity stratigraphy should be a
far more robust record of the Late Triassic to Early Jurassic geomagnetic
field for the American Southwest, thus ideally providing a comparable
high-quality magnetostratigraphy to lacustrine sediments from north-
east North America.

Initial work on sections collected at Leeds and Warner Valley
(Fig. 4), north and south of St. George, Utah, respectively, yields inter-
pretable demagnetization results showing the isolation of north-directed
and shallow inclination magnetizations (in stratigraphic coordinates) (or
antipodes) over a range of laboratory unblocking temperatures between
about 500 and 670°C (Fig. 5) and over a relatively short range of time in
chemical demagnetization. On the basis of their directions (Fig. 6), we
tentatively assume that these magnetizations are early-acquired and can
be used to define a magnetic polarity history for the Moenave Forma-
tion. The preliminary magnetostratigraphic results (Fig. 1) suggest that
the Dinosaur Canyon Member is a single normal polarity chronozone,
consistent with previous work on these rocks. One reverse polarity
subzone is defined in the lower part of the Whitmore Point Member of
the Leeds section and, tentatively, we correlate this subchron to that
defined as E23r in the Newark composite record of KO99 and SA5r of
the St. Audrie’s Bay section (Hounslow et al., 2004).

CONCLUSIONS

Paleomagnetic directions obtained to date from the Moenave For-
mation at two previously unsampled sections (Leeds and Warner Valley)
yield dominantly normal polarity directions consistent with published
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FIGURE 5. Orthogonal vector diagrams for Leeds and Warner Valley samples
showing typical response to progressive thermal demagnetization and the
isolation of a representative, typically north-seeking, shallow inclination
characteristic remanent magnetization (ChRM) used to calculate site mean
direction. Horizontal projection shown in black squares, and vertical
projection is shown by open squares.

magnetostratigraphic records of the latest Rhaetian including Comb Ridge
and Echo Cliffs, Colorado Plateau (Molina-Garza et al., 2003), the most
recent Tethyan composite section, Turkey (Gallet etal., 2007), St. Audie’s
Bay, UK (Hounslow et al., 2004), Vermillion Cliffs, Colorado Plateau
(Hutny, 2006), Newark Basin, (Kent and Olsen, 1999), Neuquen com-
posite section, Argentina (Llanos and Riccardi, 2000), the Central High
Atlas, Morocco (Marzoli et al., 2004), and the Paris Basin section (Yang
et al., 1996). One interval of reverse polarity is identified in the lower
Whitmore Point (Leeds sections) and is inferred to correlate with the
short polarity reversal E23r of KO99 and SA5r of the St. Audrie’s Bay
section. The differing interpretations of magnetostratigraphic correlation
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Warner Valley

FIGURE 6. Preliminary paleomagnetic data from Moenave sections at
Leeds and Warner Valley, as discussed in the text. Equal area projections of
preliminary site (individual bed) mean directions. All site (bed) mean directions
are based on at least seven independent samples, and those shown, with one
exception, have a, values less than 17°. The exception is one site at Leeds
(LWS5, a,, = 31.7°) tentatively defining the reverse subzone in the Whitmore
Point Member.

among basins illustrate a deficiency in our understanding of the geomag-
netic field behavior from the Norian-Rhaetian boundary to the Hettangian-
Sinemurian boundary. New high-quality paleomagnetic data from the
Moenave Formation will aid in a better characterization of geomagnetic
field behavior across the TJB.
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EARLY TRIASSIC TIMESCALE AND NEW U-PBAGES FROM SOUTH CHINA: FIRST
CALIBRATION OF THE EARLY TRIASSIC CARBON CYCLE PERTURBATIONS

THOMAS GALFETTI,, HUGO BUCHER!, MARIA OVTCHAROVA?, URS SCHALTEGGER?, ARNAUD BRAYARD?,
THOMAS BRUHWILER!, NICOLAS GOUDEMAND', HELMUT WEISSERT*, PETER A. HOCHULI', FABRICE CORDEY?
axp KUANG GUODUN?®

! Palaontologisches Institut der Universitit Ziirich, Karl Schmid-Strasse 4, 8006 Zirich, Switzerland,
email: galfetti@pim.uzh.ch, hugo.FR.bucher@pim.uzh.ch, bruehwiler@pim.uzh.ch, goudemand@pim.uzh.ch, peter.hochuli@erdw.ethz.ch;
2 Department of Mineralogy, University of Geneva, rue des Maraichers 13, CH-1205 Geneva, Switzerland,
email: maria.ovtcharova@terre.unige.ch, urs.schaltegger@terre.unige.ch;
3 UMR 5125 PEPS CNRS, Université Lyon I, Campus de la Doua, 69622 Villeurbanne Cedex, France,
email: arnaud.brayard@univ-lyonl.fr, Fabrice.Cordey@univ-lyonl.fr;
4 Department of Earth Science, ETH, Sonneggstrasse 5, 8006 Zirich, Switzerland, email: helmut.weissert@erdw.ethz.ch;
* Guangxi Bureau of Geology and Mineral Resources, Jiangzheng Road 1, 530023 Nanning, China

Crucial for carbon cycle modeling and for the interpretation of carbon isotope shifts is a precise time framework
based on the calibration of high-resolution ammonoid zones with high-precision radiometric ages. The outer platform,
ammonoid- and conodont-rich, mixed carbonate-siliciclastic series of the Early Triassic Luolou Fm. (NW Guangxi,
South China) contains a succession of volcanic ash layers. Among these, high precision U-Pb ages on zircons of two
late Early Triassic (i.e., Spathian) ash layers were proposed by Ovtcharova et al. (2006). Taking a Permian-Triassic
boundary age of 252.6 + 0.2 Ma (Mundil et al ., 2004), the recalculated uncertainties of these ages now indicate a
minimal duration of 2.7 + 0.7 My for the Spathian, thus confirming that it represents about half of the duration of the
entire Early Triassic.

A new U-Pb age 0f 251.22 +0.20 Mais proposed for an ash layer associated with the early Smithian “Kashmirites
densistriatus beds” of the Luolou Fm. This new date, together with recalculated uncertainties of previous Spathian U-
Pb ages (Ovtcharova et al., 2006) allow narrowing down of the absolute duration of the Griesbachian-Dienerian
interval as well as the duration of the Smithian substage, which are estimated tobeca. 1.4+0.4 My andtoca. 0.7+
0.6 My, respectively.

This new age model provides the fundamental basis for the calibration of a new high-resolution carbonate carbon
isotope and ammonoid records of the Early Triassic Luolou Fm., which in turn are seen as essential for global correla-
tions and for future carbon cycle modeling studies. This calibration indicates that the most significant and fastest Early
Triassic carbon isotope perturbations occur between the early Smithian and the early Spathian, thus spanning a time
interval of about 1 My.
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GEOLOGICAL SETTING

The Pizzo Mondello section is located in western Sicily (Sicani
Mountains) and is one of the most continuous and well-preserved Up-
per Triassic hemipelagic successions of the Mediterranean domain. The
Sicani Mountains are composed of pelagic sediments of Permian to Ceno-
zoic age and derive from the Neogene deformation of the Sicanian do-
main, developed along the African margin (Catalano et al., 1991). The
Pizzo Mondello tectonic unit, which includes the Pizzo Mondello sec-
tion, consists of ca. 1200 m of hemipelagic carbonates, radiolarites and
marls of Mesozoic to Cenozoic age. It overthrusts a thick allochthonous
complex of Neogene clays and evaporites attributed to the Gela Nappe
(Fig. 1) (Bellanca et al., 1993; Bellanca, 1995, and references therein).

The base of the Pizzo Mondello section is characterized by a few
meters of marls and marly limestones of late Carnian age tentatively
attributed to the Mufara Formation (Di Stefano and Gullo, 1997, Buratti
and Carrillat, 2002). Above this unit,430 m of evenly-bedded to nodular
Halobia-bearing cherty calcilutites (Cherty Limestones Formation) fol-
low. These are overlain by 20 meters of Lower to Middle Rhaetian
calcilutites and marls (Portella Gebbia Formation), which are locally
disconformably overlain by Jurassic sediments (Gullo, 1996). In this
new study, we present biostratigraphic and sedimentological data from
the Carnian-Norian boundary interval.

SEDIMENTOLOGY

The Cherty Limestones Fm at Pizzo Mondello was divided by
Muttoni et al. (2001, 2004) into four lithostratigraphic parts:

1. The basal 3 m are characterized by calcilutites with rare chert
nodules.

2. 143.5 m of dm-thick, well-bedded white calcilutites with black
chert nodules, intercalated with cm-thick marl levels. The calcilutites
contain abundant pelagic bivalves (halobids), foraminifers, radiolarians,
sponge spicules, sparse ammonoids and ostracods (Gullo, 1996), as well
as calcispheres and calcareous nannofossils (Bellanca et al., 1993; 1995).

3. 11.5 m of brecciated limestones, hereafter referred to as the
“breccia” level.

4. The upper 267.5 m are dm- to cm-thick, well-bedded to nodular
whitish calcilutites with chert nodules. Chert disappears at meter level
290 ca.

In this study. we analyzed the ca. 140 m of sediments belonging to
the Cherty Limestones Fm, within Interval 2 of Muttoni et al. (2004),
which includes the C/N boundary interval (Fig. 2). The high resolution of
sedimentological analysis allowed the recognition of three facies:

Facies A: well-bedded, dm-thick, white calcilutites with black-
brown cherty nodules concentrated in the interlayers. Calcilutite layers
are composed mostly of micrite, with thin-shelled bivalves (halobids),
radiolarians, ammonoids, foraminifers and calcispheres; bioturbation and
laminations are rare. Bivalve coquinas also occur. The interlayers are
composed of mm-thick brownish clays, which are rarely laminated.

Facies B: similar to facies A, but layers are nodular, up to 1 m
thick, and characterized by stylolitic joints. Thin-shelled bivalves,
calcispheres and coquinas are more abundant. Bioturbation and lamina-
tions are common.

Debris and landslide
Recent

Gypsiferous marl
Messinian

Sandy clays and calcarenites
Lower Miocene-Tortonian

Cherty Limestone
Upper Carnian-Rhaetian

PI1ZZO MONDELLO

Pelagic limestones, marls,
radiolarites and volcanics
Jurassic-Oligocene

Marl and calcilutites
Middle-Upper Carnian

n
m1245

Studied section
Normal fault
Thrust fault

FIGURE 1. Geological setting of the Pizzo Mondello area, Sicani Mountains,
Sicily (after Bellanca et al., 1993).

Facies C: calcilutite layers are even more nodular than in facies B
but generally thinner (8-15 cm), and always laminated. Thin-shelled
bivalves and calcispheres are extremely common. Silicified coquinas are
very abundant. Cm- to dm-scale interlayers, composed of brown-black
dolomitized clay-marls, are more common than in all other facies. This
facies is rich in black chert, occurring in 5-7 cm thick beds.

Facies alternate in the studied interval following the scheme A-B-
C-B-A (Fig. 3), with interval C centered at ca m 92.This facies alternation
may represent a combination of oscillations in the carbonate sediment
supply from surrounding carbonate platforms, varying dissolution rates
at the sea-bottom, and different autochthonous carbonate productivity
(e.g. ,benthic, thin-shelled bivalves or calcispheres, supposedly pelagic
according to Bellanca etal., 1993, 1995).

BIOSTRATIGRAPHY

At present, Pizzo Mondello is one of the best pelagic-hemipelagic
sections of Late Triassic age, and it has been recently proposed as the
GSSP candidate for the base of the Norian base. During the last 10 years,
several researchers have studied in detail the Pizzo Mondello section in
order to better define the bio-, chemo- and magnetoevents around the
boundary (e.g. Muttoni et al., 2001; Krystyn et al., 2002; Muttoni et al.
2004).

Recently (Autumn 2006), the lower part of this section corre-
sponding to Interval 2 of Muttoni et al. (2004) has been sampled in detail
(ca. each 1.5 m) for conodont analyses. Seventy-one new samples of
limestones with the average weight of 8-9 kg have been collected and
worked with standard techniques in order to extract conodonts (both
platform and ramiforms) for biostratigraphical and geochemical analy-
ses. Recovered conodonts were exceptionally abundant; they allowed us
to recognize several taxa not yet described in this section such as, for
instance, Zieglericonus sp. (samples NA 9, 31), Misikella longidentata
(NA 9, 31) as well as plenty of ramiform elements (e.g. >700 in NA27).
The Carnian/Norian boundary has not substantially modified compared
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to the position presented by Nicora et al. (2006) at the ICOS Congress in
Leicester (UK), even though the study on conodont biostratigraphy is
still in progress and a possible change of the base of the Norian is not
completely excluded. Furthermore, in the same interval many layers
bearing bivalves belonging to the genus Halobia and ammonoids have
been identified.

STABLE ISOTOPE STRATIGRAPHY,
MAGNETOSTRATIGRAPHY AND THEAGE OF THE
BOUNDARY INTERVAL

Burial diagenesis has been very weak at Pizzo Mondello, as dem-
onstrated by the CAI (Conodont Alteration Index) value of 1 exhibited
by conodonts throughout the section. This allowed the preservation of
physical signals as the §"*C values and a primary magnetization.

Muttoni et al. (2004) identified a positive shift of the §*C curve
a few meters below the boundary interval. If this isotopic signal can be
established as primary, e.g., identifying it in correlated sections, it could
become an important marker for physical correlations.

A sequence of 27 magnetozones has been established at Pizzo
Mondello, 12 of which are present in our section near the boundary
interval (Muttoni et al., 2004). Krystyn et al. (2002) and later Muttoni
et al. (2004) tentatively correlated this sequence of magnetozones with
the astronomically-tuned magnetic polarity time scale in the Newark
Basin (Kent and Olsen, 1999). We here follow the correlation of Muttoni
etal. (2004). The oldest astronomically tuned point of the Newark Basin
composite section is in the lower part of magnetozone E8r, dated at ca.
226 Ma (Kent and Olsen, 1999). Magnetozone E8r correlates with the
highest part of our studied section at Pizzo Mondello (magnetozone
PM6r), well above the boundary interval. Furin et al. (2006) provided a
U/Pb zircon age for a Late Carnian ash-bed (i.e., below the boundary
interval) deposited at 230.914 0.33 Ma. The absolute age of the bound-
ary interval is thus between 230.91+ 0.33 and 226 Ma.
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As a GSSP (Global Stratotype Section and Point) candidate of
the Induan-Olenekian boundary (Tong et al., 2003), the Lower Triassic
of the West Pingdingshan Section has been extensively studied for bio-
stratigraphy, carbon isotope stratigraphy, magnetostratigraphy and sedi-
mentology (Tong et al., 2005). The Lower Triassic sequence is well
defined by conodont and ammonoid zonations and is continuously
exposed from the upper Changhsingian to the lower Olenekian at the
section. Lithologically, the sequence appears to be a persistent rhyth-
mic repetition of couplets composed of mudstone and limestone beds
(Fig. 1). It is impossible not to notice the rhythmic bedding, and the
consistency of bed thicknesses is characteristic of orbital forcing. Thus,
the 44 m of strata from the uppermost Changhsingian to the lowermost
Olenckian were carefully described and counted bed by bed in lithology
and continuously sampled at intervals of 2 cm for magnetic susceptibil-

ity.

The cyclostratigraphic study of the Induan strata at the West
Pingdingshan Section achieved the following results:

1. The bundles and bundle sets identified in lithology at the field
outcrops are proved by the wavelet analysis of the magnetic suscepti-
bility data, resulting in a 4-5:1 ratio between the cycles and subcycles.
The spectral analysis of the magnetic susceptibility data shows that the

firstand second predominant cycles are 0.76 m and 3.41 m, respectively,
coinciding with the lithologic and wavelet analyses. Thus, the cycles are
believed to be a proxy of the orbital forcing Milankovitch cycles during
the Triassic (Berger etal., 1994).

2. The Induan sequence at the West Pingdingshan section is com-
posed of 12 cycles and 56 subcycles in lithology, and the same composi-
tion of cycles is presented by the magnetic susceptibility data according
to wavelet analysis. The spectral analysis of the susceptibility data
yields two predominant frequencies during the Induan, separate at 11.6
and 54.13. Provided these cycles reflect the Earth’s orbital eccentricity
and precession, the age-range of the Induan would be 0.983-1.171 Ma.
Supposing the Permian-Triassic boundary has anage 0£252.6 Ma (Mundil
et al., 2004), the Induan-Olenekian boundary defined by the conodont
Neospathodus waageni at the West Pingdingshan Section is around 251.5
Ma.

3. The application of the sedimentary accumulation mode
(Schwarzacher, 2000) indicates that the tectonic setting and deposition
were constant in Chaohu throughout the Induan, so that it is a perfect
sequence for various stratigraphic studies.
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FIGURE 1. Lower Triassic cycles and stratigraphic sequence in the West Pingdingshan Section, Chaohu, Anhui Province, China
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Abstract—We describe the morphology and histological structure of the teeth of the hybodontoid shark Lonchiodion
humblei from the Upper Triassic Chinle Group in Texas and New Mexico. The five morphotypes (symphyseal,
mesial, anterolateral, lateral and posterior) previously applied to the teeth of other species of Lonchidion are
applicable to L. humblei, which exhibits moderate heterodonty. The histological structure of the teeth also changes
slightly posteriorly through the dentition. The function of the teeth of L. humblei was probably differentiated,
from cutting in the symphyseal and mesial positions to crushing in the lateral and posterior ones.

INTRODUCTION

The Upper Triassic Chinle Group in the western United States is
known primarily for its rich paleontological record, especially of petri-
fied wood (e.g., Daugherty, 1941; Ash and Creber, 2000 and references
therein) and tetrapod vertebrates (e.g., Long and Murry, 1995; Heckert
and Lucas, 2002a). Less well-known, but still substantial, are the fish
faunas of non-tetrapod vertebrates, including both freshwater sharks and
diverse osteichthyans (reviewed by Huber et al., 1993; see also Johnson
et al., 2002; Murry and Kirby, 2002; Milner et al., 2006).

Hybodontoid sharks are the most common non-xenacanth
chondrichthyans in Chinle Group microvertebrate faunas (Murry, 1981,
1982, 1986, 1987, 1989a,b.c, Hunt and Lucas, 1993a; Kaye and Padian,
1994; Murry and Kirby, 2002; Heckert, 2004; Milner et al., 2006). Of
these, the most common taxon is the lonchidiid Lonchidion humblei
Murry, known from localities in Texas, Arizona, and New Mexico. The
collections of the New Mexico Museum of Natural History and Science
(NMMNH) include specimens from many of these localities, including
Lonchidion humblei fossils from two localities near Kalgary, Texas, a
locality near Ojo Huelos, New Mexico, and a locality from the Sloan
Canyon Formation in northeastern New Mexico (Fig. 1). Other records
of that species in the Chinle Group are from the Placerias quarry (Murry
and Long, 1989), the “Dying Grounds” and “Crocodile Hill” localities
(Murry and Long, 1989), Stinking Springs (Polcyn et al., 2002), and,
possibly, the Otis Chalk Trilophosaurus quarry 1 (Murry, 1989). Figure
2 shows a generalized stratigraphic distribution of these localities.

m Apachean localities

e Adamanian localities
A Otischalkian localities

FIGURE 1. Geographic distribution of specimens of Lissodus from the
American Southwest. Numbers refer to NMMNH localities (354 = Ojo
Huelos, 324 = Sloan Canyon, 860 = Trilophosaurus quarry 1, 1312 = lower
Kalgary, 1430 = upper Kalgary). Letters refer to other localities: CH =
Crocodile Hill, DG = Dying Grounds, PQ = Placerias quarry.
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FIGURE 2. Generalized stratigraphic distribution of Lonchidion localities in
Figure 1.



FIGURE 3. Scanning electron micrographs of tooth crowns of Lonchidion humblei Murry. 1, probable symphyseal tooth with the living abrasion on the
central cusp, in oblique lateral view; NMMNH P-31620, locality L-354. 2, symphyseal tooth in occlusal view, NMMNH P-10086a, locality L-354. 3,
symphyseal or mesial tooth in labial view, NMMNH P-10086b, locality L-354. 4, mesial or anterolateral tooth in occlusal view, NMMNH P-10086¢c,
locality L-354. S, anterolateral tooth in a, labial view, and b, basal views, NMMNH P-26429a, locality L-01430. 6, lateral tooth in a, lingual view, and b,
occlusal views, NMMNH P-26429b, locality 1.-01430. 7, posterior tooth in oblique occlusal view, NMMNH P-10086d, locality L-354. All scale bars = 100
microns.

STRATIGRAPHYANDAGE

The upper Kalgary microvertebrate locality is stratigraphically
low in the Tecovas Formation of West Texas. This site is of Adamanian
age, as the bulk of the Tecovas Formation, including sites in this area at
this level, yields a typical Adamanian fauna of the phytosaur Rutiodon
(=Leptosuchus) and the aetosaur Stagonolepis (see Heckert, 2004 for
additional information).

The Adamanian Ojo Huelos Member represents a freshwater car-
bonate setting (Heckert and Lucas, 2002b), a depositional environment
that is relatively rare in the Chinle (Tanner, 2003). The Ojo Huelos
Member of the San Pedro Arroyo Formation is stratigraphically low in
the Chinle Group (Lucas, 1991; Heckert and Lucas, 1997, 2002b). The
localities sampled here range from approximately 2 to 8 m above the base
of the “mottled strata,” a pedogenically modified horizon that, with the
Shinarump Formation, marks the base of the Chinle Group regionally
(Lucas, 1993; Heckert and Lucas, 2003).

DESCRIPTION

The remains of Lonchidion humblei are represented by numerous
isolated teeth and some fragments of fin spines (e.g., Murry, 1981,
Heckert, 2004). Here we provide scanning electron microscope images
(Fig. 3) and photographs of teeth immersed in aniseed oil (Fig. 4). Almost
all of teeth lack the base, and the labial peg is not preserved in some teeth.
However, the preservation of crown tissue is very good and allows us to

study the structure when immersed in aniseed oil under the optical mi-
croscope.

Small teeth of Lonchidion humblei possess a smooth crown with
a strong occlusal crest and a transverse ridge on the labial peg; they lack
accessory cusps and vertical ridges. The crown comprises orthodentine
covered by a considerably thick layer of enameloid. The narrow vascular
canals pass into the lower part of the crown, along the base/crown junc-
tion. The dentine tubules run up from those canals to an enameloid layer.
They are equally distributed over most of the crown and concentrated
only in the crown shoulders. Such histological structure of the crown is
similar to that described for the teeth of Lonchidion breve Patterson
(1966). However, it differs from the internal structure of the teeth of
Lissodus angulatus (Stensio) documented by Blazejowski (2004) in the
absence of osteodentine in the crown in any of the tooth morphotypes.

Duffin (2001) proposed five morphotypes depending on tooth
position: symphyseal, mesial, anterolateral, lateral and posterior. Most
morphotypes appear applicable to Lonchidion humblei, which exhibits
moderate heterodonty. The variations of the crown are expressed in size
and proportions, in the height of the central cusp, the length of the labial
peg, the curvature of the occlusal crest, the direction of the crown shoul-
der, and in the degree of convexity in the lingual side. The articulated
dentition is known in only two lonchidiid forms— Lissodus africanus
(Broom) (Brough, 1935; Duffin, 1985; Rees and Underwood, 2002) and
Lissodus johnsonorum Milner and Kirkland (2006).

We assigned the teeth studied here to potential positions based on



FIGURE 4. Internal structure of Lonchidion humblei crown immersed in aniseed oil, labial views.A, lateral tooth; B, mesial or anterolateral tooth, C,
crown shoulder of lateral tooth, D, posterior tooth. Abbreviations: dt — dentine tubules, en - enameloid, vc — vascular cannals. All scale bars = 200 microns.

comparison to the reconstruction of the dentition of Lissodus nodosus
(Seilacher) suggested by Duffin (1985) and Duffin’s extrapolation of
tooth arrangement for some lonchidiids (Duffin, 2001) with regard to
complete dentitions. The teeth hypothesized to be symphyseal and
mesial are characterized by moderate length and a high crown bearing a
long labial peg, a well developed central cusp, and acute occlusal crest.
Such crowns have a shape close to an equilateral triangle in occlusal view.
The central cusp in some specimens is inclined labially. The teeth of the
anterior dental position possess the narrow base/crown junction (“neck”).
Extending distally from the symphyseal to posterior teeth the crowns
become lower and more mesiodistally extended, a central cusp increases
in that direction, the occlusal crest becomes smooth, and the labial peg
shortens. The internal structure of the teeth changes slightly posteriorly
through the dentition. The teeth of the anterior position contain the
vascular canals running along the crown shoulders and a considerable

concentration of dentine tubules in those parts of crown. The vascular
canals are located only near the base/crown junction of the lateral and
posterior teeth. The dentine tubules are more equally distributed in the
crowns of such teeth. The enameloid layer is rather thickened posteri-
orly in the dentition.

The function of the teeth in the jaw was probably differentiated,
from cutting in the symphyseal and mesial positions to crushing in the
lateral and posterior ones. The traces of living abrasion in some speci-
mens are observed on the central cusp of the anterior teeth and on the
occlusal crests of lateral and posterior teeth.
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LATE TRIASSICAETOSAUR BIOCHRONOLOGY REVISITED
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Abstract—Eleven years ago Lucas and Heckert (1996) proposed five biochrons based on aetosaur genus-level

occurrences in the Upper Triassic Chinle Group of the southwestern U.S.A., another for Stegomus in the eastern
U.S.A.,and a Greenlandic-European Aetosaurus biochron. While some have embraced this biochronological frame-

work, others have challenged it on taxonomic, stratigraphic, and evolutionary grounds, while additional discoveries
have further modified the underlying taxonomic framework. Here, we take this opportunity to evaluate the past

decade’s progress in actosaurian systematics and distribution to critically reevaluate the biochronological potential

of aetosaurian taxa. No fewer than nine genera of aetosaurs provide biostratigraphic correlations within the Chinle
Group, and five of these reliably correlate Chinle Group strata to other strata across Pangea. Thus, it is clear that

actosaurs remain robust biochronological tools for the subdivision of Late Triassic time.

INTRODUCTION

Lucas and Heckert (1996) documented five biochrons based on
the occurrence of five aetosaur genera in the Upper Triassic Chinle Group
of the southwestern U.S.A. Our current assessment of the aetosaurian
record documents that at least 11 genera of aetosaurs are present in the
Chinle Group: Longosuchus, Coahomasuchus, Stagonolepis,
Adamanasuchus, Desmatosuchus, Tecovasuchus, Paratypothorax,
TBypothorax, Rioarribasuchus, Aetosaurus, and Redondasuchus (Fig. 1),
a number based not only on our own work, but on the consensus of
others (Heckert and Lucas, 1999, 2000, Lucas et al., 2002, Martz and
Small, 2006; Parker, 2007). Of these, all but Coahomasuchus and
Adamanasuchus are known from multiple localities, and therefore have
biochronological utility. Most taxa are monospecific, with the excep-
tions of Bypothorax (T. antiquum, T. coccinarum), Redondasuchus (R.
reseri, R rineharti), Aetosaurus (A. ferratus, A. crassicauda,A. arcuatus),
Stagonolepis (S. robertsoni, S. wellesi), and possibly Desmatosuchus
(D. haplocerus, D. smalli). Additional taxa we do not consider valid
include Lucasuchus (=Longosuchus) and Acaenasuchus
(=Desmatosuchus), although, if proved valid, both have their own bios-
tratigraphic utility as putative occurrences of each are restricted to nar-
row stratigraphic intervals (Fig. 1).

BIOCHRONOLOGY

Accordingly, it is now possible to recognize no fewer than nine
genus-level aetosaur biochrons in the Chinle Group:

(1) Longosuchus (=Lucasuchus) biochron of Otischalkian age.

(2) Stagonolepis biochron of Adamanian (St. Johnsian) age.

(3) Tecovasuchus biochron, also of Adamanian (St. Johnsian)

(4) Desmatosuchus biochron of Adamanian-Revueltian (Barrancan)

(5) Typothorax biochron of Adamanian (Lamyan)-Revueltian age.

(6) Paratypothorax biochron of Adamanian (Lamyan)-Revueltian
(possibly Apachean) age.

(7) Aetosaurus biochron of Revueltian-A pachean age.

(8) Rioarribasuchus biochron of Revueltian age.

(9) Redondasuchus biochron of Apachean age.

With the recognition of multiple species of Desmatosuchus,
Typothorax, and Aetosaurus, several of these biochrons can be subdi-
vided still further: D. haplocerus = Adamanian. D. smalli (if valid) =
Revueltian (Barrancan). T. antiquum = Adamanian (Lamyan). T.
coccinarum = Revueltian. A. arcuatus = Revueltian. 4. ferratus =
Revueltian-Apachean. The first appearance datum (FAD) of T" antiquum
defines the Lamyan sub-1vf.

Importantly, the Longosuchus, Stagonolepis, Paratypothorax, and
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FIGURE 1. Revised biochronological hypothesis of Lucas and Heckert (1996)
showing increased resolution provided by advances in actosaurian taxonomy
in the past decade. Taxa in quotation marks are those we do not recognize
as valid, but whose occurrences are stratigraphically restricted. Taxa denoted
with a star are (were) known from single occurrences.

Aetosaurus biochrons can all be correlated with aetosaur occurrences
outside the Chinle Group. Specifically, additional records of
Longosuchus(=Lucasuchus) are known from the eastern U.S.A. and
North Africa. Stagonolepis records include S. robertsoni from North
America, Argentina, Brazil, and Scotland and S. wellesi and S. cf. S.
wellesi from North and South America, respectively. Stagonolepis records
we are not yet able to assign to species are known from Poland and
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Germany and appear to extend the Stagonolepis biochron into the
Otischalkian. Paratypothorax is known from North America, Greenland,
and Germany. Aefosaurus arcuatus is known from the eastern and south-
western U.S.A., and A. ferratus is known from Germany, Italy, and the
southwestern U.S.A. There are records of aetosaurs from India, but
published descriptions are inadequate to assign them to genus, but they
resemble descriptions of Longosuchus and Paratypothorax.

CONCLUSIONS

This brief review demonstrates that aetosaurs remain a robust
biochronologic tool for the subdivision of Late Triassic time. Since 1996,
discoveries of both new taxa and new records of previously known taxa
have modified the biochronological hypotheses of Lucas and Heckert

(1996), but the net effect, seen in Figure 1, is a greatly improved
biochronological framework that now recognizes not only the same ma-
jor faunachrons, but also subdivisions of those faunachrons postulated
by others (Hunt, 2001; Hunt et al., 2005). Consequently, the number of
Chinle aetosaur biochrons based on genus-level taxonomy has grown
from five to nine, and the precision of correlation, especially within
previously long-ranging taxa such as Paratypothorax and Desmatosuchus,
has improved with a better understanding of new- and previously poorly-
known taxa such as Tecovasuchus and Rioarribasuchus.
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BIOSTRATIGRAPHIC UTILITY OF THE UPPER TRIASSICAETOSAUR TECOVASUCHUS
(ARCHOSAURIA:STAGONOLEPIDIDAE), AN INDEX TAXON OF ST. JOHNSIAN
(ADAMANIAN:LATE CARNIAN) TIME

ANDREW B. HECKERT?, JUSTIN A. SPIELMANN?, SPENCER G. LUCAS? axo ADRIAN P. HUNT?
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Abstract—The recently recognized aetosaur Tecovasuchus chatterjeei Martz and Small occurs at several localities
in lower Chinle Group strata across Texas, New Mexico, and Arizona. Based on lithostratigraphic correlation and

other vertebrate occurrences, all Tecovasuchus occurrences are of Adamanian age. Indeed, all occurrences are

consistent with assignment to the St. Johnsian sub-land vertebrate faunachron of the Adamanian. We therefore

recognize Tecovasuchus as an index taxon of Adamanian (St. Johnsian) time, and demonstrate that aetosaur
biostratigraphy and biochronology is now more robust and precise than it was a decade ago.

INTRODUCTION

Actosaurs are a group of extinct, heavily armored archosaurian
reptiles known from Upper Triassic sediments in North and South
America, Greenland, Europe, North Africa, and India (Heckert and Lucas,
2000). The armor of aetosaurs consists of multiple columns of
osteoderms—two on the dorsal surface (paramedian osteoderms), one
each lateral to those osteoderms (lateral osteoderms), multiple columns
of ventral osteoderms, and additional appendicular and, in some cases,
gular, osteoderms. Due to the biases of preservation, these osteoderms
are among the most commonly recovered fossils in many Upper Triassic
deposits, and the first aetosaurs described by paleontologists were named
on the basis of distinctive, yet largely isolated, osteoderms (e.g., Agassiz,
1844; Cope, 1877, 1892). More recently, Long and Ballew (1985) dem-
onstrated that basing the alpha taxonomy of aetosaurs primarily on
osteoderm morphology, originally borne out of the necessity of working
with fragmentary fossils, is remarkably sound taxonomically, and showed
how features of the paramedian and lateral armor facilitate ready dis-
crimination of four genera of actosaurs, some of which co-occur. Ensuing
work has modified their hypothesis, but two decades’ work on tax-
onomy naming new taxa (Hunt and Lucas, 1990, 1991; Long and Murry,
1995; Heckert and Lucas, 1999; Lucas et al., 2002; Zeigler et al., 2002;
Parker, 2005a; Spielmann et al., 2006) and examining aetosaur phylog-
eny (Heckert etal., 1996; Heckert and Lucas, 1999, 2000, Parker, 2007)
demonstrate that substantial taxonomic and phylogenetic signals reside
in the morphology of aetosaur osteoderms, particularly the paramedian
and lateral osteoderms. Combining this information with a detailed un-
derstanding of the stratigraphic distribution of aetosaur occurrences re-
sulted in a robust biochronology based on aetosaurs (Lucas and Heckert,
1996; Heckert and Lucas, 2000), and indeed actosaur biochronology
underpins the best biochronology of Late Triassic time available in the
nonmarine record (Lucas and Hunt, 1993; Lucas, 1998).

Recently, Martz and Small (2006) named a new aetosaur,
Tecovasuchus chatterjeei, and referred some additional material to that
taxon, but did not expound on its biostratigraphic and biochronological
significance. Similarly, Parker (2003, 2005b, 2007) has indicated that
Tecovasuchus is a valid taxon and can be identified based on isolated
osteoderms. Here we demonstrate that Tecovasuchus is actually widely
distributed across the Chinle Group of the southwestern United States
(Fig. 1), but only occurs through a limited stratigraphic interval, and is
therefore an index taxon of the St. Johnsian sub-faunachron of the
Adamanian land-vertebrate faunachron (1vf) of Lucas and Hunt (1993,
Lucas, 1998; Hunt et al., 2005).

Abbreviations: MNA = Museum of Northern Arizona, Flag-
staff, NMMNH = New Mexico Museum of Natural History, Albuquer-
que;, TTUP = Texas Tech Museum of Paleontology, Lubbock; UCMP =

University of California, Berkeley, UMMP = University of Michigan
Museum of Paleontology, Ann Arbor.

SYSTEMATIC PALEONTOLOGY

Stagonolepididae Lydekker, 1887
Paratypothoracini Parker, 2007
Tecovasuchus Martz and Small, 2006

“New Taxon”: Lucas et al., 1995, fig. 2d-f, fig. 3d-f, p. 467

cf. Paratypothorax sp.: Lucas et al., 1995, fig. 2a-c, 3a-c, p. 467
Paratypothorax? Heckert, 1997, fig. 3f, p. 29

Paratypothorax-like aetosaur: Parker, 2005b, fig. 3, p. 39
Tecovasuchus chatterjeei Martz and Small, 2006, figs. 1-7, 8d, p. 308
Tecovasuchus: Parker, 2007, fig. 8i-j, p. 43

Amended diagnosis: Martz and Small (2006, p. 312) diagnosed
Tecovasuchus as:

An aetosaur with the following unique combination of char-
acters: dorsal paramedian osteoderms very wide
(width:length ratio approaching 4.0) as in Typothorax
coccinarum and Paratypothorax; raised anterior bar on dorsal
surface of dorsal paramedians as in most actosaurs except
Desmatosuchus and Acaenosuchus [sic], dorsal boss on
dorsal paramedians a low rounded keel at center of ossifica-
tion as in Aetosaurus ferratus, ornamentation on dorsal
paramedians consisting of both deep, rounded pits and
shallower radiating grooves as in Stagonolepis; posterior
edge of dorsal paramedians strongly thickened and beveled
(autapomorphy); thick ventral strut on dorsal paramedians
similar to that of Typothorax, Redondasuchus, and some
specimens of Paratypothorax;, at least some lateral
osteoderms very similar to Paratypothorax in having short,
curved, dorsoventrally compressed, and posteriorly exca-
vated horn, and reduced tongue-shaped dorsal flange form-
ing angle of about 45° with larger plate-like ventral flange.

We follow this diagnosis, but also consider that the strongly de-
veloped depth of the arcuate pattern on the lateral scutes and the extreme
compression (narrow arch) of these osteoderms distinguish Tecovasuchus
from Paratypothorax, whose lateral scutes have a similar pattern that is
not as deeply textured (e.g., Lucas et al., 2006; fig. 6a).

Holotype: TTUP 545, a partial braincase and eight associated
osteoderms of varying completeness from the “breaks of Sierrita de la
Cruz creek,” Oldham County, Texas (Martz and Small, 2006).

Referred specimens: TTUP 9222, left dorsal paramedian
osteoderm from Cedar Hill West Texas; UMMP 7244, incomplete dorsal
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occurrences in western North America. Abbreviations: BH = Blue Hills, CC
= Crosby County, PQ = Placerias quarry (including the nearby Downs’
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paramedian scute from Davidson Creek, Texas; UMMP 8869, a nearly
complete lateral osteoderm from Crosby County, Texas; UMMP 9600,
anearly complete dorsal paramedian osteoderm, also from Crosby County
Texas (Fig. 2A-B); all previous specimens from the Tecovas Formation
of West Texas. MNA 2898, an incomplete left lateral osteoderm (Fig. 2F-
H), from the Placerias quarry NMMNH locality 859), Upper Triassic
Bluewater Creek Formation, Arizona; MNA 3202, several osteoderms,
including incomplete right lateral and paramedian osteoderms illustrated
by Parker (2005b, fig. 3.1-2, 3.5) from the Downs’ quarry, Upper Trias-
sic Bluewater Creek Formation, Arizona, NMMNH P-25641, an incom-
plete right? lateral osteoderm (Fig. 2C-E), left? lateral osteoderm (Fig.
3C) and two dorsal paramedian osteoderm fragments (Fig. 3D) from the
Upper Triassic Los Esteros Member, Santa Rosa Formation NMMNH
locality 1186), New Mexico, NMMNH P-18305, an incomplete left
lateral osteoderm (Fig. 3A) from the Upper Triassic Bluewater Creek
Formation (NMMNH locality 3252), New Mexico.

All of the above specimens were either referred to T chatterjeei by
Martz and Small (2006) and/or Parker (2007) or, in the case of material
we have added here (Figs. 2-3), clearly possess the distinctive features of
T chatterjeei as enumerated by Martz and Small (2006). In particular,
lateral osteoderms we refer to 7. chatterjeei have a posteriorly excavated
horn that is short, curved, and dorsoventrally compressed (as is the
osteoderm generally) with a ventral flange that possesses a distinctive
pattern of arcuate, radial ridges and grooves and a reduced dorsal flange
that extends from the ventral flange at an acute angle.

Specimens referred to Tecovasuchus? sp.: NMMNH P-18422,

an osteoderm fragment from the Upper Triassic lower Bluewater Creek
Formation (NMMNH locality 3252) (Fig. 3A), New Mexico, UCMP
A269/126847, paramedian osteoderm fragment, A269/136744, incom-
plete right paramedian fragment, both from the Placerias quarry, lower
Bluewater Creek Formation, east-central Arizona, UCMP 7307/27049,
from the Blue Hills, Upper Triassic Blue Mesa Member, Petrified For-
est Formation, east-central Arizona, TTUP 10079, incomplete carapace
from L-7 Ranch, near Negro Hill, Upper Triassic Tecovas Formation of
West Texas (this last assignment follows Martz and Small, 2006).

Material we refer to Tecovasuchus? sp. here and not previously
referred by Martz and Small (2006) consists of fragments of osteoderms
we are reasonably certain pertain to Tecovasuchus but which cannot be
unambiguously referred to that taxon. In general, these are short, wide,
osteoderms that are incomplete but appear to possess the attributes of
Tecovasuchus.

We note here that Lehman and Chatterjee (2005, p. 345) used the
generic name “Tecovasuchus,” but from the context of their text it is clear
that this is a lapsus calami referring to the possible ornithischian
Tecovasaurus murryi Hunt and Lucas (1994), not Tecovasuchus
chatterjeei Martz and Small (2006), which was then unnamed.

STRATIGRAPHIC DISTRIBUTION

Presently material of Tecovasuchus occurs in only three forma-
tions—the Tecovas Formation of West Texas (Martz and Small, 2006),
the Los Esteros Member of the Santa Rosa Formation in central New
Mexico (documented here), and the Bluewater Creek Formation of west-
ern New Mexico and eastern Arizona (Parker, 2005b). The holotype
specimen is from the Tecovas Formation of West Texas in the northern
Triassic outcrop belt in the vicinity of Sierrita de la Cruz Creek, an area
that includes the famous “Rotten Hill” metoposaur assemblage (Long
and Murry, 1995). Other Texan occurrences include the material col-
lected by Case, given as “near [the] river crossing old Spur-Crosbyton
road” on museum labels (Lucas et al., 1995, p. 467). Throughout West
Texas, including the outcrops embracing these occurrences, the Tecovas
Formation yields a tetrapod assemblage that includes the phytosaur
Rutiodon (=Leptosuchus), the aetosaur Stagonolepis wellesi, and/or the
enigmatic taxon Colognathus, all of which are index taxa of the Adamanian
(St. Johnsian) 1vf (e.g., Hunt et al., 2005; Heckert and Lucas, 2006).

The Los Esteros Member material was recovered from a ~20 m
thick interval that includes three NMMNH localities (149, 1179, 1271)
documented by Hunt and Lucas (1995) plus the locality noted here
(NMMNH locality 1186). All four of these localities are east of Lamy,
New Mexico (Hunt and Lucas, 1995, fig. 1; see also Lucas and Heckert,
1995, for a description of the Triassic stratigraphy in this area). The
fauna from these localities includes the metoposaur Buettneria, the
aetosaurs Desmatosuchus, Typothorax cf. T. antiquum and cf.
Stagonolepis, and the problematic reptile Colognathus (Hunt and Lucas,
1995; Heckert, 2001). Although the actosaurian records are fragmentary,
the record of Colognathus from this locality (Heckert, 2001, identified as
a possible procolophonid) is diagnostic of an Adamanian (St. Johnsian)
age (Heckert and Lucas, 2006).

The Placerias-Downs’ quarry complex in eastern Arizona is, taxo-
nomically, the single richest vertebrate site known from the Chinle (e.g.,
Kaye and Padian, 1994; Long and Murry, 1995; Lucas et al., 1997).
Lucas et al. (1997) demonstrated that the Placerias quarry occurs low in
the Bluewater Creek Formation, just above the base of the Chinle Group
locally, and that the nearby (<100 m) Downs’ quarry occurs at a slightly
higher (~1.5 m) level. Parker (2005) demonstrated that some specimens
from the Downs’ quarry previously attributed to Stagonolepis wellesi
by Long and Ballew (1985) actually pertain to Tecovasuchus. Addition-
ally, we note that the left lateral osteoderm MNA V2898 from the
Placerias quarry itself (Fig. 2F-H) is a near perfect mirror image of the
right lateral osteoderms of Tecovasuchus illustrated by Parker (2005b,
fig. 3.1-4). We have also observed fragmentary paramedian osteoderms
from the Placerias quarry in the UCMP collections (in particular UCMP



FIGURE 2. Tecovasuchus chatterjeei. A-B, UMMP 9600, right dorsal paramedian osteoderm in A, dorsal and B, posterior views. C-E, NMMNH P-25641,
right? lateral osteoderm in C, ventral, D, dorsal and E, medial views; F-H, MNA V2898, left lateral osteoderm in F, anterior, G, ventral, and H, posterior
views.

126847, a left, and 136744, aright, both from UCMP locality A269) that
represent a wide-bodied aetosaur that we tentatively ascribe to
Tecovasuchus sp. The Placerias-Downs’ quarry horizon is nearly equiva-
lent to the probable New Mexican occurrence of Tecovasuchus from the
Bluewater Creek Formation originally documented as a possible
Paratypothorax sp. specimen by Heckert (1997) and subsequently iden-
tified as Tecovasuchus? sp. by Parker (2005b) (Heckert and Lucas, 2002).

A single fragmentary specimen in the collections of the UCMP

may represent an additional occurrence of Tecovasuchus. The specimen
in question, UCMP 27049 from UCMP locality 7307, is from the Blue
Hills in east-central Arizona. UCMP 7307 is one of C.L. Camp’s classic
collecting localities, and occurs low in the Blue Mesa Member of the
Petrified Forest Formation (Fig. 1). This locality yields a typical
Adamanian (St. Johnsian) fauna (e.g., Heckert and Lucas, 2003), so this
fragmentary specimen does not change the biostratigraphic utility of
Tecovasuchus at the faunachron-level, although it does indicate that it
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FIGURE 3. A, C-D, Tecovasuchus chatterjeei and B, Tecovasuchus sp. A, NMMNH P-18305, right lateral osteoderm in ventral view; B, NMMNH P-
18422, osteoderm fragment in dorsal view; C-D, NMMNH P-25641, C, left? lateral osteoderm in ventral view and D, two dorsal paramedian osteoderm

fragments in dorsal view. A-C to the same scale.
may occur through at least 60 m of section in eastern Arizona.
CORRELATION

Tecovasaurus occurrences are reliably correlated by a variety of
lithostratigraphic and biostratigraphic techniques. The Tecovas Forma-
tion yields a single vertebrate fauna readily identified as Adamanian (St.

Johnsian) in age, so all occurrences in West Texas are, within biostrati-
graphic resolution, the same age (Lucas and Hunt, 1993; Long and Murry,
1995). The Los Esteros Member of the Santa Rosa Formation is
homotaxial to the Tecovas Formation and similarly represents an interval
dominated by deposition of relatively fine-grained sediments overlying
coarser-grained sediments (Tecolotito Member) representing infill of in-



cised topography present at the onset of Chinle deposition (Lucas etal.,
1994, 2001). The Bluewater Creek Formation is comprised of similar
strata representing this same interval in western New Mexico and east-
ern Arizona (Heckert and Lucas, 2002).

DISCUSSION

Since its creation, the biochronology of Lucas and Hunt (1993,
Lucas, 1998) has drawn diverse challenge and rebuke (e.g., Long and
Murry, 1995; Lehman and Chatterjee, 2005; Parker, 2005b, 2007, Martz
and Small, 2006, among others). Criticism of the actosaur-based
biochronology of Lucas and Heckert (1996) underpinning Lucas’ (1998)
revision of Lucas and Hunt’s (1993) hypothesis has centered around the
following arguments: (1) various aetosaurs identified as index taxa of
different faunachrons actually co-occur, (2) aetosaur armor is not as
readily identifiable as suggested by Lucas and Heckert (1996); and (3)
new occurrences falsify the hypothesis. To be sure, additional informa-
tion has changed some taxonomic assignments and otherwise altered our
understanding of aetosaurian distribution in time and space. However,
Figure 4 demonstrates that, instead of diminishing it, subsequent work
has actually enhanced the biostratigraphic utility of aetosaurs. In par-
ticular, we note the following:

(1) Supposed co-occurrences of aetosaurian index taxa, specifi-
cally Stagonolepis wellesi and Typothorax are records of Stagonolepis
wellesi and the recently described taxon Typothorax antiguum (Lucas et
al., 2002) and are restricted to a narrow interval (< 10 m thick) in the
Petrified Forest National Park (Hunt et al., 2005; Parker, 2005b; Parker
and Irmis, 2005). This leaves S. wellesi and T. coccinarum, which never
co-occur, as discrete index taxa of the Adamanian and Revueltian 1vfs,
respectively. Although some (e.g., Parker, 2005b,2007) do not recognize
T antiquum as a distinct species of Typothorax, we maintain that we can
readily discriminate specimens of 7 coccinarum from T. antiquum Lucas
etal. (2002).

(2)In spite of repeated criticism of the utility of isolated aetosaurian
osteoderms (e.g., Martz and Small, 2006; Parker, 2007), some of which
resorts to nearly ad hominum verbiage (“shoehorning” of Martz and
Small, 2006, p. 308, for example), these same workers have repeatedly
demonstrated that additional study of aetosaurs actually enhances the
value of individual osteoderms. Indeed, these authors, by building upon
the work of others (e.g., Long and Ballew, 1985; Long and Murry, 1995;
Heckert and Lucas, 1999, 2000) and describing variation within a single
carapace or quarry sample (Martz, 2002; Parker, 2003) have now exten-
sively subdivided aetosaur carapaces at a much more anatomically pre-
cise level, effectively facilitating identification of more osteoderms not
only to taxon, but to specific regions of the carapace (e.g., Martz, 2002;
Parker, 2003, 2007, Martz and Small, 2006). We concur with their as-
sessment that more and better fossils, specifically fossils documenting
ontogenetic variation, will improve our understanding still further, but
this is the nature of science, which by definition continues to seek im-
proved resolution of our understanding of natural phenomena.

(3)In direct opposition to the assertion that new occurrences
have falsified the biostratigraphy advocated by Lucas and Heckert (1996),
Figure 4 demonstrates that new discoveries and improved taxonomic
understanding have resulted in a substantial increase in the resolution of
aetosaur ranges. One such example is the case of Desmatosuchus, once
thought to range through much of the Upper Triassic section in western
North America, but now restricted to a narrower stratigraphic interval,
with the possibility that each of two species may subdivide that interval
further. More germane to this paper, occurrences of Paratypothorax as
understood in the 1990s are now known to pertain to at least two, and
probably three, taxa, Tecovasuchus, Paratypothorax, and perhaps an-
other taxon. The result is, as demonstrated here for Tecovasuchus, that
records once tentatively referred to Paratypothorax, which had a long
stratigraphic range, now are confidently assigned to two different taxa,
each of which has a shorter stratigraphic range. Thus, where there was
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FIGURE 4. Revised biochronological hypothesis of Lucas and Heckert (1996)
showing increased resolution provided by advances in aetosaurian taxonomy
in the past decade. Taxa in quotation marks are those we do not recognize
as valid, but whose occurrences are stratigraphically restricted. Tecovasuchus
is highlighted with a particularly wide bar. Taxa denoted with a star are
(were) known from single occurrences.

once a long “Paratypothorax” biochron, there are now shorter, discrete,
and superposed Tecovasuchus and Paratypothorax biochrons (Fig. 4).

CONCLUSIONS

Figure 4 illustrates the biochronologic hypothesis advanced by
Lucas and Heckert (1996) compared to our present understanding of
aetosaur distribution, including the many new species described in the
intervening decade. Comparison of the two hypotheses reveals numer-
ous advances. In particular, Lucas and Heckert (1996) recognized six taxa
that were biostratigraphically useful in that they were restricted to a
single faunachron (Longosuchus, Stagonolepis, Typothorax, Aetosaurus,
Stegomus, and Redondasuchus), and none were reliable index taxa of a
sub-faunachron. Several taxa, in particular Desmatosuchus and
Paratypothorax, had extensive stratigraphic ranges that hindered their
utility as index taxa. With advances in our understanding of taxonomy
and stratigraphic distribution, there are now at least 11, and perhaps 13,
aetosaurs diagnostic of intervals of time at the faunachron- or sub-
faunachron level (Longosuchus, Stagonolepis, Tecovasuchus,
Desmatosuchus haplocerus, Typothorax antiquum, T. coccinarum, A.
arcuatus (=Stegomus), D. smalli, Rioarribasuchus, Redondasuchus, and
Neoateosauroides). We do not accept Lucasuchus or Acaenasuchus as
valid taxa, but all supposed occurrences of either are restricted to strata
of Otischalkian and Adamanian age, respectively. Almost all of these
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taxa, with the possible exception of D. smalli, are readily identified by
isolated osteoderms and, in some cases, even by osteoderm fragments.
Taxa Lucas and Heckert (1996) previously considered as long-ranging,
such as Desmatosuchus and Paratypothorax, are now recognized as con-
sisting of more than one taxon. Splitting Paratypothorax records into
Tecovasuchus and Paratypothorax occurrences, and Desmatosuchus
records into D. haplocerus, D. smalli, and Rioarribasuchus occurrences,
results in greatly improved biostratigraphic resolution with these previ-
ously problematic taxa. In conclusion, aetosaurs remain robust biostrati-
graphic tools by which Upper Triassic strata can be correlated, both
within basins and across continents.
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8°CISOTOPE CURVE IN THE LOWER TRIASSIC FROM SHALLOW WATER CARBONATES IN
JAPAN, PANTHALASSA REALM
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In the Jurassic accretionary wedges in Japan, exotic blocks that have been deposited in the Panthalassa Ocean
have been incorporated. Most of the blocks are pelagic cherts; rarely, shallow water carbonates are present, too. We
present a §"*C study on the Lower Triassic of a shallow water carbonate succession that was deposited on a mid-
ocean seamount in the Panthalassa Ocean, accreted in the Chichibu Belt, Japan. Two sections have been sampled at
Kamura, central Kyushu Island. The carbon isotope curve shows depleted values across the Permian-Triassic bound-
ary (PTB) followed by an increase to heavier values towards the Dienerian, culminating to a maximum of almost +4%o
V-PDB, before a steep drop. Lower values with an ascending trend follow in the Smithian, of which only a partis
present. In the Spathian, isotopically depleted values continue and rise to enriched 3"*C values exceeding +3.5%o near
the Lower/Middle Triassic boundary. The observed trend of the stable carbon isotope curve from Japanese sediments
mirrors the curve derived from sections in the Tethys (e.g., China, Italy, Iran). The results give proof that the derived
curve represents a global trend, although some distinct features are absent due to erosion/gaps at the base and top of
the Smithian. The profound variations of the carbon isotope curve now globally indicate severe changes in the Lower
Triassic carbon cycle, which can be counted among the reasons for a delayed biotic recovery after the PTB. Large
amounts of carbon were shifted between the carbon reservoirs, most probably between shallow and deep ocean
waters, and /or ocean and sediment. Observed anoxia in the Panthalassa Ocean followed by overturn of the ocean
water masses may have been the mechanism to quickly alter ecological conditions in the ocean leading to variable
availability of nutrients, oxygen and isotope composition of the available carbon in the surface waters that was incorpo-
rated in the precipitated carbonate.
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Abstract—The “Carnian Crisis” is documented in basinal, shallow-marine and epicontinental northwestern Tethyan
facies areas by, successively, (1) a demise of carbonate platforms and reefs in the Julian 1/Ic, (2) a major faunal and
floral turnover in the Late Julian and (3) a significant extinction event affecting conodonts and ammonoids at the
Julian/Tuvalian boundary. Based on the study of 19 successions from the NW Tethys, the presence of short-lived
ammonoid and conodont taxa and the sudden absence of reef-derived debris in basinal and shallow-marine succes-
sions document a strict synchroneity in latest Julian 1 of a carbonate productivity crisis. 8"‘0phos values measured
on conodont apatite display a major negative shift of 2.0 %o [V-SMOW] in the latest Julian 1 and Julian 2 indicating
climate warming and a change in seawater salinity. This interpretation fits with changes in lithofacies and argues for
humidification and enhanced freshwater runoff (sensu Simms and Ruffell, 1989), resulting in higher nutrient levels
as the main factors of both reef disease and decline of nektonic biodiversity in late Early Carnian time.

INTRODUCTION

The Carnian stage is characterized by one of the most severe
ecological crises of the Triassic, well recognized in many regions of the
Tethys (e.g., S. Tethys: Hornung et al., in press a, and references therein).
Carnian sediments have been studied intensively in the Northern Calcar-
eous and the Southern Alps (NW Tethys; Fig. 1) where large carbonate
platforms flourished at the beginning of the stage. The demise of these
carbonate platforms marked a severe cut in Triassic reef development
(Flugel, 2002) and has been well-dated by short-lived conodont and
ammonoid taxa (Metapolygnathus carnicus, Trachyceras n. sp. 1) into
the uppermost aonoides Zone representing the Julian 1/Ilc (Fig. 2; see
also Hornung and Brandner, 2005; Hornung et al., in press a, b). The
platform demise was followed by a turnover of faunal and floral assem-
blages in marine and epicontinental environments (reef builders, bivalves,
crinoids, bryozoans: Simms and Ruffell, 1989, 1990; Hallam, 1996 flora:
Pott etal., 2006, tetrapods: Benton, 1991). Subsequently, a major extinc-
tion event affected many ammonoid and conodont taxa at the Julian-
Tuvalian boundary (Krystyn, 1983, 1991; Rigo et al., in press).

The ultimate causes of the biotic crisis are still a matter of discus-
sion, but have been often related to a drastic change to more humid
climatic conditions. The onset of intensified siliciclastic input to wide
parts of the epicontinental basins and marginal Tethyan environments
(e.g.,Enosetal., 1998; Geyer, 2002; Lehrmann et al. 2005; Hornung and
Brandner, 2005; Rigo et al ., in press; Hornung et al., in press b, Hornung,
2007, subm.) have been called the “Carnian-Pluvial Event” by Simms
and Ruffell (1989).

In order to describe facies evolution during critical time slices of
the Early and Late Carnian, we studied 19 sections within the main facies
belts of the Alpine area (Figs. 1-2; Table 1). The main objective of this
paper is to decipher the mode that led to a changed late Early Carnian
climate and to develop a possible scenario of the “Carnian Crisis.”

THE NW TETHYS DATABASE
The Sections

The sudden, basinwide change from carbonate to terrigeneous
sedimentation is considered as a basin-to-platform-top timeline. From
that we started to study low-energy, stratigraphically complete basinal
successions by means of biochronostratigraphy and (micro)facies, and

to correlate the results to shallow-marine environments. This method
was used successfully by Reijmer and Everaas (1991) and Schlager et al.
(1994), who demonstrated a close interaction between Triassic plat-
forms and basins. The results of this part of the study are outlined in
Figure 2, which summarizes the bio-, litho-, event-, and sequence-stratig-
raphy of major Alpine facies belts throughout the “Carnian Crisis.”

The microproblematic ?algae Tubiphytes was one of the important
Early Carnian reef builders (among corals and coralline sponges: Fliigel,
2002). The sudden absence of reef-derived debris within eight Hallstatt-
and Reifling Limestone sites was dated as the uppermost aonoides am-
monoid Zone representing Julian 1/Ilc. This date coincides with the on-
set of unbioturbated fine laminites (Gostling Member, Fig. 2: sites 6-8;
“Ferchenbach Member,” site 9) and thrombolite limestones (“ochre-
coloured limestones,” Fig. 2, site 1), in turn marking the standstill of the
shallow water carbonate factories (Table 1). The dating of this first event
within the basins was correlated with the Wetterstein carbonate plat-
form-top in Julian 1/IIc, which suffered local emergence during a sea level
lowstand (Fig. 2).

The onset of deposition of black shales with minor contents of
carbonate and terrigenous silt (NCA: Reingraben Shales, Dolomites:
Heiligkreuz Formation) that are overlain by silt- and sandstones (“North-
ern Alpine Raibl Beds™”) was dated as basal Julian 2 and Julian 2/11,
respectively. Observation of similar sediments that cover locally emerged
and karstified Wetterstein carbonate platforms proves common sedimen-
tary gaps in the latest Julian 1/IT and the Julian 2/1 (Fig. 2: sites 11-12).

The ammonoid and conodont extinction event near the Julian-
Tuvalian boundary (Krystyn, 1991; Rigo et al., in press) coincides wth
both the end of the “Carnian Pluvial” interval and the prompt restart of
carbonate production during the earliest Tuvalian (Fig. 2: sites, 1, 4-5;
Fig. 4e).

Stable isotopes: §'*0

phos

Using the method of Wenzel et al. (2000), Joachimski and Buggisch
(2002) and Joachimski et al. (2004, 2006),8“‘01*‘0s values were measured
exclusively on neogondolellinine conodont apatite. From the late Ladinian
(regoledanus-), late Early Carnian (austriacum-) and earliest Norian
(jandianus ammonoid zone), they show an average §'%0 | _ratio around

22.0 %o [ V-SMOW], respectively. Around the Julian/ Tuvalian boundary
the Slsopm trendline exhibits a negative excursion of 2.0 %o, including



FIGURE 1. Palaeogeography in Julian 2 during deposition of the Schilfsandstein (modified after Kiessling et al.,
“Diirrnberg standard section”; 2 = Rappoltstein; 3 = Draxllehen; 4 = Feuerkogel, 5 = Héllgraben; 6 = Lehen; 7 = Polzberg; 8 = Scheiblingsgraben; 9 =
Wamberg succession; 10 = Tamarin; 11 = Wendelin gallery; 12 = Inzell-Weissbach; 13 = Bergangerl-Kartellerjochl; 14 = Halleranger-Gschniergraben

(Krainer, 1985); 15 = Lunz type locality (Verloop, 1908),

16 = Stiegengraben (Kristan-Tollmann and Hamidani, 1973),

2006 and Golonka, in press): 1 =

17 = Schwanberg; 18 = Lavarella;

19 = Heiligkreuz. Abbreviations: li.Ist. = limonitic limestones (Hallstatt Facies); b. = bioarenites (Pdtschen Facies). Abbreviations: AM = Amoricanic
Massif, FSH = Fennoscandian High; LBM = London-Brabant Massif, RM = Rheinic Massif, Vind = Vindelizic Landmass.

two plateaus in the earliest Tuvalian (20.5 %o) and in the middle to early
late Tuvalian (20.9 %o). Conodonts from the Middle Norian (Lacian 2)
generally show lower values (21.2 %o) (Fig. 3). All values are listed in
Table 2.

DISCUSSION

Earlier hypotheses argued that carbonate platforms can suffer
death due to a “rapid regression-transgression couplet™ (e.g., Hallam and
Wignall, 1999). This “death by emergence and submergence-hypoth-
esis” was established by, for instance, Winterer (1998). However, this
hypothesis was rejected because the growth potential of reefs always
exceeds tectono-eustatic sea level rises (Schlager, 1999). Although the
late Early Carnian successions in the Tethys document a significant sea
level fall followed by a sea level rise (Brandner, 1984; Riiffer and Bechstidt,
1998; Hornung et al., in press a), we exclude the “death by emergence and
submergence-theory” because it fails to explain why emerging reefs have
not stepped towards the basins to more suitable water depths.

Reef disease as a consequence of rapidly enhanced siliciclastic
input (Jerz, 1966; Schuler, 1968) can be clearly ruled out, as the reef
demise was dated as Julian 1/IIc (uppermost aonoides Zone), and the
climax of siliciclastic input reached the marginal Tethyan depositional
area not before Julian 2/II (upper austriacum Zone). Following the up-
dated Triassic time scale (Ogg, 2004; Furin et al., 2006), this equates to
approximately 1 Ma.

If high-amplitude sea level fluctuations or enhanced siliciclastic
influx were not responsible for initiating the “Carnian Crisis,” we are in

need of another factor that was efficient and fast enough to suppress the
growth potential of reefs to keep pace with subsidence.

Isotope and Facies Evidence:Climatic Warming and
Changes in Sea Water Salinity

For a reasonable calculation of Carnian sea water temperatures,
we followed Hornung et al. (in press b), who assumed subtropical, open
marine Triassic sea water values close to 0.25 %o (V-SMOW). This
equates to the studies of Zachos et al. (1994), who suggested a correction
factor for low tropical and subtropical latitudes, where evaporation ex-
ceeds precipitation. However, the interpretation of the oxygen isotope
curve of Figure 3 and calculation of Carnian sea water temperatures
based on conodont apatite (Kolodny et al., 1983) need additional knowl-
edge about the life habitat of conodonts. Conservatively interpreted as
exclusively benthonic forms in pelagic environments (e.g., Kozur, 1974),
current studies argue that Carboniferous gondolellids, the Paleozoic an-
cestors of the Triassic neogondolellinins (Orchard, 2005), lived in sur-
face waters and represent surface water temperatures (Joachimski et al .,
2006). If gondolellids have not changed their live habitat substantially
through time, the 6'*0,, . values of Upper Triassic neogondolellinins
represent sea surface water signals.

Taking the above considerations into account, Longobardian 2-,
Julian 1/I- and Lacian 1 paleotemperatures ranged between 12 and 16°C
(Fig. 3). Julian 2 § “‘Ophos values translate to 19° C. Conodont isotope
data close to the Julian/Tuvalian boundary and within the Tuvalian 1 are
calculated from 22 to 25° C, whereas Tuvalian 2-3 §'°O,,  values pro-



61

Lithologic key

E3 limestones

(carbonate platforms)

— boundary
(biostratigraphically
fixed)

EEE  limestones (basins) .~ —- boundary ; . ;
laminites (by lithology and = bioarenites (Potschen Facies).
shutos sequence-stratigraphy)

Bl nmals

B silt- and sandstones Sequence-stratigraphic key

dolomites
evaporites
[[T7] strat. hiatus

LST lowstand system tract
HST highstand system tract

TST transgressive
system tract

vide paleotemperatures around 21°C. Keeping in mind that the tempera-
ture tolerance of Carnian-Norian reef-builders probably was between 18
and 34°C (Kleypas et al., 1999), only the Julian 2 and Tuvalian con-
odonts document water temperatures that were suitable for reef devel-
opment. However, no reefs are known from the NW Tethys in Julian 2
and only small patch reef-like mounds are known from Tuvalian 1 and 2.
In contrast, extended reef belts developed in the Early Carnian and Early
Norian (e.g., Fligel,2002; Hornung and Brandner, 2005), when sea water
temperatures derived from conodont apatite §'*0 have been calculated at
their lowest (22.0-22.8 %o: 12-16° C). This contradiction implies that
temperature cannot be the sole factor for the recorded variation in SlsOphos‘
Changes in seawater salinity can shift the O-isotope curve to
more positive or negative values (Fabricus et al., 1970): evaporation of
surface-near sea water enriches surface water in *O, which might be
interpreted as cooling. Enhanced input of freshwater otherwise enriches
surface water in 'O, resulting in lower §'%O,,  ratios and may thus be
interpreted as warmer surface water temperatures. Both, enhanced evapo-
ration and freshwater influx should have left their imprint not only in the
6180pm fractionation trend of conodont apatite, but also within the
sedimentary (and thus climate) history of shallow marine and epiconti-
nental series.
An arid phase is assumed for the Longobardian and Julian 1,
where evaporites are abundant in the Germanic Basin (Fig. 4a; Fig. 2, site

=y Biozones Germanic Basin Northern Calcareous Alps Southern Alps
g % (after Gallet et al., 1994)
S & Aigner and Reifling / L : ¥
) X (Aigner an elfling / Lunz ‘ ) ;.
=5 Ammonoids Halo-|  Bachmann, 1992: | Ghis sudy; Verloop, 1908;( o Wetterstein Hallstatt th_E'l]zO.lﬁKmltelSll stratigraphy
@] g 2 } ) Conodonts | Nitsch et al., 2002; Kristan-Tollmann and artnac: carbonate platform 5 i g) (this bZtl)O){) 2&‘;: ctals
@ |3 | Subzone | Biohorizon biids this study) Hamedani, 1973) & = ’ )
Enisculites  |cOmmunisti] ! ! (1 3
. 11—| £ Gonionotites __bimer LZ 71, 7 e, 1 / : ry BV P
Halivie | i |
k z italicis v Hauptdolomit i Hauptdolomit i Dolomia HST/
E 'é X ) nodosus Formatioh / ! Formation ! 2 Principale TST
2 1 | £ Discotropites AZ 7 T ] ! s ,
s T s S
£ plinii 101 _1__ I 4 I O B : . ———— /1
1
! I —
. ) AN i N ANTAT K = A A
s n |8 Tropites carpathicus| 4 AL i NA ' T HST
Y |§ subbullatus AZ |8 AA ! LAt~ A i A Travenanzes ]
SE |3 §N : Upper Carbonate Mb. | s Formation
2 o8 p S i ! =
& | Projuvavites 3 1 i G TST
D& & crasseplicatus polygnathi-| E ' =
formis ——f= I I =
— AZ _'LUﬂU_U‘lUr ’]’_( L§I—'?x;'r
g & Member D7 [~ rér
'-% E @ l TR R R Che
2 o] « « «Member C| - -
S n.sp. LZ. (Il B LST
= Lower Carbonate Mb. Member B | -2 HST
o N T
£ Anasirenites P ) 0 L S S I S TR |
®|£ Neaprotrachy-_ "irmeians -Schilfsandstein 1. Marl-Sst. Mb.
- o 2 . TST
a Ansp. 1 S
E ] tethydis §O N
35 AZ. gl
s” b A. minor =
2 1 . -
= austriacum Austrotrachyceras
O alg triadicum §
5 b carnicus
Tn.sp. 1 1.7
N P Z ,
S b ﬁﬂachy CERAS auriformis i
- —% aonoides — AZ i
c a T subaon L. S 0
= 5N |
2 |8 ]| i
E o subdivision | 710Stlert : "
z AZ. Reifling Partnach ! Wetterstein |
° Formation Formation ! Formation !
& e 5 Daxatina " 4 ;
e § ( - 1 1
B E3 Sl";z?ﬁgn 0 ! i varidoloured
= 5% ) Atz' a : ! i Hallstatt
D § ¢ o i E limestones

FIGURE 2. Proposed basin-platform-epicontinental correlation, including the studied sections in different facies
zones: for the numbering of sites see Figure 1. Abbreviations: o. Ist. = ochre-coloured limestones (Hallstatt Facies); b.

17: Myophorien- and Estherien Beds; see Geyer, 2002). Evaporites are
further known from the Arlberg Formation, an equivalent of the upper
Wetterstein Formation situated in the western sectors of the NCA
(Tollmann, 1976). Onset of decreasing SlgOphos values around the Julian
1 / Julian 2 boundary may indicate both climatic warming and/or en-
hanced fresh water input into the marginal NW Tethys and coincide with
the aforementioned major reef demise in Julian 1/Ilc. The accelerated
decrease in 5180,,1,05 in the uppermost Julian 2 may display climatic
warming and progressive fresh water input (Fig. 3) in conjunction with
the “Carnian Pluvial Event” of Simms and Ruffell (1989). Enhanced
siliciclastic input becomes evident in many parts of the Germanic Basin
(Fig. 2, site 17: Schilfsandstein), and by refill of pre-existing west-Tethyan
intraplatform basinal troughs (Lunz Formation: Reifling Basin, see Fig-
ure 1, sites 6-8, 15; “Northern Alpine Reds Beds”: Partnach Basin, see
Figure 2, site 9; Heiligkreuz Formation, Member C: Heiligkreuz-Hospiz
Basin, see Figure 2 and Keim et al., 2001). The accelerated decrease in
8“‘Ophos during this relatively short interval of time renders it most likely
that climatic warming together with enhanced fresh water input may
have been lethal for many Early Carnian conodont and ammonoid spe-
cies, giving way to a rapid overturn and diversification in the Early and
Middle Tuvalian (Krystyn, 1991).

The two 5'°0,, -plateaus of the Tuvalian 1 and Tuvalian 2 (Fig.
3), respectively, represent a warm period, but under decreased humidity.
Gypsum layers within the Lehrberg Beds (Fig. 2, site 17), anhydrites
and rauhwackes within the “Northern Alpine Raibl Beds” (Fig. 2, sites 9,
12-14) and the Opponitz Formation (Fig. 2, site 16) record semi-arid
conditions, repeated short humid pulses (“Middle and Upper Marl-
Sandstone-Limestone Members” of the “Northern Alpine Raibl Beds,”
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TABLE 1. List of main Triassic facies belts of the Alpine region.

Julian 1/Ila - Tuvalian 1

bioarenites in Julian 1/Ilc overlain by black Reingraben Shales.
Restart of grey limestones records prompt recreation of
carbonate precipitation in the basal Tuvalian.

Hornung, subm.
2007

Facies | Facies Location . .
i ; Short interpretation
Domain | Area Site (UTM Koordinates) interp ! References
Diirrnberg (1) WGS84, Zone 33; Condensed, distal pelagic settings. The platform demise Hornung and
(Salzburg, Austria) E 356297; N 5280587 |is indicated by absence of reef-derived debris (Tubiphytes) in Brandner, 2005;
Longobardian 2 - ochre-coloured thrombolithe limestones and black Reingraben | Hornung, 2006
Lacian 2 " i
Shales (Julian 1/IIc). Restart of red limestones records prompt
recreation of carbonate precipitation in the basal Tuvalian.
Rappoltstein (2) WGS84, Zone 33; Distal, strongly condensed pelagic red limestone succession. The| Hornung et al.,
(S” Germany) E 355409; N 5283021 |platform demise is indicated by absence of reef-derived derbis | in press (b)
- ?Longob. 2-Julian 2/Ia (Tubiphytes) and the presence of manganese-pyrite foraminifer
‘g buildups and hardgrounds in Julian 1/1lc.
k=] ;-_.i Draxllehen (3) WGS84, Zone 33; Monotonous well-bedded pelagic red limestone succession in a| Hornung, unpubl.
g 8 (S” Germany) E 354772: N 5279684 | graben-situation on ‘Hallstatt deep swells’ in the immediate 2007; Hornung,
o = | Tuvalian /- Lacian 2 ' aftermath of the ‘Carnian Crisis’ subm. 2007
A = . :
] T Feuerkogel (4) WGS84, Zone 33: Strongly condensed pelagic red limestone succession. The Krystyn, 1973,
g (Styria, Austria) E 414835: N 5271718 |platform demise is indicated by the presence of manganese- 1980, 1991
o Longobardian 2~ pyrite foraminifer buildups and hardgrounds.
g Lacian 2
a Héllgraben (5) WGS84, Zone 33; Proximal periplatform setting. The platform demise is indicated | Schlager, 1967,
§ (Upper Austria) E 386158; N 5265704 | by absence of reef-derived debris (7Tubiphytes) in unburrowed | Mandl, 1984;
2
<

Reifling
intraplatform

Lehen, Polzberg,
Scheiblingsgraben

WGS84, Zone 33;
E 501414; N 5297752

Intraplatform basinal setting. The platform demise is indicated
by the absence of reef-derived debris (Tubiphytes) in unburrowed

Krystyn, 1991;
Hornung, subm.

=]
'Q (6-8) ) E 505606; N 5303652 | laminites (Gostling Member - alternation of fossil-poor 2007
=S| (Lower Austria) E 477796; N 5279280 | mudstones and radiolarian grainstones) in Julian 1/Ilc overlain
Longobardian 2 - !
Jiilian 2 by black Reingraben Shales.
‘Wamberg’ (9) WGS84, Zone 32N; Intraplatform basinal setting. The platform demise is Hornung, subm.
= g (8’ Germany) E 667119; N 5262002 |indicated by absence of reef-derived grains (Tubiphytes) in 2007
g L’«g g Julian 1 - Tuvalian 3 unburrowed laminites ("Ferchenbach Member’ - alteration of
E 'g =2 fossil-poor mudstones and radiolarian grainstones) in Julian
A ’g 1/TIc, overlain by black Reingraben Shales. Restart of
h grey limestones and rauhwackes records prompt recreation of
carbonate precipitation in Tuvalian 1.
Wendelin gallery | WGS84, Zone 32, Subtidal to supratidal cyclic Wetterstein limestone succession.| Hornung, subm.
= 1 E 637553; N 5242344 | The platform demise is indicated by sharp insertion of 2007
é‘ §T}if01‘ Austria) - Reingraben Shales documenting a stratigraphic hiatus
E ulian 1/1Ib - Julian 2/Ib (basal Julian 2/1).
t Inzell (12) WGS84, Zone 33N; Subtidal to intertidal succession. Platform demise is indicated | Hornung, subm.
g gi;gf?;ﬁg’?luhan o | B328577: N 5289349 [by onset of dark marls of the “Northern Alpine Raibl Beds’ 2007
_§ documenting a major stratigraphical hiatus (Julian 2/T).
(i): Bergangerl, WGSS84, Zone 32N, Subtidal to inteﬁid.al succession. Platform demise ls indicate‘d Iéxainer, 1?82;
8 Halleranger E 687281: N 5244637 b.y plat'form emersion, palaeokarst 'and amalgam.atlon of pyrit- 2(;)(;‘171“11& subm.
g (13-14) E 688489: N 5248395 r1cl_1 winnowed foramlglfer sa.nds, in turn overlain by dark
= (Tyrol, Austria) Reingraben Shales. This part is suceeded by the ternary
§ Julian 1/1Ib - Lacian 1 ‘Northern Alpine Raibl Beds’ documenting a cyclic marl-
and limestone-dominated subtidal to intertidal succession,
triggered by sealevel fluctuations (sensu Riiffer and
Bechstidt, 1998).
<2 Lunz, Stiegen- WGS 84: Zone 33N, Sublida_l deltaic to littoral-brackish envirf)n_megt (Lun’z Ve'rloop, 1908;
S | graben (15-16) E 501552; N 5301702 |Formation) and complete refill of the Reifling intraplatform | Kristan-Tollmann
A & | (Lower Austria) E 498449, N 5296889 | basin with fossil-rich Lunz Sandstones and Marls. Shallow- | and Hamedani,
Julian 2/11 - Tuvalian 3 marine-hypersaline settings (Opponitz Formation). 1973;
g o g Tamarin (10) WGS84, Zone 33N, Subtidal, periplatform calciturbiditic setting. The platform Mastandrea, 1995
S A z E -g| (Belluno, N' Italy) E 281624: N 5160502 |demise is indicated by a sandstone layer and the absence of | Hornung, subm.
3 < S 53 reef-derived debris (Zubiphytes) in unburrowed bio-rudstones | 2007
N = above (basalmost Julian 2).
Lavarella (18) WGS84, Zone 32N, Subtidal intraplatform basinal, shallowing upward setting. Keim et al., 2001
(South Tyrol, N Italy) | E 725635; N 5162353 | The platform termination can be noticed with a rapid cessation
of reef growth overlain by thrombolithic mud mounds. The
overlying succession is dominated by black shales (Heilig-
Heiligkreuz (19) | WGS84, Zone 32N, kreuz Formation ‘Member A’) overlain by ooli.thes Keim et al., 2006
(South Tyrol, N' Italy) | F 725519: N 5167014 ("Member B”), sandstones ("Member C”) and lime- and
dolostones ("Member D).
E é S?hwanberg (17) | WGS84, Zone 32N; Limnic-brackish, saline, partly sabkha-environment (Myopho- Qramer, 1964;
2|2 g gfg‘;:iﬁzz} ] E 591831; N 5507625 |rien-, Estherien- and Lehrberg Beds), fluvial deposits (Schilf- | Geyer, 2002;
g Lfa 5 2 Tuvfli i 3 sandstein). Major sedimentary gap between Estherien Beds and| Hornung, subm.
G} = Schilfsandstein Member (Julian 1/Ib - Julian 2/Ib) 2007
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FIGURE 3. 8”0pm data obtained from conodont apatite of the
biostratigraphically best-controlled conodont associations (radiometric age
230.91 + 0.33 Ma, after Furin et al., 2006).

TABLE 2. Comparison of §*O

63
Fig. 2) with slow aggradational growth of carbonate platforms. The sig-
nificant increase in 0 in the earliest Norian mirrors an arid interval with
desert-like conditions in the Germanic Basin (Coburg Sandstone; see
Geyer, 2002) and flourishing Tethyan carbonate platforms and reef belts
(Hauptdolomite resp. Dachstein Facies).

Evidence by Facies Analysis: Ocean Nutrification and Anoxia

The ultimate reasons for a late Early Carnian warm and humid
phase are still unclear but might have been triggered by intensified tec-
tonics within the early Upper Triassic period (Golonka, in press): the
breakup of Pangea, the Indosinian orogeny and the closure of the
Palaeotethys were not only responsible for global sea level fluctuations
as a consequence of accelerated rifting and higher intra-plate stress
(Nikishin et al., 1996), but may have enhanced volcanic activity in the
wider W Tethys. Extensive Carnian alkaline basalt flows are recorded
from Turkey (Kara Dere lavas, Western Taurids and Antalya Nappes —
Ricou et al., 1984; Huglu Tuffites, Central Taurids -Andrew and
Robertson, 2002), Oman (Haybi resp. Umar volcanics — Searl and Gra-
ham, 1982), the Southern Appenines (Furin et al., 2006), Djebel Moro
and Tibesti (Morocco), Levant (Middle East), and other Tethyan regions
(Golonka and Bocharova, 2002, cum. lit.). It is possible that volcanic
degassing contributed to the postulated Carnian humidification, as volca-
nic activity led to CO,-emission and subsequent climatic warming.

Warming of the mega-monsoonal Triassic climate (e.g., Parrish,
1999) implies increased rainfall and river runoff (intensification of the
hydrologic cycle, see Wortmann and Weissert, 2000). Southward fluvial
discharge by braided river systems crossing nearly the complete Ger-
manic Basin (ca. 250 km width and 1500 km length; estimated from
Beutler and Szule, 1999; Golonka, in press) may have led to sediment
erosion in epicontinental environments, but also to a lowering of surface
water salinity in the marginal NW Tethyan sea.

of Upper Ladinian to Lower Norian conodont taxa.

phos
Sample Conodont taxa age Unit/Location 3°0,,
[V-SMOW]
LOS Neogondolella (Epigondolella) Lacian 2 Diirrnberg standard section' 21.1
F4/31 Neogondolella (Epigondolella) Lacian 2 Feuerkogel 21.6
LO7 Neogondolella (Epigondolelia) Lacian 1 Diirrnberg standard section’ 219
70/50 Neogondolella (Epigondolella) Lacian 1 Feuerkogel 225
LO6 Neogondolella (Epigondolella) Lacian 1 Diirrnberg standard section' 22.0
F4/V Neogondolella (Metapolygnathus ) Tuvalian 3/11 Feuerkogel 21.3
T13 Neogondolella (Metapolygnathus ) Tuvalian 3 Diirrnberg standard section’ 20.5
F4/VII/1 Neogondolella (Metapolygnathus ) Tuvalian 2/II Feuerkogel 209
TOG6 - 09 Neogondolella (Metapolygnathus ) Tuvalian 2/1 Diirrnberg standard section' 203
To4 Neogondolella (Metapolygnathus ) Tuvalian 1 Diirrnberg standard section' 203
88/254 Neogondolella (Metapolygnathus ) Tuvalian 1 Feuerkogel 20.5
To3 Neogondolella (Metapolygnathus ) Tuvalian 1 Diirrnberg standard section’ 20.3
Tol Neogondolella (Metapolygnathus ) Tuvalian 1 Diirrnberg standard section' 20.0
J16 Neogondolella (Gladigondolella ; Metapolygnathus ) Julian 2/11 Diirrnberg standard section’ 21.0
77/41 Neogondolella (Gladigondolella ; Metapolygnathus ) Julian 2/11 Feuerkogel 214
77/42 Neogondolella (Gladigondolella ; Metapolygnathus ) Julian 2/1 Feuerkogel 21.8
HS Neogondolella (Gladigondolella ; Metapolygnathus ) Julian 1/1lc Héllgraben 21.2
GO 9 Neogondolella (Gladigondolella ; Metapolygnathus ) Julian 1/l Polzberg 208
La Neogondolella (Gladigondolella ; Metapolygnathus ) Julian 1/1Ib Diirrnberg standard section’ 21.6
76/7 Neogondolella (Gladigondolella ; Metapolygnathus ) Julian 1/11 Feuerkogel 215
Rap 4 Neogondolella (Gladigondolella ; Metapolygnathus ) Julian 1/11 Rappoltstein / Berchtesgaden 229
P5 Neogondolella (Gladigondolella ; Metapolygnathus ) Julian 1/1 Rappoltstein / Berchtesgaden 22.1
P4 Neogondolella (Gladigondolella ; Metapolygnathus ) Julian 1/1 Rappoltstein / Berchtesgaden 224
Rap 3 Neogondolella (Gladigondolella ; Metapolygnathus ) Julian 1/1 Rappoltstein / Berchtesgaden 22.4
P3 Neogondolella (Gladigondolella ; Metapolygnathus ) Julian 1/1 Rappoltstein / Berchtesgaden 22.6
Rap 2 Neogondolella (Gladigondolella ; Metapolygnathus ) Longobardian 3 Rappoltstein / Berchtesgaden 225
Rap 1 Neogondolella (Gladigondolella ; Metapolygnathus ) Longobardian 3 Rappoltstein / Berchtesgaden 22.1
Le 10 Neogondolella (Gladigondolella ; Metapolygnathus ) Longobardian 2 Lercheckweg / Berchtesgaden 21.8
Le 35 Neogondolella (Gladigondolella ; Metapolygnathus ) Longobardian 2 Lercheckweg / Berchtesgaden 219
79/2 Neogondolella (Gladigondolella ; Metapolygnathus ) Longobardian 1 Feuerkogel 223
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FIGURE 4. Schematic and exaggerated cross-section through shallow-marine NW Tethyan environments. (a) Pre-turnover situation in Longobardian and
Julian 1. (b) Platform demise: sea level fall and onset of warming, humidification, freshwater influx caused nutrient excess and expansion of the O,-
minimum zone. (¢) Expansion of the O,-minimum zone to nearly the complete water column — deposition of black Reingraben Shales in basins and on
carbonate platforms. (d) Siliciclastics reached the NW Tethys in Julian 2/II: deposition of “Lunz Formation s.str.” and “Northern Alpine Raibl Beds”. (e)
Post-turnover situation showing a rapid recovery of carbonate production on a shallow-marine peneplain. Abbreviations: WCP = Wetterstein carbonate

Q= Julian 1/1
\\\?ﬁ‘b TST => HST

2onset of global warming Julian 1/Ilc

platform demise, karst

C) ?W humidification Julian 2/1
5 CO, TST
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platform; RB = Reifling Basin, PB = Partnach Basin; HB = Hallstatt Basin, HRL = Hallstatt Red Limestones.
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During Julian 1, a major portion of weathering products was re-
tained in the large Germanic Basin, which eroded older sediments and
produced a major stratigraphic gap encompassing the Middle and Upper
Estherien Beds (Nitsch et al., 2002; Geyer, 2002). High rates of freshwa-
ter import lowered not only salinity in the marginal Tethys, but also led
to enhanced nutrient concentrations (Fig. 4b). Nutrification of sea sur-
face water could have had negative consequences for Upper Triassic
shallow-marine coral reef-builders, which lived in assumed symbiosis
with zooxanthellate algae (Stanley and Swart, 1995; Kiessling, 2002) and
were numbered amongst the important Ladinian-Early Carnian reef build-
ers (Fligel, 2002, Table 2; Kiessling, 2002, Fig. 16). Basically, nutrient
excess has (and had) consequences for the zooxanthellate symbiont but,
in particular, even major negative consequences for the rate of reproduc-
ibility of the coral host (Gautret et al., 1997). Coevally, elevated nutrient
supply advanced growth of fixosessile microbial organisms and stimu-
lated planktonic blooms, together leading led to an expulsion of coral reef
builders (Hallock and Schlager, 1986; Sanders and Baron-Szabo, 2005).
Concerning the late Early Carnian platform and reef demise, we have
sedimentary evidences for a scenario suggested in Hallock (2005): start-
ing from a climate warming causing nutrification and eutrophication,
microbial overgrowth (thrombolite crusts in the uppermost varicolored
Hallstatt Limestones and ochre-colored limestones, Fig. 2: site 1; see also
Hornung and Brandner, 2005; thrombolite mud mounds in Keim et al.,
2001, 2006; sites 18-19) and planktonic blooms (radiolarian and halobiid
grainstones in the Gostling and “Ferchenbach” members, see Table 1 and
Figure 2, sites 6-9) leading to reduced water transparency, destabilisation
of coral symbiosis, completed by increasing bio-erosion and the decline
of reef-building organisms and the loss of reef structures and habitats.
The widespread standstill of carbonate production and the disappear-
ance of reef-builders being the major carbonate producers in the Upper
Triassic (e.g., Bellanca et al., 1995) prevented carbonate platforms not
only from keeping pace with subsidence, but may have also been crucial
for an oceanic CaCO, under-saturation and a rise of the CCD as sug-
gested in Rigo et al. (in press).

Following Hallock (2005, and references therein), nutrification is
also responsible for a high biological oxygen demand and the presence of
anoxia in bottom waters. The presence of anoxia concomitant with abun-
dant (pseudo)planktonic radiolarians and/or halobiids indicating the above-
mentioned planktonic blooms is suggested in Hallstatt ochre-colored
limestones (Fig. 2; site 1), bioarenites within the Pétschen-Facies (Fig. 2;
site 2), the Gostling and “Ferchenbach” members (Fig. 2; sites 6-9), and
the Heiligkreuz Formation, “Member A” (Fig. 2; site 10). The base of all
these litho-units corresponds with the carnicus conodont interval zone
(Julian 1/1Ic-2/Ta).

Increased oxygen consumption and an O,-minimum layer spread-
ing over nearly the complete water column (Cenomanian-Turonian model
of Turgeon and Brumsack, 2006) can be assumed during the deposition
of the Reingraben Shales in Julian 2/I (Fig. 4¢). Only minor parts of the
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Hallstatt Basin with condensed, manganese- and pyrite-bearing red lime-
stones (Rappoltstein and Feuerkogel, sites 2-3) faced oxygenated condi-
tions, most probably situated beneath the oxygen-minimum layer
(Hornung et al., in press, b). Reingraben black shales, at first devoid of
silt, subsequently overlain by shales with increasing silt- and sand con-
tents, indicate, at first, the arrival of Germanic Basin-derived clayey
suspensions, followed by epicontinental sediments from river systems
that expanded towards the NW Tethys. The climax of siliciclastic down-
pour on Alpine facies belts in Julian 2/11, finally, led to the deposition of
the “Lunz Formation” (Fig. 2; site 15), the “Northern Alpine Raibl
Beds” (Fig. 2; sites 12-14) and the “Hallstatt calcisiltite intercalations™
(Fig. 2: sites 1 and 5). This event marks a “Carnian Pluvial Event” sensu
stricto (Fig. 4d), as it is used in Rigo et al. (in press). The original
intention of Simms and Ruffell (1989) is here distinguished as the “Carnian
Pluvial Event” sensu lato and encompasses the whole timespan of the
“Carnian Crisis” (Julian 1/II¢c to Julian 2/IT).

The ammonoid and conodont extinction event at the Julian-
Tuvalian boundary (Krystyn, 1991 and Rigo et al., in press) is also
recorded in the “Diirrnberg” section (site 1) by Hornung and Brandner
(2005). It could be linked to the climax of siliciclastic shedding in late
Julian 2. How far these changed patterns triggered the evolution of nek-
tonic biota, however, remains as speculation (stenohalinity vs.
euryhalinity; stenothermy vs. eurythermy; Kozur, 1974).

CONCLUSIONS

1) High-resolution multistratigraphy points to a simultaneity of
platform demise in the NW Tethys in Julian 1/IIc, and a duration of the
“Carnian Crisis” up to the Julian / Tuvalian boundary (approximately 1
Ma). Several basin-to platform tie-in correlations, finally, led to compi-
lation of a NW Tethys sequence-stratigraphic framework encompassing
the Late Ladinian to the Early Norian.

2) Oxygen isotope data from conodont apatite display the first
quantitative constrain on the “Carnian Pluvial Event” of Simms and
Ruffell (1989), and probably represent a mixed signal of climate warming
and changes in sea water salinity during Julian 2.

3) Climatic warming and humidification, and fresh water import
in marginal marine NW Tethyan settings fit well with observed facies
patterns in marine and epicontinental settings and lead us to suspect that
ocean nutrification was the crucial and lethal factor that triggered and
accompanied platform disease and extinction events of the “Carnian
Crisis.”
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Understanding the timing and synchronicity of environmental and
faunal changes at both low and high latitude successions in the Triassic
can be improved by better inter-calibration of stratigraphic tools. This is
all the more important for tools which potentially provide means for
high resolution intersection correlation, such as those often required for
defining the primary means of correlation in GSSP definitions. In this
spirit an integrated biostratigraphic and magnetostratigraphic study of
the latest Early Triassic to the upper parts of the Middle Triassic, at
Milne Edwardsfjellet (central Spitsbergen), allows a detailed correlation
of Boreal and Tethyan biostratigraphies. This is primarily achieved by
linking the magnetostratigraphic patterns, from the new
magnetostratigraphic data described here, to existing published magneto-
biostratigraphy from Tethyan sections with conodont biostratigraphies
(Muttoni et al., 1998, 2000, 2004, Nawrocki and Szulc, 2000).

The biostratigraphy from Milne Edwardsfjellet consists of am-
monoid and palynomorph zonations, supported by conodonts, through
some 234 m of succession in two adjacent sections. The sections range
through the entire thickness of the Botneheia Formation and the
Vendomdalen Member of the Vikingheda Formation (Fig. 1). A fragmen-
tary, but well established ammonoid zonation from the sections demon-
strates relationships to more complete ammonoid zonations from sec-
tions in NE Asia and British Columbia (Dagys and Weitschat, 1993,
Mork et al; 1999). Recovery of sporadically distributed conodonts from
the sections, allows confirmation of Late Spathian, Lower Anisian, the
Anisian/Ladinian boundary and Late Ladinian intervals in the sections,
confirming and supplementing the ammonoid age control. The palynol-
ogy allows a zonation based on the definitions utilized by Hochuli et al.
(1989) and Vigran et al. (1998) from Svalbard and the Barents Sea.

The resulting magnetostratigraphy consists of ten substantive
normal-reverse polarity chrons (and a number of minor sub-magnetozones)
defined by sampling at 150 stratigraphic levels. The magnetization is

carried by magnetite and an unidentified magnetic sulphide, and is diffi-
cult to fully separate, using demagnetization, from a strong present-day
like magnetization. Nevertheless, demagnetization of 292 specimens (2
to 3 from each horizon sampled) allows a robust magnetostratigraphy to
be determined. The magneto-biostratigraphy from the Late Olenekian
(Vendomdalen Member), is supplemented by data from Vikinghegda
(central Spitsbergen; Hounslow et al., unpubl. 2007), showing that this
unit has substantial regional changes in sedimentation rate, particularly
in the Early Spathian.

The synthesis demonstrates the succession at Milne Edwardsfjellet
is complete across the Olenekian-A nisian boundary (Fig. 2), but an ero-
sional disconformity occurs at the boundary of the Vikinghegda and
Botneheia formations at Vikinghegda to the west. An expression of this
unconformity at Milne Edwardsfjellet is reworked Permian
palynomorphs at the correlative unconformity. The lowest parts of the
Botneheia Formation contain the ammonoid Karangatites evolutus and
the conodont Chiosella timorensis (Fig. 2), the latter a key marker for the
base of the Anisian. The Early and Mid Anisian has a high sedimentation
rate, comprising over half the ca. 140 m thickness of the Botneheia
Formation, whereas the late Anisian and lower Ladinian is condensed
into about 20 m. In the early Ladinian, the Boreal to Tethyan correlations
are supplemented by ammonoid evolutionally changes which are closely
associated with the definition of the Anisian-Ladinian boundary (Brack
etal., 2005). In the Botneheia Formation, the latest Ladinian is probably
absent due to erosional truncation below the overlying Tschermakfjellet
Formation (Hounslow et al., in press), although the boundary beds in
both formations, contain conodonts indicative of the Ladinian-Carnian
boundary interval. The magnetostratigraphic correlation to Tethyan-based
magneto-biostratigraphies allows greater detail, than hitherto available,
for high to low-latitude correlation of ammonoid and palynological zona-
tions (Fig. 2).
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FIGURE 2. Correlation between the Boreal (NE Asia) ammonoid middle Triassic timescale and a composite Alpine ammonoid magneto-biostratigraphy
(composite compiled from Muttoni et al., 1998; 2000, 2004; Nawrocki and Szulz, 2000). Radiometric ages from Muttoni et al. (2004), Brack et al. (2005).
Palynostratigraphy zones of Hochuli et al. (1989) and Vigran et al. (1998). Dashed palyno-zone zone boundaries indicate uncertain bases (or top).
Polarity-black=normal; white=reverse; grey=uncertain. The magnetostratigraphic column is not in depth scale, it has been stretched linearly over the Late
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ANEW TETRAPOD ICHOGENUS FROM THE UPPER TRIASSIC OF
NEW MEXICO, WITH NOTES ON THE ICHNOTAXONOMY OF RHYNCHOSAUROIDES

ADRIANP. HUNT anxo SPENCER G. LUCAS

New Mexico Museum of Natural History and Science, 1801 Mountain Road NW, Albuquerque, NM 87104

Abstract—The Redonda Formation (Upper Triassic: late Norian/Rhaetian: Apachean) of the Chinle Group of
east-central New Mexico yields a significant tetrapod ichnofauna. Some specimens previously referred to
Rhynchosauroides represent a new ichnogenus named Apachepus cottonorum igen. et isp. nov. characterized by
having a pedal print that is elongate with long, narrow digits, with digit V being very short and digits II-I'V being
subequal in length with a deep, rounded heel. The ichnogenus Rhynchosauroides is in need of taxonomic revision.

INTRODUCTION

The Redonda Formation is of broadly lacustrine origin and is
widely exposed in northeastern New Mexico (Hester and Lucas, 2001).
Indeed, the mesalands of eastern Quay County preserve an Upper Trias-
sic lacustrine margin of the Redonda Formation that abutted the Frio
uplift (Hunt and Lucas, 2001). Shoreline facies of the San Jon Creek
Member of the Redonda Formation preserve an abundant tetrapod
ichnofauna in this area (Fig. 1). Mesa Redonda yields an extensive
ichnofauna that has been collected for three-quarters of a century and
includes Rhynchosauroides isp., Brachychirotherium eyermani, Grallator
cursorius, Evazoum sirigui and Ameghinichnus isp. (Hunt and Lucas,
1989; Hunt et al., 1989; Lockley etal., 2000; Lucas et al.,2001; Klein et
al., 2006; Hunt and Lucas, 2007). Farther east, the Redonda is exposed
along the margin of the Llano Estacado in Apache Canyon and at Red
Peak where it yields Rhynchosauroides ispp., Brachychirotherium isp.,
Grallator cursorius, Eosauropus isp. and Evazoum sirigui (Hunt and
Lucas, 1989; Hunt et al., 2000; Lucas et al., 2001; Lockley et al., 2006;
Hunt and Lucas, 2007). The Redonda Formation also yields a significant
body-fossil fauna in this area (Spielmann et al., 2006).

The majority of Redonda tracks derive from cliff-forming
calcarenites of the San Jon Creek Member. Most tracks are medium-large
in size (> 10 cm in length), and they are often relatively poorly-pre-
served. In Apache Canyon, the upper portion of the San Jon Creek
Member is locally finer-grained and is relatively thinly-bedded (beds <1
cm), as at NMMNH locality 6954. These strata yield a distinct mor-
phology of track (e. g., Cotton et al., 1996) that we herein describe as a
new ichnogenus. Previously, this new ichnotaxon has been referred to
Rhynchosauroides isp. (e. g., Lucas et al., 2001, fig. 3A-B; Hunt and
Lucas, 2007). MDM refers to Mesalands Dinosaur Museum, Tucumcari
and NMMNH refers to New Mexico Museum of Natural History and
Science, Albuquerque.

SYSTEMATIC PALEONTOLOGY
Apachepus, igen. nov.

New ichnotaxon: Cotton et al., 1996, p. 56.
Rhynchosauroides sp. Lucas et al., 2001, p. 178, fig. 3A-B.
Rhynchosauroides sp. Hunt and Lucas, 2007.

Type species: Apachepus cottonorum isp. nov.

Included species: Known only from the type ichnospecies.

Etymology: From Apache, for the name of the canyon from which
the holotype derives, and from the Latin pus, for foot.

Distribution:Upper Triassic of New Mexico (late Norian/
Rhaetian: Apachean).

Diagnosis: Tetrapod trackway that differs from other similar
ichnotaxa (such as Rhynchosauroides) in having a pedal print that is
elongate with long, narrow digits, with digit V being very short and digits
II-IV being subequal in length with a deep, rounded heel.

Discussion: This ichnogenus is distinct from Rhynchosauroides
in many features, including the lack of curvature of the digit impressions,
the subequal length of digits II-IV and the small pace angulation.

Apachepus cottonorum isp. nov.

Holotype: MDM P-017, trackway consisting of three left pes
prints, one right pes print and possible manus imprints (Figs. 3A-B, 4).

Etymology: For Bill and Jenny Cotton, who found the holotype
of this ichnotaxon.

Type locality: NMMNH locality 6954, Quay County, New
Mexico.

Type horizon: San Jon Creek Member of Redonda Formation
(Late Triassic: late Norian/Rhaetian: Apachean), New Mexico.

Distribution: As for genus.

Referred specimens: MDM P-017, pedal print (Fig. 3A); other
possible referred specimens are MDM P-015, pedal print (Fig. 3B) and
MDM P-02, ?pedal print (Fig. 3C).

Diagnosis: As for ichnogenus.

Description: The holotype (MDM P-017) is a trackway con-
sisting of three left pedal prints, one right pedal print and possible
manual imprints (Figs. 3A-B, 4). Other tracks occur on this surface (Fig.
3A) and the obverse of the slab.

The trackway is approximately 170 mm wide. The pace angula-
tion is about 45°and the stride is 80-99 mm.

Pedal prints are narrow and elongate with lengths of 56-60 mm
and widths of 45-50 mm. The pes print has an elongate and deep heel
imprint that is posteriorly rounded. On the posteromedial margin of each
heel impression is an acutely-tipped ridge from 8 to 20 mm long.

The pes is pentadactyl but is often preserved as tetradactyl. Digit
Vs very short (typically 5-8 mm long) and oriented at an angle of about
45° to the long axis of the foot. Digits IV to I are narrow, straight and
subequal in length (up to 35 mm). Anterolateral and anteromedial to the
digit impressions there are small acute impressions (notably related to
the right pes and to the anteriormost left pes) that may be subsequent
imprints of the pedal digits.

There are no clear manual imprints. There are poorly defined
impressions located anterolateral to the right pedal imprint and
anteromedial to the first two pedal imprints that could represent fairly
equant manual imprints with relatively short digits. Alternatively, the
pes may have overstepped and manus — the first left pedal impression
has a suggestion of a second overlapping medial heel imprint, which
could have resulted from slippage or the overprint of a manual print.

Discussion: This ichnospecies is currently only known from the
Redonda Formation of east-central New Mexico. The trackmaker is a
small reptile with an elongate pes which is not represented in the body-
fossil fauna of the Redonda Formation (Spielmann et al., 2006). The
ichnofauna of the Redonda Formation represents a more terrestrial eco-
system than is sampled by the body-fossil fauna. This disparity is also
very apparent in Early-Middle Triassic ichnofaunas of the Chirotherium
ichnocoenosis of the Batrachichnus ichnofacies (Hunt and Lucas, 2006).
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FIGURE 1. Stratigraphic column of the Redonda Formation in the Apache
Canyon area (after Lucas et al., 2006) and the location of the track-
producing horizon.

THE ICHNOTAXONOMY OF
RHYNCHOSAUROIDES MAIDWELL, 1911

Rhynchosauroides has long been recognized as a form genus for
Triassic lacertoid tracks (e.g., Baird, 1957, p. 498). Currently, there are a
large number of named Triassic ichnospecies, and the ichnotaxon is in
need of revision (Table 1). This ichnogenus also occurs in the Late Per-
mian (e. g., Cassinis and Santi, 2005). Triassic records are limited to
North and South America and to Europe (Haubold, 1984; Melchor and
De Valais, 2006).

This ichnotaxon is usually attributed to Beasley in Maidwell (1911),
with the type species Rhynchosauroides rectipes. However, Owen (1842)
first referred to tracks of this morphology using the osteological binomen
Rhynchosaurus articeps. Pohlig (1893) used the binomen Protritonichnites
sublacertoides for Triassic lacertoid tracks, although he had previously
used this ichnogenus to apply to Permian lacertoid tracks now assigned
to Dromopus.

Pending a revision of all the ichnospecies of Rhynchosauroides we
offer some taxonomic comments. Most species of Rhynchosauroides
can easily be distinguished into two size classes with pedal lengths of the
larger species being greater than 5 cm and the smaller usually less than 3
cm. The larger Triassic species include R. moenkopiensis, R. schocharditi,
R. hyperbates, R. tirolicus and R. peabodyi and are restricted to the
Middle-Late Triassic. R. majus is probably anomen dubium. Baird (1957,
p. 494, fig. 9A) named R. hyperbates for a small number of specimens
from the Brunswick Formation of New Jersey. Subsequently, exquis-
itely preserved specimens have been found of this ichnotaxon (e. g.,
Olsen, 1988, fig. 8-8), and this is the best known of the larger ichnospecies.
Rhynchosauroides specimens demonstrate a wide range of
extramorphological variation including overall size, relative position and
orientation of manual and pedal imprints, divarication of digit impessions
(particularly digit impression V) and curvature of digit impressions (Baird,
1964). In many trackways the pedal impressions are weakly imprinted
or unrecognizable and drag marks extend the length of digit impressions
(Baird, 1964). Based on this wide range of variation, it is likely that that
many “ichnospecies” are actually synonymous, for example the large
Middle Triassic taxa R. tirolicus Abel, 1926, R. peabodyi (Faber, 1958)
and R. moenkopiensis Haubold, 1970 from Europe and North America.
Avanzini and Renesto (2002) discussed the similarities between R. tirolicus
and R. peabodyi, but considered them distinct, based principally on the
morphology of the pedal digit impressions and the location of pedal
impression V. These two characters are subject to extramorphological
variation.

Characters of potential taxonomic importance include absolute
size and the relative size of the manual imprint relative to the pedal (R.
rectipes has a relatively small manual imprint and R. hyperbates has a
relatively large one). In conclusion, there is a need for more ichnotaxonomic
work on Rhynchosauroides. In general, Triassic lacertoid tracks have
been much less studied than archosaur tracks.
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FIGURE 2. Holotype and topotype specimens of Apachepus cottonorum igen. et isp. nov. (MDM P-017). A, Overview of specimen. B, Close-up of
holotype trackway.

Digitized by G()()S [C



FIGURE 3. Topotype and possibly referred specimens of Apachepus cottonorum igen. et isp. nov. A, Topotype specimens of Apachepus cottonorum igen.
et isp. nov. (MDM P-017). B, Possible specimen of Apachepus cottonorum igen. et isp. nov. (MDM P-015). C, Possible specimen of Apachepus
cottonorum igen. et isp. nov. (MDM P-002).
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FIGURE 4. Interpretative drawing of the holotype trackway of Apachepus cottonorum igen. et isp. nov. (MDM P-017).
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TABLE 1. Named Triassic species of Rhynchosauroides.

Rhynchosauroides (Rhynchosaurus) ” articeps” (Owen, 1842)
Rhynchosauroides (Protritonichnites) sublacertoides (Pohlig, 1893)
Rhynchosauroides rectipes Maidwell, 1911

Rhynchosauroides membranipes Maidwell, 1911

Rhynchosauroides minutipes Maidwell, 1914

Rhynchosauroides (Ichnites) pisanus (Fucini, 1915)
Rhynchosauroides beasleyi Nopsca, 1923

Rhynchosauroides maidwelli Nopsca 1923

Rhynchosauroides tirolicus Abel, 1926

Rhynchosauroides (Aetosaripus) schlauersbachensis (Weiss, 1934)
Rhynchosauroides (Akropus) schochardti Riihle von Lilienstern, 1939
Rhynchosauroides (Akropus) langi Riihle von Lilienstern, 1939
Rhynchosauroides (Hamatopus) wilfeueri Riihle von Lilienstern, 1939
Rhynchosauroides (Rhynchocephalichnus) etruscus (Huene, 1941)
Rhynchosauroides (Eurichnus) jenseni (Lull, 1942)
Rhynchosauroides (Collettosaurus) palmatus (Lull, 1942)
Rhynchosauroides (Kintneria) brunswickii (Ryan and Willard, 1947)
Rhynchosauroides (Orthodactylus) howelli Bock, 1952
Rhynchosauroides (Rhynchocephalichnus) franconicus (Heller, 1956)
Rhynchosauroides hyperbates Baird, 1957

Rhynchosauroides (Chirotherium) peabodyi (Faber, 1958)
Rhynchosauroides bornemanni Haubold, 1966

Rhynchosauroides petri Demathieu, 1966

Rhynchosauroides pusillus Haubold, 1966

Rhynchosauroides majus Demathieu, 1967

Rhynchosauroides sphaerodactylus Demathieu, 1967
Rhynchosauroides haarmiiblensis Holst et al., 1969
Rhynchosauroides moenkopiensis Haubold, 1970

Rhynchosauroides maximus Demathieu, 1974

Rhynchosauroides santanderensis Demathieu and de Omenaca 1977
Rhynchosauroides extraneus Demathieu and de Omenaca 1979
Rhynchosauroides simulans Demathieu and de Omenaca 1979
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THE TRIASSIC TETRAPOD TRACK RECORD:
ICHNOFAUNAS, ICHNOFACIES AND BIOCHRONOLOGY

ADRIANP. HUNT anp SPENCER G.LUCAS

New Mexico Museum of Natural History, 1801 Mountain Road NW, Albuquerque, NM 87104-1375

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
inAustralia (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 etal.,
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 inItaly 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 inItaly (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 (Demathicu etal., 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 et al., 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; Lucaset 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).



TABLE 1. Archetypal tetrapod ichnofacies (Hunt and Lucas, 2007b) and representative ichnocoenoses of the Triassic.
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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 etal.,
2006), in, for example, western North America, Lesotho and Wales
(Lockley and Hunt, 1995; Lockley and Meyer, 2000). In Switzerland
and Greenland, Fosauropus 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,
MecAllister 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-1vf (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 A frican 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
etal. (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 Apafopus 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).
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AREVIEW OF VERTEBRATE COPROLITES OF THE TRIASSIC
WITH DESCRIPTIONS OF NEW MESOZOIC ICHNOTAXA
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Abstract—Coprolites are the least studied and most under-sampled vertebrate trace fossils. They are very
common in some Triassic localities. We recognize six new coprolite ichnotaxa: Alococopros triassicus, A. indicus,

Saurocopros bucklandi, Liassococopros hawkinsi, Malericopros matleyi and Falcatocopros oxfordensis. The

distribution of coprolite ichnotaxa is: Permian - Hyronocopros amphipolar and Heteropolacopros texaniensis,

Early Triassic - Hyronocopros amphipolar and Alococopros triassicus, Middle Triassic - Alococopros triassicus

and ?Liassocopros sp.; Late Triassic - Heteropolacopros texaniensis, Alococopros triassicus, Dicynodontocopros

maximus, Malericopros matleyi, Liassocopros hawkinsi and Saurocopros bucklandi, Early Jurassic- Liassocopros

hawkinsi and Saurocoporos bucklandi. We recognize the Liassocopros and Heteropolacopros coprolite ichnofacies.

INTRODUCTION

Coprolites are the least studied and most under-sampled verte-
brate trace fossils. When we started extensively collecting Triassic verte-
brate fossil assemblages in the early 1980s, we were struck by the preva-
lence of vertebrate coprolites at many localities but their virtual absence
in museum collections. Other paleontologists noted that they didn’t
collect these coprolites or that they subsequently disposed of them
rather than accession them. A similar lack of attention (or respect) befell
human coprolites in archeological sites (Bryant and Dean, 2006). We
have strived to sample vertebrate coprolites as assiduously as other
fossils, and thus the New Mexico Museum of Natural History and
Science now has the largest collection of Triassic vertebrate coprolites
(Appendix).

There is an acme for vertebrate coprolites in Permian-Triassic
redbeds (Hunt and Lucas, 2005b) with a worldwide distribution of Tri-
assic assemblages (Fig. 1). Buckland (1829, p. 227), the founder of the
study of coprolites (which we term paleoscatology), first described them
in detail from the Rhaetian Westbury Formation of Great Britain
(Buckland and Conybeare, 1822, p. 302, pl. 37 had earlier noted them
but not recognized them as coprolites): “some similar substances which
have long been known to exist at Westbury, Aust Passage, and Watchet,
on the banks of the Severn, and which now also prove to be faecal balls
of digested bone: they mostly occur in a thin bed of sandy micaeous lias,
so full of bones and teeth and spines of reptiles and fishes, as to form a
bony breccia known to geologists by the name of bone-bed, and occupy-
ing the lowest place at the bottom of the lias.” Subsequently, much later
in the twentieth century, there were several published studies of Triassic
coprolites (e.g., Rusconi, 1947, 1949, Ochev, 1974; Jain, 1983). Re-
cently, there have been more detailed studies of the ichnotaxonomy,
ichnofacies and biostratigraphy of Triassic vertebrate coprolites (e.g.,
Lucas et al., 1985, Hunt et al., 1993, 1994, 1998; Northwood, 2005).
However, these studies were very preliminary. The purpose of this
paper is to provide a first review of Triassic coprolites and provide a
stimulus for future work. In the course of this work, we recognized the
need to describe several new coprolite ichnotaxa from the Triassic, Juras-
sic and Cretaceous.

Institutional abbreviations: BCM, Bristol City Museum and
Art Gallery, Bristol, BMMNH, Natural History Museum (formerly
British Museum of Natural History), London; GSI, Geological Survey
of India, Calcutta; ISI, Indian Statistical Institute, Calcutta; MNA , Mu-
seum of Northern Arizona in Flagstaff, NMMNH, New Mexico Mu-
seum of Natural History and Science, Albuquerque, NMW, National
Museum of Wales, Cardiff, UCMP, University of California Museum of
Paleontology, Berkeley, UMMP, University of Michigan Museum of
Paleontology, Ann Arbor, YPM PU, Princeton collection at the Yale
Peabody Museum, New Haven.

SYSTEMATIC ICHNOLOGY
Introduction

Currently, there are only two named ichnogenera of Triassic co-
prolites. Hunt et al. (1998) named Heteropolacopros texaniensis for a
heteropolar-coiled coprolite and Dicynodontocopros maximus for large
coprolites presumed to have been produced by dicynodonts (Fig. 2).

In the course of our review of Triassic coprolites, we have noted
the need to formalize a number of distinct ichnotaxa. These include a
form that is currently only known from the Jurassic but that we expect
to be present in the Triassic, and an ichnogenus that has two species, one
of which is Cretaceous in age.

Alococopros igen. nov.

Type species: Alococopros triassicus isp. nov.

Included species: A. triassicus and A. indicus.

Etymology: From the Greek alocos for “furrowed” and kopros
for “dung.”

Distribution: Early Triassic—Late Cretaceous of Australia, India
and North America.

Diagnosis: Differs from other copolite ichnogenera in often being
arcuate in lateral view and sub-rounded in cross-section with regularly
spaced, thin, longitudinal grooves.

Discussion: Specimens here ascribed to this distinctive ichnogenus
were first described from the Upper Triassic of West Texas (Case, 1922,
figs. 33C-D). It may be possible to distinguish between thinner, straighter
forms (e.g., Northwood, 2005, fig. 2F) and broader, more arcuate forms
(e.g., Case, 1922, figs. 33C-D).

Alococopros triassicus isp. nov.

Holotype: UMMP 7253 (partim), coprolite (Fig. 3A).

Type locality: Crosby County, Texas.

Type horizon: Tecovas Formation.

Etymology: Named for the Triassic Period, which yields all known
specimens of this species.

Distribution: Early-Late Triassic of Australia, India and North
America.

Referred specimens: UMMP 7253 (partim), coprolite (Fig. 3B).

Diagnosis: Differs from A. indicus in being less than one-fourth
as long (typically 2 cm in length).

Discussion: This ichnospecies is currently only known from the
Triassic. Northwood (2005) discussed the origin of these types of co-
prolites at length. Longitudinal intestinal rugae occur in both amphibians
and reptiles, but Northwood (2005) argued that Alococopros triassicus
(her “longitudinally striated coprolites™) represent archosauromorphs,
because: (1) this ichnotaxon first occurs in the Early Triassic; (2) some
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FIGURE 1. Distribution of principal Triassic coprolite-rich areas on Triassic Pangea. Locations are: 1, Queensland, Australia (Early Triassic);, 2, Pranhita-
Godavari basin, India (Middle-Late Triassic);, 3, Mendoza region, Argentina (Middle Triassic); 4, Chinle and Moenkopi basins, United States (Early-Late
Triassic);, 5, Newark Supergroup basins, United States and Canada (Late Triassic); 6, United Kingdom and Germany (Middle-Late Triassic); 7, Kazakhstan

and Russia (Middle Triassic). Base map after Wing and Sues (1992).

extant reptiles have longitudinal rugae; and (3) they resemble extant
crocodile feces (Young, 1964). This is a reasonable hypothesis, since this
ichnospecies is restricted to the Triassic, as are basal archosauromorphs.

Alococapros indicus isp. nov.

Holotype: BMNH, unnumbered Matley Collection, two sections
of the same coprolite (Fig. 3C-D).

Type locality: North of Kadubana, India.

Type horizon: Lameta Formation.

Etymology: Named for the country of India from which the type
specimens originate.

Distribution: Upper Cretaceous of India.

Referred specimens: Unnumbered coprolites, Matley Collec-
tion (Matley, 1939b, pls. 74, 75, figs. 1-4).

Diagnosis: Ichnospecies that differs from A4. triassicus in being
more than four times as long (typically 10 cm in length).

Discussion: This ichnospecies is currently only known from the
Lameta Formation of India. This ichnospecies is considerably larger than
A. triassicus.

Saurocopros igen. nov.

Type species: Saurocopros bucklandi isp. nov.

Included species: Known only from the type ichnospecies.

Etymology: From the Greek sauros for “reptile” and kopros for
“dung” to honor Buckland’s (1829, p. 227, caption for plate 28) use of
the term “sauro-coprolites” for specimens of this ichnotaxon.

Distribution: Late Triassic-Late Cretaceous of Europe and North
America.

Diagnosis: Microspiral heteropolar coprolite that differs from

Malericopros in being tapered below the spiral demarcation and from
Heteropolacopros in having a small number of wide spirals (typically 3)
at the anterior end (compare Fig. 2A-I and Fig. 4).

Discussion: We name this ichnogenus with the full knowledge
that this coprolite does not pertain to a reptile. Rather, we name it to
honor William Buckland, who used the term “Sauro-coprolites” to refer
to coprolites of this morphology from the lower Lias of Lyme Regis (e.g.,
Buckland, 1829, p. 227, pl. 28, figs. 6, 7, 9). These coprolites are abun-
dant in the Lower Jurassic of England (e.g., Buckland, 1829; Hawkins,
1834, 1840). Hunt and Lucas (2005c¢) described large heteropolar copro-
lites from the Lower Permian of Texas. These specimens may pertain to
Saurocopros.

Saurocopros bucklandi isp. nov.

Holotype: BMMNH R. 2102 (Fig. 4B: Hawkins, 1840, pl. 29).

Type locality: Lyme Regis, England.

Type horizon: Lower “Lias.”

Etymology: Named for the Rev. William Buckland, who first
described specimens of this ichnogenus.

Distribution: As for the ichnogenus.

Referred specimens: BMNH R. 41285 (Fig. 4A), BMNH R.
1402 (Fig. 4C-D) and other coprolites from the Lower Lias of Lyme
Regis, England (Fig. 4E-G).

Diagnosis: As for the ichnogenus.

Discussion: For obvious reasons, it is only appropriate to name
coprolites after scholars who have made contributions to paleoscatology
and who would presumably consider the attribution an honor. Such is the
case with William Buckland, who not only coined the term “coprolite™
but who also founded and pursued the field of paleoscatology.



FIGURE 2. A-B, Heteropolacopros texaniensis, UMMP 7253 (partim),
holotype, in lateral views from the Tecovas Formation, Crosby County,
West Texas, USA. C-D, Heteropolacopros texaniensis, ISI P.58, in lateral
views from the Maleri Formation, India. E-F, Heteropolacopros texaniensis,
ISI P.51, in lateral views from the Maleri Formation, India. G-I,
Heteropolacopros texaniensis, UMMP 7253 (partim), topotypes of H.
texaniensis in lateral views from the Tecovas Formation, Crosby County,
West Texas, USA. J-K, Dicynodontocopros maximus, UMMP 7255,
holotype in lateral views from the Tecovas Formation, Crosby County,
West Texas, USA. Note that Hunt et al. (1998, p. 228, 229) incorrectly
listed the number of the holotype of Dicynodontocopros maximus as UMMP
7253 and UMMP 7285). A-B, after Hunt et al. (1998, fig. 2K-L); C-F, after
Jain (1983, pl. 82, figs. 5-6, 10-11).

Liassocopros igen. nov.

Type species: Liassocopros hawkinsi isp. nov.

Included species: Known only from the type species.

Etymology: From the Liassic of England, which has yielded the
first and most numerous specimens of this ichnogenus.

Distribution: Late Triassic-Late Cretaceous of Europe, India and
North America.

Diagnosis: Coprolite that differs from most ichnotaxa in being
heteropolar and that differs from Heteropolacopros and Saurocopros in
being macrospiral (see definition below) in morphology.

Discussion: Neumayer (1904) introduced the terms “heteropo-
lar” and “amphipolar” to describe the coiling of spiral coprolites, and
these terms have been widely accepted (e.g., Williams, 1972; Duffin,
1979; Jain, 1983; Hunt et al., 1994, 1998). To provide a framework for
description, we refer to the tightly coiled end of a heteropolar coprolite
as anterior and the line of separation at the posterior end of the tightly-
coiled segment as the spiral demarcation. The anterior portion (typically
30-40%) of heteropolar coprolites is tightly coiled, and the posterior
fraction consists of one long coil with a wide lip (sensu Jain, 1983).
Amphipolar coprolites (sensu Neumayer, 1904) exhibit an even distri-
bution of coils (e.g., Hyronocopros: Hunt et al., 2005d, fig. 3).

Jain (1983) utilized the term “amphipolar” to refer to coprolites
that have multiple spirals that extend for more than 50% of the length of
the coprolite (e.g., Jain, 1983, fig. 2B) but that do not extend the whole
length, so they are not truly amphipolar (sensu Neumayer, 1904). These
coprolites are often reminiscent of trochospiral gastropods in overall
morphology (e.g., Fig. 5A) and are, technically as well as etymologically,
heteropolar in form. We introduce here the terms “microspiral” for the
more typical heteropolar coprolites such as Heteropolacopros in which
the markedly spiral portion constitutes less than 50% of the overall
length, and “macrospiral” for the forms described by Jain (1983) in
which the tightly spiral portion of the coprolite constitutes 50% or more
of its length (Fig. 6). As with microspiral heteropolar coprolites, the
largest diameter of the macrospiral Liassocopros is at the posterior end
of the tightly coiled fraction of the coprolite. Liassocopros is broader
relative to its height than are other heteropolar coprolites.

These coprolites are abundant in the Lower Jurassic of England
(e.g., Buckland, 1829; Hawkins, 1834). The first coprolite described
from North America derives from the Upper Cretaceous of New Jersey
and probably also represents this ichnotaxon (DeKay, 1830, pl. 3, fig. 6).

Liassocopros hawkinsi isp. nov.

Holotype: BMNH R. 2107, coprolite (Fig. 5D-E).

Type locality: Lyme Regis, England.

Type horizon: Lower Lias.

Etymology: Named for Thomas Hawkins, who described speci-
mens attributed here to this ichnogenus in 1834.

Distribution: As for the ichnogenus.

Referred specimens: Coprolites from the Lower Lias of Lyme
Regis, England (Fig. SA-C: Buckland, 1829, pl. 28, figs. 4, 7, pl. 29, fig.
D).

Diagnosis: As for genus.

Discussion: Hawkins (1834, pls. 27-28; 1840, pls. 29-30) illus-
trated a number of coprolites from the Lower Lias of Lyme Regis that, in
1840, were still listed as “in the Author’s Collections, not yet transferred
to the British Museum” (Hawkins, 1840, unnumbered page — list of
plates). These specimens, which were collected by Mary Anning, were
subsequently “transferred,” and several are illustrated herein, including
the holotype of Liassocopros hawkinsi (compare Fig. 5D and Hawkins,
1834, pl. 28; 1840, pl. 30) and a referred specimen of Saurocopros
bucklandi (compare Fig. 4A and Hawkins, 1834, pl. 27; 1840, pl. 29 —
note that the image is reversed in Hawkins’ plates and that the specimen
has lost part of its posterior extremity during the last 167 years!).

It is possible that two forms may be distinguishable within this
ichnospecies. One form is trochospiral with an acute anterior tip (Fig.
5A) and the other has much more rounded anterior and posterior extremi-
ties (Fig. 5D).

Malericopros igen. nov.

Type species: Malericopros matleyi isp. nov.
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FIGURE 3. A-B, Alococopros triassicus igen. et isp. nov., UMMP 7253
(partim), in lateral views, from the Tecovas Formation, Crosby County,
West Texas, USA. C-E, Alococopros indicus igen. et isp. nov., BMNH
unnumbered (Matley collection), in lateral views from the Lameta Formation,
India.

Included species: Known only from the type species.

Etymology: From the Maleri Formation, which yielded the holo-
type of the ichnogenus, and the Greek kopros for “dung.”

Distribution: Late Triassic of India.

Diagnosis: Microspiral heteropolar coprolite that differs from
Saurocopros and Heteropolacopros in that the maximum diameter is
posterior to the spiral demarcation.

Discussion: In all other heteropolar coprolites (Heteropolacopros,

91
Saurocopros, Liassocopros) the maximum diameter is near the posterior
end of the tightly-coiled portion of the coprolite, and the portion of the
coprolite posterior to the spiral demarcation tapers in lateral view.

Malericopros matleyi isp. nov.

Holotype: GSI K.42/419 (Fig. 5F; Matley, 1939a, pl. 33, fig. 1,
Jain, 1983, pl. 82, fig. 9).

Type locality: Near Maleri, India.

Type horizon: ?Lower Maleri Formation (upper Carnian).

Etymology: Named for C. A. Matley, who first described Indian
Triassic and Cretaceous coprolites in detail.

Distribution: As for the ichnogenus.

Referred specimens: ISI P71 (Jain, 1983, pl. 81, fig. 10).

Diagnosis: As for the ichnogenus.

Discussion: Currently, this ichnospecies is only known from the
Upper Cretaceous of India.

Falcatocopros igen. nov.

Type species: Falcatocopros oxfordensis isp. nov.

Included species: Known only from the type species.

Etymology: From the Latin falcatus for “crescent,” referring to
the thin, curved shape of this coprolite, and the Greek kopros, for “dung.”

Distribution: Early-Late Jurassic of England.

Diagnosis: Differs from other coprolite ichnogenera in being long,
narrow and arcuate in lateral view, rounded to sub-rounded in cross
section with a width that gradually decreases from one end to the other.

Discussion: This ichnogenus is currently only documented from
the Jurassic, but it may be present in Rhaetian ichnofaunas.

Falcatocopros oxfordensis isp. nov.

Holotype: BMNH R. 2094, coprolite (Fig. 5H).

Type locality: Near Peterborough, England.

Type horizon: Oxford Clay.

Etymology: Named for the Oxford Clay, which yielded the holo-
type.

Distribution: As for the ichnogenus.

Referred specimens: BMMNH R 2110, coprolite, Lower Lias,
Lyme Regis, England (Fig. 5G; Hawkins, 1834, pl. 35; 1840, pl. 30).

Diagnosis: As for the ichnogenus.

Discussion: This highly distinctive ichnospecies is uncommon,
probably, at least in part, the result of a taphonomic artifact related to its
slender morphology.

TRIASSIC VERTEBRATE BIOCHRONOLOGY

Lucas and co-workers (Lucas and Hunt, 1993; Lucas, 1997, 1998,
1999; Lucas and Hancox, 2001; Lucas and Huber, 2003) have developed
a global biochronological scheme for Triassic tetrapods. This scheme
involves the definition of eight land-vertebrate faunachrons (1vfs) to
encompass Triassic time. Subsequently, Lucas and others (Lucas, 1997,
1998; Hunt, 2001; Hunt et al., 2005a; Lucas et al., 2007) further refined
this biochronology. In the following review of Triassic coprolites, we
utilize this biochronology wherever possible.

TRIASSIC VERTEBRATE COPROLITE RECORD

Early Triassic

Northwood (1997, 2005) published the most thorough study of a
Triassic coprolite ichnofauna, describing specimens from the Arcadia
Formation in Queensland, northeastern Australia. Northwood (2005)
recognized three main forms of coprolites (although obviously did not
utilize the ichnotaxa erected herein): (1) amphipolar coprolites assign-
able to Hyronocopros amphipola (Hunt et al., 2005c¢); (2) longitudinally-
striated coprolites representing Alococopros triassicus; and (3) indeter-
minate coprolites. Hyronocopros amphipola and Alococopros triassicus



FIGURE 4. A-G, Saurocopros bucklandi igen. et isp. nov. from the Lower
“Lias” of southwestern England. A, BMNH R 41285 from Charmouth in
lateral view. B, BMNH R 2102, holotype of Saurocopros bucklandi igen. et
isp. nov. from Lyme Regis. C-D, BMNH R 1402, one specimen in lateral
view from Lyme Regis. Note the abundant inclusions and that one side is
abraded. E-G, Specimens from the Buckland collection, presumably at the
University of Oxford, three specimens in lateral view from Lyme Regis. E-
G, after Buckland, 1829, pl. 28, figs.6, 7, 9, specimens rotated 180° from
original publication, are to the same scale and G, is 10.7 cm long. A-D,
Specimens collected by Mary Anning.

constitute less than 25% of the sample. She also noted that some of the
broken coprolites may represent a heteropolar form based on the large
number of whorls in cross section. The Acadia coprolites commonly
contain inclusions (over 50%)that include two kinds of cyanobacteria,
macrofloral specimens and rare invertebrate specimens (e.g., conchostracan
valves, impressions of an insect wing, an insect head segment), scales,
teeth, tooth plates and bones of actinopterygian and dipnoan fish and
fragmentary amphibians (Northwood, 2005). Dipnoan remains were rela-
tively more common in Alococopros specimens (Northwood, 2005).

Benz (1980) reported coprolites from the Moqui Member of the
Moenkopi Formation in northern Arizona. However, Benz (1980) in-
cluded the lower portion of the superjacent Holbrook Member (Middle
Triassic) within the Moqui and there none of the coprolites that she
described are actually from the Lower Triassic.

Middle Triassic

Ochev (1974) described coprolites from four Middle Triassic lo-
calities, one in Kazakhstan and three in Russia: (1) Mollo-Khara-Bala-
Kantemir (Kazakhstan); (2) Karagachka; (3) Donguz I, and (4) Bukobay
V. Ochev (1974) discriminated three types of coprolites that he com-
pared with those described from the Upper Triassic of West Texas by
Case (1922). The most easily identified are longitudinally striated forms
assignable to Alococopros triassicus (Ochev, 1974, fig. le-f). These co-
prolites are described as being quite common.

Ochev (1974, fig. 1d) compares spirally-coiled specimens to those

illustrated by Case (1922, fig. 33A-B) assigned to Heteropolacopros
texaniensis by Hunt et al. (1998). However, the one specimen that is
illustrated appears to be amphipolar in form, rather than heteropolar as
described (Ochev, 1974, fig. 1d). These coprolites are noted as less com-
mon. The third form of coprolite is described as large (2-10 cm long),
with a smooth surface and containing possible plant impressions. The
only illustration of this type of coprolite is a cross section (Ochev, 1974,
fig. 1c). Ochev (1974) compares this large form with specimens that
Case collected and briefly described, but did not illustrate, some of which
represent Dicynodontocopros maximus (Hunt et al., 1998, fig. 2A-B).
Ochev (1974) listed the occurrence of his three types of coprolites as: (1)
Mollo-Khara-Bala-Kantemir — all three forms; (2) Karagachka -
Alococopros triassicus and small specimens of the large morphotype;
and (3) Donguz I and Bukobay — spiral and large forms.

Rusconi (1947, figs. 1-4; 1949, figs. 2-6) described Triassic and
Permian coprolites from the Mendoza area in Argentina. The large Trias-
sic sample is dominated by spiral forms (e.g., Rusconi, 1949, figs. 2-4)
but also includes small, cylindrical forms (Rusconi, 1949, fig. 5) and
large, wide amorphous forms (Rusconi, 1949, fig. 6). The large forms are
up to 120 mm in length and 58 mm in width. They are comparable in size
to Dicynodontocopros but differ in having more rounded terminations
and a more regular width. It is possible that these differences are
taphonomic in origin.

The spiral coprolites appear to be dominantly heteropolar (e.g.,
Rusconi, 1949, fig. 4, first two coprolites in first row) although a few
may be amphipolar (e.g., Rusconi, 1949, fig. 2, bottom left). They are
relatively short and wide compared to the holotype of Heteropolacopros
(Hunt et al., 1998, fig. 2K-L). The heteropolar coprolites are apparently
mainly macrospiral. Some spiral forms include ganoid scales, possibly
referable to the holostean fish Pholidophorus. We tentatively assign
some of these coprolites to Liassocopros (e.g., Rusconi, 1949, fig, 2,
center right) based on their macrospiral structure and width:length ratios.

Benz (1980) reported coprolites from the Holbrook Member of
the Moenkopi Formation at Radar Mesa in northern Arizona. Benz
(1980, pl. 7) illustrated some indeterminate coprolites and noted that
coprolites were locally abundant. Many contain temnospondyl bones,
including intercentra (Morales, 1987). Coprolites are present at other
Moenkopi localities, but they have not been described. We, for example,
have observed coprolites at several localities near the town of Holbrook.
There is an unstudied coprolite collection at the MNA.

Fraas (1891) reported that spiral coprolites are common in the
German Muschelkalk, and he attributed them to sharks. The Muschelkalk
ranges in age from Anisian to Ladinian.

In India, the Yerrapilli Formation (early Middle Triassic) yields
spherical, ovoid and elliptical coprolites (Chatterjee, 1967, Jain, 1983).
These specimens are covered by desiccation cracks and differ in mor-
phology from those from the Late Triassic of India (Jain, 1983).

Late Triassic

The majority of Triassic vertebrate coprolites in museum collec-
tions and mentioned or described in the literature are from the Late
Triassic. Vertebrate coprolites are common and locally abundant in strata
of the Upper Triassic Chinle Group of Lucas (1993) in western North
America (Hunt and Lucas, 1989, 1993a, b, Murry, 1989, Murry and
Long, 1989; Heckert et al., 2005; Hunt et al., 1998, 2005¢).

The Newark Supergroup of eastern North America ranges in age
from Middle Triassic-Early Jurassic. There has been more study of the
vertebrate trace fossils of this stratigraphic unit, almost exclusively tracks,
than any other over the last 150 years (Hitchcock, 1858; Lull, 1953;
Olsen, 1988; Olsen et al., 1998). However, the coprolites of the Newark
have been virtually ignored. The few references to coprolites in pub-
lished works suggest that they are most common in the Carnian and
Jurassic portions of the Newark (Olsen, 1988; Olsen et al., 1989, 2003,
2005a,b; Olsen and Flynn, 1989; Olsen and Huber, 1998; Olsen and
Rainforth, 2002; Gilfillian and Olsen, 2000).



FIGURE 5. A-E, Liassocopros hawkinsi igen. et isp. nov. from the Lower
“Lias” of Lyme Regis, England. A-C, Three specimens in the Buckland
collection, presumably at the University of Oxford, in lateral view. D-E,
BMNH R 2107, holotype of Liassocopros hawkinsi igen. et isp. nov., in
lateral views. F, Malericopros matleyi igen. et isp. nov., GSI K. 42/419,
holotype in lateral view, from the ?lower Maleri Formation, near Maleri,
India. G-H, Falcatocopros oxfordensis igen. et isp. nov. from the Jurassic
of England. G, BMNH R 2110, from the Lower “Lias” of Lyme Regis, in
lateral view. H, BMNH R 2094 (Leeds collection), holotype of Falcatocopros
oxfordensis igen. et isp. nov., from the Oxford Clay at Peterborough, in
lateral view. A-C, after Buckland (1841, v. 2, pl. 15, p. 27-29); F, after Jain
(1983, pl. 82, fig. 9).

Carnian

Vertebrate coprolites are common and locally abundant in the
upper Carnian strata of the Upper Triassic Chinle Group of Lucas (1993)
in western North America. The oldest coprolites are from the Otischalkian
of West Texas. Elder (1978, 1987) described coprolites from the Colo-
rado City Formation near Midland, noting that they are particularly
abundant at Otis Chalk quarries 1 and 2. Elder (1978) explicitly discrimi-
nated the same three morphologies as Case (1922), notably heterospiral
forms representing Heteropolacopros texaniensis (Elder, 1978, pl. 14,
fig. la), longitudinally-striated forms assignable here to Alococopros
triassicus (Elder, 1978, pl. 14, fig. 1b) and a third variable and indetermi-
nate form (Elder, 1978, pl. 14, figs. 1c-d). The indeterminate forms, at
least as illustrated, do not represent Dicynodontocopros. The NMMNH
collection includes indeterminate coprolites from the Popo Agie Forma-
tion of Wyoming (Hunt et al., 1998).

Outcrops of younger Carnian (Adamanian) Chinle strata are much
more widespread. Lipman and McLees (1940) described a new species
of bacteria, Thiobacillus coproliticus, from a coprolite from Arizona, but
did not describe the coprolite that yielded it. Case (1922) recognized
three coprolite forms from the Tecovas Formation of West Texas that
include the holotype and referred specimens of Heteropolacopros
texaniensis (Case, 1922, fig. 33A-B; Hunt et al., 1998, fig. 2C-L). Case
(1922, fig. 33C-D) also described specimens now referable to Alococopros
triassicus. Coprolites of the third category described by Case (1922, p.
83) are large (5-18 cm long), smooth surfaced and lack vertebrate inclu-
sions. One of these specimens in the UMMP collection is the holotype
of Dicynodontocopros maximus (Hunt et al., 1998, fig. 2A-B). Other
specimens in the collection are smaller and lack a distinct morphology.

Hunt et al. (1998) described Dicynodontocopros maximus from
the Bluewater Creek Formation at the Placerias quarry near St. Johns,
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Arizona. Coprolites are locally abundant in the Placerias quarry (e.g.,
Camp and Welles, 1956; Kaye and Padian, 1994). Hunt et al. (1998) also
noted that Heteropolacopros texaniensis occurs in the Blue Mesa Mem-
ber of northeastern Arizona at Petrified Forest National Park (Hunt and
Santucci, 1994). Coprolites, some of which contain fish scales, teeth and
plant debris, are common in the Blue Mesa Member at the “Dying
Grounds™ locality in Petrified Forest National Park (e.g., Murry and
Long, 1989; Heckert, 2001, 2004). Undescribed coprolites occur in the
Blue Mesa and Painted Desert members of the Petrified Forest Forma-
tion at Petrified Forest National Park. Wahl et al. (1998) described evi-
dence of coprophagy in the Blue Mesa Member of Petrified Forest
National Park.

Ash (1978a, b) described a large number of coprolites from a
lacustrine mudstone unit in the Bluewater Creek Formation in western
New Mexico that he subsequently donated to the NMMNH. Ash (1978a)
recognized three main forms: cylindrical, cigar-shaped with tapered ends
(rare), and spiral. The spiral coprolites are microspiral and heteropolar,
some clearly represent Heteropolacopros texaniensis (e.g., Ash, 1978a,
fig. 2h) and at least one specimen represents Alococopros triassicus
(Ash, 1978a, fig. 2g). Weber and Lawler (1978) analyzed the lipid con-
tent of a sample of these coprolites. Other localities in the Bluewater
Creek Formation yield abundant coprolites (Heckert and Lucas, 2003).

Other Adamanian coprolites in New Mexico are known from the
Los Esteros Member of the Santa Rosa Formation, Garita Creek Forma-
tion, lower Petrified Forest Formation and Salitral Formation (Hunt and
Lucas, 1988, 1990, 1993; Hunt et al., 1989). Parrish (1999) reported
abundant coprolites from the Monitor Butte Formation in southern Utah.

There are a few references to coprolites in the Carnian portion of
the Newark Supergroup. Olsen (1988) noted abundant coprolites in the
Cumnock Formation. The Lockatong Formation yields coprolites from
several localities (Olsen et al., 1989; Olsen and Flynn, 1989; Olsen and
Rainforth, 2002; Jenkins in Héntzschel et al., 1968; YPM PU speci-
mens). Olsen and Huber (1998, table 1) noted coprolites in the Pekin
Formation in North Carolina.

Burmeister et al. (2006, fig. 6) described coprolites from the Isalo
“Group” (Isalo II beds) of Madagascar. These coprolites are 10-60 mm
in length and nonspiral. About 5% of the coprolites contain fish bones
and scales.

Carnian/Norian

Oldham (1859, pl. 15, figs. 11-12) first described coprolites from
the Maleri Formation of India. The Maleri Formation is known to span
the Carnian/Norian boundary and to contain both late Carnian and early-
middle Norian faunas (Bandyopadhyay and Sengupta, 2006). Most fos-
sils appear to derive from the upper Carnian portion of the Maleri
Formation, but we are not certain of the exact age of any of the Maleri
coprolites described by Oldham or many subsequent workers.

King (1881, p. 271-272) noted that, in the Maleri, the “common-
est remains are coprolites which lie about the fields in large numbers, of
all sizes and shapes, from the short cylindrical forms with tapering ends
and spiral foldings up to large flat rudely discoid coils.” Aiyengar (1937,
p. 104) mentioned that “coprolites are abundant about a mile W.S.W. of
Maleri” and he later reported (in Matley, 1939a, p. 531) that these
coprolites are found in red clays in association with Ceratodus and two
large reptile vertebrae “which have been described by F. von Huene as a
new species of reptile” and so these coprolites thus presumably derive
from the lower Maleri (Huene, 1940). Aiyengar (in Matley, 1939a) also
notes that another locality about a mile southwest of Maleri yielded large
reptile bones from a calcareous sandstone and lacked coprolites. Matley
(1939a) described coprolites first described by Oldham (1859) and one
that is inferred to have been collected by Aiyengar from the lower Maleri.
Matley (1939a, pl. 33) described these coprolites as fusiform and spiral
in structure and varying in length from 55 to about 80 mm long. These
coprolites include the holotype of Malericopros matleyi (Matley, 1939a,
pl. 33, figs.1la-b), possible specimens of Heteropolacopros texaniensis
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A B C D E

FIGURE 6. Principal morphotypes of amphipolar (A), microspiral
heteropolar (B-D) and macrospiral heteropolar (E) coprolites. A,
Hyronocopros. B, Heteropolacopros. C, Malericopros. D, Saurocopros. E,
Liassocopros. Not to scale.

(Matley, 1939a, pl. 33, figs. 4), probable specimens of Liassocopros
hawkinsi (Matley, 1939a, pl. 33, figs. 5a), a possible specimen of
Saurocopros bucklandi (Matley, 1939a, pl. 33, fig. 8) and apparently
amphipolar forms (Matley, 1939a, pl. 33, fig. 3).

Sohn and Chatterjee (1979) described ostracodes from coprolites
from the lower Maleri Formation. These coprolites are described as a
distinct type from near Achlapur village. They are large, with lengths
from 7 to 10 cm and widths from 50 to 80 mm. Sohn and Chatterjee (pl.
1, fig. 4-5) only illustrated a fragment of the end of one coprolite. These
coprolites were found near some rhynchosaur bones, so they are clearly
from the lower (upper Carnian) portion of the Maleri.

Jain (1983) described a sample of coprolites from the lower Maleri
Formation that are heteropolar, amphipolar and non-spiral. Some of
these specimens pertain to Heteropolacopros texaniensis (Jain, 1983, pl.
82, figs. 1-6, 10-11), Malericopros matleyi (Jain, 1983, pl. 82, fig. 9) and
Liassocopros hawkinsi (Jain, 1983, pl. 81, figs. 5, 10). Other fragmen-
tary spiral coprolites are heteropolar (e.g., Jain, 1983, pl. 81, figs. 6, 8,
11-14) and possibly amphipolar (e.g., Jain, 1983, pl. 81, fig. 16).

Buckland (1841, p. 13) noted that “Professor Jaeger has recently
discovered many Coprolites [sic] in the alum slate of Gaildorf [sic] in
Wirtemberg [sic]; a formation which he considers to be in the lower
region of that part of the new red sandstone formation which in Germany
is called Keuper.” The classic “Keuper,” like the Maleri, is of both late
Carnian and Norian age. Fraas (1891) reported common spiral coprolites
from the “Keuper,” which he attributed to sharks. Major European
museum collections do not include “Keuper” coprolites (e.g., Natural
History Museum, London and Museum fiir Naturkunde, Stuttgart).

DeBlieux et al. (2006, figs. 9A-C) illustrated numerous coprolites
from the Petrified Forest Formation of Zion National Park in southern
Utah. These specimens could be of either Carnian or Norian age.

Norian

The Bull Canyon Formation of east-central New Mexico yields
large coprofaunas. Lucas et al. (1985) described three morphologies of
coprolites: (1) longitudinally furrowed specimens that represent
Alococopros triassicus (Lucas et al., 1985, fig. TM-R); (2) small, rod-like
to oval morphology (> 90% of sample) (Lucas et al., 1985, fig. 7A-L),
and (3) large, irregularly shaped forms with numerous inclusions (fish
scales, bone fragments) (Lucas et al., 1985, fig. 7S-U). This sample
(NMMNH locality 110) is from the younger Lucianoan sub-Ivf of the
Revueltian. The NMMNH also contains a large sample from the older
Barrancan time interval (NMMNH locality 1) and numerous isolated
specimens from various Barrancan loaclities.

Coprolites are present at other Revueltian Chinle localities in
New Mexico, including the upper Petrified Forest Formation in the San
Ysidro area (Hunt and Lucas, 1990) and Chama Basin (Hunt and Lucas,
1993), Trujillo Formation (Hunt, 1991) and Correo Sandstone Member
of Petrified Forest Formation at Mesa Gigante and the Hagan Basin
(Hunt and Lucas, 1993b).

In Arizona, Revueltian coprolites occur in the Painted Desert
Member of the Petrified Forest Formation at Petrified Forest National
Park (Hunt and Santucci, 1994). Coprolites are also common in the Owl
Rock Formation at Ward Terrace (Kirby, 1989).

Late Norian/Rhaetian

Coprolites are locally common in Apachean strata of the Chinle
Group, notably in New Mexico and Utah. Hunt et al. (1993) noted that
coprolites were common in the Bell Springs Formation in northeastern
Utah. Coprolites occur on the main track bed at the Shay Canyon tracksite
(Rock Point Formation) in southeastern Utah (Lockley, 1986; Lockley
and Hunt, 1995, fig. 3.8).

In New Mexico, coprolites are locally abundant in the Redonda
Formation of east-central New Mexico. The largest concentration is at
the Gregory quarry (NMMNH locality 485) in Apache Canyon. This
large sample lacks Heteropolacopros texaniensis and Alococopros
triassicus.

One of the most interesting occurrences of coprolites in the Trias-
sic occurs at the Coelophysis quarry in north-central New Mexico. Co-
prolites occur associated with skeletons of Coelophysis (Rinehart et al .,
2005a,b). These coprolites occur in the vicinity of the cloaca in more
than one skeleton and include bones assignable to Coelophysis, which
indicates cannibalism in this early dinosaur (Rinehart et al., 2005a, b
contra Nesbitt et al., 2006).

Rhaetian

Buckland (1829) first recognized coprolites from the Rhaetian
Westbury Formation (Penarth Group) of England (Swift and Duffin,
1999). Coprolites are common in the bone beds of the Westbury Forma-
tion (Buckland, 1829; Duffin, 1979, Storrs, 1994; Martill, 1999, Swift
and Duffin, 1999). Duffin (1979, Swift and Duffin, 1999) recognized
four broad morphological types of coprolites. However, two of these
categories included both amphipolar and heteropolar forms, which we
regard as fundamentally distinct morphologies representative of differ-
ent ichnotaxa (e.g., Hunt et al., 1998,2005c¢). Therefore, we recognize six
categories:

1. Large (up to 80 mm), usually brown, often tapered with well-
defined amphipolar structure. Undigested vertebrate remains include fish
scales (often tangential or normal to spiral folds) and crustacean remains
(Tropifer laevis, possible isopods). Discrete food “boli” are discernable
in thin section. Swift and Duffin (1999) interpreted these specimens to
represent sharks, possibly myriacanthid holocephalans and palaconiscid
chondrostreans (coprolites with vertebrate inclusions) or dipnoans (co-
prolites with arthropod inclusions).

2. Large (up to 80 mm), usually brown, often tapered with well-
defined heteropolar structure. Swift and Duffin (1999, fig. 32A) de-
scribed coprolites of this general form as amphipolar, but the specimen
that they illustrate is clearly heteropolar in morphology. Undigested
vertebrate remains include fish scales (often tangential or normal to spiral
folds) and crustacean remains (Tropifer laevis, possible isopods). Dis-
crete food “boli” are discernable in thin section. Swift and Duffin (1999)
interpreted these specimens to represent sharks, possibly myriacanthid
holocephalans and palaeoniscid chondrostreans (coprolites with verte-
brate inclusions) or dipnoans (coprolites with arthropod inclusions).

3. Elongate (~30 mm long) with amphipolar coiling and no visible
vertebrate and invertebrate inclusions (Swift and Duffin, 1999, fig. 32B).
Swift and Duffin (1999) attributed these coprolites to Ceratodus or
myriacanthid holocephalans.

4. Elongate (~30 mm long) with heteropolar coiling and no visible
vertebrate and invertebrate inclusions. Swift and Duffin (1999) attrib-
uted these coprolites to Ceratodus or myriacanthid holocephalans.

5. Small (maximum 30 mm long), capsule-shaped, lacking spiral
form or inclusions. They are often black and shiny due to polishing and
abrasion during post-fossilization transport. These coprolites are usu-
ally homogeneous in thin section with disseminated pyrite (Swift and
Duffin, 1999, fig. 32C).



6. Small (up to 30 mm long) flattened, shiny forms. They include
undigested scales and teeth, but no internal spiraling (Swift and Duffin,
1999, fig. 32D). Swift and Duffin (1999) attributed these coprolites
possibly to small reptiles. Duffin (1979) notes that types 5 and 6 are by
far the most common.

Some Type 2 (notation above, not that of Duffin or Swift and
Duffin) coprolites pertain to Liassocopros hawkinsi (BCM 4891; Duffin,
1979, pl. 21, fig. 1, Swift and Duffin, 1999, fig. 32A). Some specimens of
Type 4 may represent Saurocopros bucklandi (NMW G2066; Duffin,
1979, pl. 21, fig. 3; Swift and Duffin, 1999, fig. 32B).

Coprolites also occur in other Rhaetic bone beds in western Eu-
rope although none have been described.

TRIASSIC COPROLITE BIOSTRATIGRAPHY

Coprolites are potentially of biochronological utility (e.g., Hunt,
1992; Hunt et al., 1998,2005a). Trace fossils generally represent higher
level taxonomic groups of body fossils. Thus, track ichnogenera are
commonly only equivalent to the “family” level of body fossils (Lucas,
2007). Coprolites probably represent, in most cases, even higher level
taxonomic levels (“order” or above). However, the stratigraphic distribu-
tion of coprolites obviously mirrors the stratigraphic ranges of the ani-
mals that produced them. Also, given also that some localities/strati-
graphic units produce numerous coprolites and no body fossils, there is
a potential to utilize coprolites in biochronology. We can presently rec-
ognize the following ranges for ichnotaxa that are present in the Triassic:

Permian: Hyronocopros amphipolar, Heteropolacopros
texaniensis

Early Triassic: Hyronocopros amphipolar, Alococopros triassicus.

Middle Triassic: Alococopros triassicus, ?Liassocopros isp.

Late Triassic: Heteropolacopros texaniensis, Alococopros
triassicus.

Dicynodontocopros maximus,Malericopros matleyi, Liassocopros
hawkinsi, Saurocopros bucklandi.

Early Jurassic: Liassocopros hawkinsi, Saurocopros bucklandi.

Alococopros triassicus is a good index fossil for the Triassic be-
cause it is easily identifiable, widespread and relatively common. The
characteristic Early Permian Hyronocopros amphipolar also appears to
be restricted to the Early Triassic. Even though certain Middle Triassic
specimens could represent this ichnotaxon, it is certainly absent in the
Late Triassic.

Dicynodontocopros maximus and Malericopros matleyi are both
restricted to the Late Triassic (upper Carnian), but their distribution is
limited. The ubiquitous Early Jurassic Liassocopros hawkinsi and
Saurocopros bucklandi have their first appearance in the Late Triassic.
Heteropolacopros texaniensis is not currently known from strata younger
than Carnian.

There appears to be a change in coprofaunas near the end of the
Norian. Apachean (upper Norian/Rhaetian) and Rhaetian assemblages
lack the long-ranging Alococopros triassicus and/or include good examples
of the characteristic Jurassic Liassocopros hawkinsi and Saurocopros
bucklandi. This change is apparent in both the nonmarine Chinle Group
and the mixed marine and nonmarine Westbury Formation.

TRIASSIC COPROLITESAND ICHNOFACIES

Hunt et al. (1994, 1998) recognized “coprofacies” in the Upper
Triassic of western North America. Hunt and Lucas (2007) noted that
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these should be referred to as ichnocoenoses because of their relatively
limited distribution in space and time.

Hunt et al. (1994, 1998) distinguished three ichnocoenoses: (1)
Dicynodontocopros ichnocoenosis, in which coprolites occur in gray to
black mudstones that formed in alternating wet and dry conditions, in-
cluding periods of standing water, and are associated with aquatic verte-
brate microfossils; (2) Heteropolacopros ichnocoenosis, which occurs in
fluvial redbeds; and (3) ovoid, structureless coprolite ichnocoenosis,
which occurs in highly carbonaceous strata that formed in ponds. There
is a third obvious Triassic ichnocoenosis that yields significant speci-
mens of spiral coprolites, notably Liassocopros hawkinsi, and occurs in
shallow marine strata, with the exemplar being the Westbury Formation.

Are any of these ichnocoenoses pervasive enough, spatially and
temporally, to be considered to be ichnofacies? Arguably, at least two
represent widely distributed ichnofacies. The Liassocopros ichnofacies
is characterized by a prevalence of spiraled coprolites that occur in
shallow marine strata. This ichnofacies is represented at least in the
Pennsylvanian (Zangerl and Richardson, 1963), Early Permian (Will-
iams, 1972) and Early Jurassic (Buckland, 1829) as well as the Upper
Triassic.

The Heteropolacopros ichnofacies is characterized by the pres-
ence of microspiral heteropolar coprolites that occur in fluvial redbed:s.
This ichnofacies occurs at least from the Early Permian (Hunt et al.,
2005b, ¢) until the Late Triassic.

It seems reasonable that a Dicynodontocopros ichnofacies, which
contains large herbivore coprolites, might characterize swampy environ-
ments and that an ichnofacies, which we could term the Alococopros
ichnofacies, should characterize ponds. However, we do not have the
data to support these hypotheses.

PROSPECTUS FOR FUTURE WORK

In the last few years we have made a concerted effort to describe
and document Permo-Triassic coprolites (e.g., Hunt et al., 1994, 1998,
2005a, b, ¢; Hunt and Lucas, 2005a, b, ¢). This work is based on the
extensive samples that we have collected and the very limited collections
in other museums. We have four basic purposes in these works:

1. To raise awareness of the general abundance of the vertebrate
coprolite fossil record and its potential importance.

2. To demonstrate that distinct morphologies can be discrimi-
nated, described and of utility.

3. To illustrate that vertebrate coprolites have importance in
biochronology.

4. To suggest that coprolites have utility in ichnofacies studies.

Despite these lofty goals, we realize that vertebrate coprolites
have been grossly undersampled and that paleoscatology is in a protean
stage. We hope that other workers will be inspired to collect and describe
more vertebrate coprolites and to further this still nascent sub-discipline
of paleontology.
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APPENDIX

List of Triassic coprolite specimens in the Geoscience Collection of the New Mexico Museum of Natural History and Science, Albuquerque.

| Specimen | Description| Period | Age |Formation| Member | | Specimen | Description| Period | Age |Formation| Member |
Los Bull
trace fossil- Santa Esteros trace fossil- Canyon
3024 (3) coprolites Triassic Carnian RosaFm  Mbr 4181 (1) coprolite Triassic  Norian Fm
trace fossil- Bull
trace fossil- Bluewater (58) Canyon
3660 (9) coprolites Triassic  Carnian  Creek Fm Upper Mbr 4190 coprolites Triassic  Norian Fm
trace fossil- Bull
trace fossil- Garita (83) Canyon
3682 (1) coprolite Triassic Carnian  Creek Fm 4197 coprolites Triassic  Norian Fm
Bull
trace fossil- Garita trace fossil- Canyon
3683 (1) coprolite Triassic Carnian Creek Fm 4199 (1) coprolite Triassic  Norian Fm
Bull
trace fossil- Garita trace fossil- Canyon
3684 (1) coprolite Triassic Carnian  Creek Fm 4202 (3) coprolites Triassic  Norian Fm
trace fossil- trace fossil- Bull
(24) Garita (14) Canyon
3685 coprolites Triassic  Carnian  Creek Fm 4209 coprolites Triassic  Norian Fm
trace fossil- Bull
trace fossil- Garita (15) Canyon
3686 (1) coprolite Triassic Carnian  Creek Fm 4223 coprolites Triassic  Norian Fm
trace fossil- Garita trace fossil- Bull
3687 (5) coprolites Triassic  Carnian  Creek Fm (104) Canyon
Bull 4227 coprolites Triassic  Norian Fm
trace fossil- Canyon
4101 (1) coprolite Triassic  Norian Fm trace fossil- Bull
trace fossil- Bull (125) Canyon
(42) Canyon 4234 coprolites Triassic  Norian Fm
4111 coprolites Triassic  Norian Fm Bull
Bull trace fossil- Canyon
trace fossil- Canyon 4240 (3) coprolites Triassic  Norian Fm
4122 (2) coprolites Triassic  Norian Fm Bull
Bull trace fossil- Canyon
trace fossil- Canyon 4245 (2) coprolites Triassic  Norian Fm
4147 (2) coprolites Triassic  Norian Fm trace fossil- Bull
Bull (31) Canyon
trace fossil- Canyon 4249 coprolites  Triassic  Norian Fm

4165 (1) coprolite Triassic  Norian Fm



[Specimen|Description] Period | Age [Formation] Member |  [Specimen]Description| Period | Age |Formation| Member |
trace fossil- Bull Los
(57) Canyon trace fossil- Santa Esteros
4252 coprolites Triassic  Norian Fm 4414 (1) coprolite Triassic Carnian RosaFm Mbr
Bull Bull
trace fossil- Canyon trace fossil- Canyon
4263 (1) coprolite Triassic  Norian Fm 4417 (1) coprolite Triassic  Norian Fm
Bull Bull
trace fossil- Canyon trace fossil- Canyon
4265 (1) coprolite Triassic  Norian Fm 4425 (6) coprolites Triassic  Norian Fm
Bull Bull
trace fossil- Canyon trace fossil- Canyon
4270 (1) coprolite Triassic  Norian Fm 4435 (1) coprolite Triassic  Norian Fm
Bull
trace fossil- Canyon trace fossil-
4272 (2) coprolites Triassic  Norian Fm (1) coprolite Bull
(see Canyon
trace fossil- Bull 4436 remarks) Triassic  Norian Fm
(104) Canyon Bull
4292 coprolites  Triassic  Norian Fm trace fossil- Canyon
Bull 4437 (1) coprolite Triassic  Norian Fm
trace fossil- Canyon Bull
4294 (1) coprolite Triassic  Norian Fm trace fossil- Canyon
Bull 4438 (1) coprolite Triassic  Norian Fm
trace fossil- Canyon Bull
4302 coprolites  Triassic  Norian Fm trace fossil- Canyon
Bull 4444 (5) coprolites Triassic  Norian Fm
trace fossil- Canyon Bull
4328 (9) coprolites Triassic  Norian Fm trace fossil- Canyon
Bull 4449 (2) coprolites Triassic  Norian Fm
trace fossil- Canyon Bull
4332 (4) coprolites Triassic  Norian Fm trace fossil- Canyon
Bull 4460 (2) coprolites Triassic  Norian Fm
trace fossil- Canyon Bull
4359 (1) coprolite Triassic  Norian Fm trace fossil- Canyon
trace fossil- Bull 4481 (5) coprolites Triassic  Norian Fm
(17) Canyon Bull
4364 coprolites  Triassic | Norian Fm trace fossil- Canyon
Bull 4489 (1) coprolite Triassic  Norian Fm
trace fossil- Canyon Bull
4366 (5) coprolites Triassic  Norian Fm trace fossil- Canyon
Bull 4490 (9) coprolites Triassic  Norian Fm
trace fossil- Canyon Bull
4370 (1) coprolite Triassic | Norian Fm trace fossil- Canyon
Bull 4496 (2) coprolites Triassic  Norian Fm
trace fossil- Canyon Bull
4379 (1) coprolite Triassic  Norian Fm trace fossil- Canyon
Bull 4512 (1) coprolite Triassic  Norian Fm
trace fossil- Canyon Bull
4381 (2) coprolites Triassic  Norian Fm trace fossil- Canyon
Bull 4520 (1) coprolite Triassic  Norian Fm
trace fossil- Canyon Bull
4384 (1) coprolite Triassic  Norian Fm trace fossil- Canyon
Bull 4522 (1) coprolite Triassic  Norian Fm
trace fossil- Canyon Los
4385 (1) coprolite Triassic  Norian Fm trace fossil- Santa Esteros
Bull 4534 (2) coprolites Triassic  Carnian  Rosa Fm  Mbr
trace fossil- Canyon Bull
4386 (1) coprolite Triassic  Norian Fm trace fossil- Canyon
Bull 4536 (7) coprolites Triassic  Norian Fm
trace fossil- Canyon Bull
4393 (1) coprolite Triassic Norian  Fm trace fossil- Canyon
trace fossil- Bull 4542 (1) coprolite Triassic  Norian Fm
(23) Canyon trace fossil- Bull
4405 coprolites  Triassic  Norian Fm (14) Canyon
Los 4552 coprolites  Triassic  Norian Fm
trace fossil- Santa Esteros trace fossil- Bull
4406 (1) coprolite Triassic  Carnian Rosa Fm  Mbr (10) Canyon
4557 coprolites Triassic  Norian Fm
trace fossil- Bull
(197) Canyon
4412 coprolites Triassic  Norian Fm
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| Specimen | Description| Period | Age |Formation| Member | | Specimen | Description| Period | Age IFormation| Member |
trace fossil- Bull
(31) Canyon trace fossil- Garita
4560 coprolites Triassic  Norian Fm 4962 (4) coprolites Triassic  Carnian  Creek Fm
Bull (26) Redonda
trace fossil- Canyon 7116 coprolites  Triassic  Rhaetian Fm
4568 (8) coprolites Triassic  Norian Fm
Bull trace fossil- Petrified  Blue Mesa
trace fossil- Canyon 7135 (1) coprolite Triassic Carnian  Forest Fm Mbr
4583 (1) coprolite Triassic  Norian Fm
trace fossil- Bull trace fossil- Petrified
(21) Canyon 11031 (9) coprolites Triassic  Carnian  Forest Fm
4591 coprolites Triassic  Norian Fm
trace fossil- Petrified
trace fossil- Bull 11034 (3) coprolites Triassic  Carnian  Forest Fm
(100+) Canyon trace fossil-
4592 coprolites  Triassic  Norian Fm (10)
Bull 11035 coprolites Triassic  Carnian  Poleo Fm
trace fossil- Canyon Mesa
4597 (1) coprolite Triassic  Norian Fm trace fossil- Petrified Montosa
Bull 11041 (2) coprolites Triassic  Carnian  Forest Fm Mbr
trace fossil- Canyon
4599 (5) coprolites Triassic  Norian Fm trace fossil-
Bull 11043 (1) coprolite Triassic Carnian  Salitral Fm
trace fossil- Canyon
4614 (1) coprolite Triassic  Norian Fm trace fossil- Petrified
Bull 11046 (2) coprolites Triassic  Carnian  Forest Fm
trace fossil- Canyon Mesa
4721 (3) coprolites Triassic  Norian Fm trace fossil- Petrified Montosa
Bull 11050 (1) coprolite Triassic  Norian Forest Fm Mbr
trace fossil- Canyon Painted
4723 (1) coprolite Triassic  Norian Fm trace fossil- Petrified Desert
Bull 14389 (1) coprolite Triassic  Norian Forest Fm Mbr
trace fossil- Canyon
4727 (1) coprolite Triassic  Norian Fm trace fossil- Petrified
14397 (5) coprolites Triassic  Norian Forest Fm
trace fossil- Redonda Bull
4737 (3) coprolites Triassic  Rhaetian Fm trace fossil- Canyon
16538 (2) coprolites Triassic  Norian Fm
trace fossil- Petrified Bull
4740 (1) coprolite Triassic Carnian  Forest Fm trace fossil- Canyon
Bull 16539 (1) coprolite Triassic  Norian Fm
trace fossil- Canyon trace fossil- Bull
4750 (1) coprolite Triassic  Norian Fm (13) Canyon
Bull 16540 coprolites  Triassic  Norian Fm
trace fossil- Canyon trace fossil- Bull
4803 (1) coprolite Triassic  Norian Fm (25) Canyon
trace fossil- Bull 16541 coprolites  Triassic  Norian Fm
(1) Canyon Bull
4867 coprolite?  Triassic  Norian Fm trace fossil- Canyon
Bull 16542 (8) coprolites Triassic  Norian Fm
trace fossil- Canyon
4918 (1) coprolite Triassic  Norian Fm trace fossil- Bull
Bull (1000+) Canyon
trace fossil- Canyon 16544 coprolites Triassic  Norian Fm
4925 (3) coprolites Triassic  Norian Fm
Bull
trace fossil- Canyon trace fossil-
4933 (1) coprolites Triassic  Norian Fm (4) coprolites Bull
Bull in Canyon
trace fossil- Canyon 16554 concretions Triassic  Norian Fm
4936 (9) coprolites Triassic  Norian Fm Bull
Bull trace fossil- Canyon
trace fossil- Canyon 16615 (2) coprolites Triassic  Norian Fm
4939 (7) coprolites Triassic  Norian Fm Bull
trace fossil- Bull trace fossil- Canyon
(17) Canyon 16616 (3) coprolites Triassic  Norian Fm
4947 coprolites Triassic  Norian Fm Bull
trace fossil- Canyon
16617 (9) coprolites Triassic  Norian Fm
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Bull Bull
trace fossi- _ Canyon trace fossil- Canyon
16631 (6) coprolites Triassic  Norian  Fm 17159 (3) coprolites Triassic ~ Norian ~ Fm
Bull Bull
trace fossi- . Canyon trace fossil- Canyon
16633 (5) coprolites Triassic  Norian  Fm 17169 (3) coprolites Triassic ~ Norian  Fm
Painted Bull
trace fossil- Petrified  Desert trace fossil- Canyon
16721 (2) coprolites Triassic  Norian Forest Fm Mbr 17189 (4) coprolites Triassic  Norian Fm
trace fossil- Bull Bull
%) o _ Canyon trace fossil- Canyon
16814 coprolites  Triassic  Norian  Fm 17200 (2) coprolites Triassic ~ Norian ~ Fm
Bull Bull
trace fossil- _ Canyon trace fossil- Canyon
16824 (1) coprolite Triassic  Norian  Fm 17201 (1) coprolite Triassic  Norian  Fm
Bull
trace fossil- Canyon trace fossil- Bull
16835 (1) coprolite 'Triassic  Norian Fm (5) coprolite Canyon
Bull 17202 fragments  Triassic  Norian Fm
trace fossil- Canyon trace fossil- Bull
16842 (1) coprolite Triassic  Norian Fm (13) Canyon
Bull 17205 coprolites Triassic  Norian Fm
trace fossil- Canyon Bull
16855 (2) coprolites Triassic  Norian Fm trace fossil- Canyon
trace fossil- Bull 17240 (2) coprolites Triassic  Norian Fm
(11) Canyon Bull
16866 coprolites Triassic  Norian Fm trace fossil- Canyon
. Bull 17246 (2) coprolites Triassic  Norian Fm
trace fossil- Canyon Bull
16883 (1) coprolite Triassic  Norian Fm trace fossil- Canyon
. Bull 17276 (1) coprolite Triassic  Norian Fm
trace fossil- Canyon Bull
16899 (2) coprolites Triassic  Norian Fm trace fossil- Canyon
Bull 17293 (1) coprolite Triassic  Norian Fm
trace fossil- Canyon trace fossil- Bull
16905 (1) coprolite Triassic  Norian Fm (7) Canyon
17304 coprolites Triassic  Norian Fm
trace fossil- Redonda
16994 (6) coprolites Triassic  Rhaetian Fm trace fossil- Bull
trace fossil- (107) Canyon
(37) Redonda 17336 coprolites  Triassic  Norian ~ Fm
17003 coprolites Triassic  Rhaetian Fm Bull
. trace fossil- Canyon
trace fossil- 17339 (2) coprolites Triassic  Norian Fm
(198) Redonda trace fossil- Bull
17034 coprolites ~ Triassic  Rhaetian Fm (13) Canyon
17347 coprolites Triassic  Norian Fm
trace fossil- Redonda trace fossil- Bull
17041 (2) coprolites Triassic  Rhaetian Fm (22) Canyon
trace fossil- 17364 coprolites  Triassic  Norian Fm
(10) Redonda Bull
17049 coprolites Triassic  Rhaetian Fm trace fossil- Canyon
17389 (1) coprolites Triassic  Norian Fm
trace fossil- Redonda
17078 (6) coprolites Triassic  Rhaetian Fm trace fossil-
Bull 17406 (1) coprolite Triassic  Norian  Truiillo Fm
trace fossil- Canyon
17119 (4) coprolites Triassic  Norian Fm trace fossil- Bull
_ Bull (192) Canyon
trace fossil- Canyon 17442 coprolites  Triassic  Norian ~ Fm
17122 (1) coprolite Triassic  Norian Fm Bull
trace fossil- Bull trace fossil- Canyon
(25) Canyon 17446/(9) coprolites Triassic  Norian Fm
17144 coprolites Triassic  Norian Fm Bull
) Bull trace fossil- Canyon
trace fossil- Canyon 17449 (1) coprolite Triassic  Norian Fm
17146 (4) coprolites Triassic  Norian Fm Bull
trace fossil- Canyon
17465 (2) coprolites Triassic  Norian Fm
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trace fossil- Bull trace fossil-
(12) Canyon (91) Garita
17478 coprolites Triassic  Norian Fm 17618 coprolites Triassic Carnian  Creek Fm
Bull trace fossil-
trace fossil- Canyon (53) Dockum  Colorado
17495 (1) coprolite Triassic  Norian Fm 17636 coprolites Triassic Carnian Fm City Mbr
trace fossil- Painted
trace fossil- Garita (74) Petrified  Desert/Co
17514 (1) coprolite Triassic Carnian  Creek Fm 17644 coprolites Triassic  Carnian  Forest Fm rreo
trace fossil- trace fossil- Painted
(54) Garita (15) Petrified Desert/Co
17541 coprolites Triassic Carnian Creek Fm 17645 coprolites Triassic Carnian Forest Fm rreo
trace fossil- trace fossil- Painted
(19) Garita (12) Petrified Desert/Co
17544 coprolites Triassic Carnian  Creek Fm 17650 coprolites Triassic  Carnian  Forest rreo
Painted
trace fossil- Garita trace fossil- Petrified Desert/Co
17545 (9) coprolites Triassic  Carnian  Creek Fm 17657 (3) coprolites Triassic  Carnian  Forest rreo
Painted
trace fossil- Garita trace fossil- Petrified  Desert/Co
17555 (1) coprolite Triassic Carnian  Creek Fm 17667 (9) coprolites Triassic  Carnian  Forest rreo
trace fossil- Garita trace fossil- Painted
17557 (6) coprolites Triassic  Carnian  Creek Fm (101) Petrified  Desert/Co
17670 coprolites Triassic  Carnian  Forest rreo
trace fossil- Garita
17559 (5) coprolites Triassic  Carnian  Creek Fm
trace fossil-
trace fossil- Garita coprolites in Sloan
17560 (3) coprolites Triassic  Carnian  Creek Fm (2) matrix Canyon
17700 slabs Triassic  Rhaetian Fm
trace fossil- Garita
17561 (6) coprolites Triassic  Carnian  Creek Fm trace fossil- Moenkopi  Anton
17735 (6) coprolites Triassic  Anisian Fm Chico Mbr
trace fossil- Garita
17565 (1) coprolite Triassic Carnian  Creek Fm trace fossil- Bluewater
17741 (2) coprolites Triassic Carnian  Creek Fm
trace fossil- Garita
17575 (1) coprolite Triassic Carnian  Creek Fm trace fossil- Bluewater
17758 (1) coprolite Triassic Carnian Creek Fm Upper Mbr
trace fossil- Garita
17576 (1) coprolite Triassic  Carnian  Creek Fm trace fossil- Petrified
17759 (1) coprolite Triassic Carnian  Forest Fm
trace fossil- Garita
17577 (1) coprolite Triassic  Carnian  Creek Fm trace fossil-
(91)
trace fossil- Garita coprolites & Popo Agie
17578 (1) coprolite Triassic  Carnian  Creek Fm 17789 fragments  Triassic  Carnian  Fm
trace fossil- Garita trace fossil- Bluewater
17580 (2) coprolites Triassic  Carnian  Creek Fm 17848 (1) coprolite Triassic Carnian Creek Fm Lower
trace fossil- Garita trace fossil- Garita
17585 (1) coprolite Triassic  Carnian  Creek Fm 17861 (1) coprolite Triassic  Carnian  Creek Fm
trace fossil-
trace fossil- (11) Garita
17600 (1) coprolite Triassic  Norian Truijillo Fm 17885 coprolites  Triassic  Carnian  Creek Fm
Los
trace fossil- Garita trace fossil- Santa Esteros
17606 (7) coprolites Triassic  Carnian  Creek Fm 17889 (3) coprolites Triassic  Carnian  Rosa Fm  Mbr
Los
trace fossil- Garita trace fossil- Santa Esteros
17609 (1) coprolite Triassic Carnian  Creek Fm 17908 (1) coprolite Triassic Carnian Rosa Fm  Mbr
Los
trace fossil- Garita trace fossil- Santa Esteros
17613 (1) coprolite Triassic  Carnian  Creek Fm 17915 (2) coprolites Triassic | Carnian  Rosa Fm  Mbr
trace fossil- Los
17) Santa Esteros
17942 coprolites Triassic Carnian Rosa Fm Mbr
Los
trace fossil- Santa Esteros
17950 (4) coprolites Triassic. Carnian _ ResaFm; | Mbr



103

| Specimen|Description| Period | Age |Formation| Member | [Specimen]|Description] Period | Age |Formation] Member |
Los
trace fossil- Santa Esteros trace fossil-
17963 (2) coprolites Triassic Carnian Rosa Fm Mbr numerous Petrified Blue Mesa
Los 18486 coprolites Triassic  Carnian  Forest Fm Mbr
trace fossil- Santa Esteros
18071 (9) coprolites Triassic  Carnian Rosa Fm Mbr trace fossil-
Los (16) striated Petrified  Blue Mesa
trace fossil- Santa Esteros 18487 coprolites Triassic Carnian  Forest Fm Mbr
18097 (2) coprolites Triassic Carnian Rosa Fm  Mbr
Los trace fossil-
trace fossil- Santa Esteros (2) small
18104 (7) coprolites Triassic  Carnian Rosa Fm  Mbr striated Petrified Blue Mesa
Los 18488 coprolites Triassic  Carnian  Forest Fm Mbr
trace fossil- Santa Esteros trace fossil-
18115 (8) coprolites Triassic Carnian Rosa Fm  Mbr (12) Bluewater
Los 18493 coprolites Triassic Carnian  Creek Fm
trace fossil- Santa Esteros trace fossil-
18127 (1) coprolite Triassic Carnian Rosa Fm Mbr (12) Bluewater
Los 18495 coprolites Triassic  Carnian  Creek Fm Lower
trace fossil- Santa Esteros
18164 (3) coprolites Triassic  Carnian Rosa Fm  Mbr trace fossil- Moenkopi Anton
20293 (2) coprolites Triassic  Anisian Fm Chico Mbr
trace fossil- Garita trace fossil-
18180 coprolites  Triassic  Carnian  Creek Fm (24) Moenkopi  Anton
Bull 20303 coprolites Triassic  Anisian Fm Chico Mbr
trace fossil- Canyon
18184 (1) coprolite 'Triassic  Norian Fm trace fossil- Redonda
22092 (7) coprolites Triassic  Rhaetian Fm
trace fossil- Bluewater trace fossil-
18282 (6) coprolites Triassic  Carnian  Creek Fm Lower mbr (29) Bull
trace fossil- coprolite Canyon
(59) Bluewater McGaffey 22100 fragments  Triassic  Norian Fm
18294 coprolites Triassic Carnian Creek Fm Mbr? trace fossil-
(14) Petrified
trace fossil- Bluewater "Lower 22365 coprolites  Triassic  Carnian  Forest Fm
18301 (2) coprolites Triassic Carnian  Creek Fm Mbr" Los
trace fossil- Santa Esteros
trace fossil- Bluewater "Lower 22406 (1) coprolite Triassic  Carnian Rosa Fm  Mbr
18319 (2) coprolites Triassic Carnian  Creek Fm Mbr"
trace fossil- trace fossil- Bluewater
(95) Bluewater McGaffey 22474 (2) coprolites Triassic  Carnian  Creek Fm lower
18341 coprolites Triassic Carnian  Creek Fm Mbr? trace fossil-
(14)
trace fossil- Bluewater 25639 coprolites  Triassic  Norian Truijillo Fm
18385 (1) coprolite Triassic Carnian Creek Fm trace fossil- Bull
trace fossil- (14) Canyon
(13) Bluewater 25640 coprolites  Triassic  Norian Fm
18395 coprolites Triassic  Carnian  Creek Fm trace fossil-
(61) Redonda
trace fossil- Bluewater 25681 coprolites  Triassic  Rhaetian Fm
18423 (1) coprolite Triassic Carnian Creek Fm Lower
trace fossil- Bluewater
trace fossil- Bluewater "Lower 25682 (1) coprolite Triassic  Carnian  Creek Fm lower
18436 (1) coprolite Triassic Carnian Creek Fm Mbr"
trace fossil-
trace fossil- Bluewater McGaffey (1) coprolite Bluewater
18454 (5) coprolites Triassic  Carnian  Creek Fm Mbr? 25683 (2 pieces)  Triassic Carnian  Creek Fm lower
trace fossil- Bluewater trace fossil- Bluewater
18461 (8) coprolites Triassic  Carnian  Creek Fm 25684 (1) coprolite Triassic  Carnian  Creek Fm lower
trace fossil- Bluewater trace fossil- Bluewater
18478 (1) coprolite Triassic Carnian Creek Fm Lower mbr 25685 (1) coprolite Triassic  Carnian  Creek Fm lower
trace fossil- Bluewater trace fossil- Bluewater
18482 (1) coprolite ' Triassic  Carnian  Ck Fm lower 25686 (1) coprolite Triassic  Carnian  Creek Fm lower
trace fossil- Bluewater
25687 (1) coprolite Triassic Carnian Creek Fm lower
trace fossil- Bluewater
25688 (1) coprolite; Triassic . Carnian) ( Creek Fm lower
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trace fossil- Bluewater trace fossil-
25689 (1) coprolite Triassic Carnian  Creek Fm lower (1) coprolite-
spirally Bluewater
trace fossil- Bluewater 25706 grooved Triassic  Carnian  Creek Fm lower
25690 (1) coprolite Triassic Carnian Creek Fm lower
trace fossil-
trace fossil- Bluewater (1) coprolite- Bluewater
25691 (1) coprolite Triassic Carnian Creek Fm lower 25707 wrinkled? Triassic Carnian Creek Fm lower
trace fossil- Bluewater trace fossil-
25692 (1) coprolite Triassic Carnian  Creek Fm lower (1) coprolite-
spirally Bluewater
trace fossil- Bluewater 25708 grooved Triassic  Carnian  Creek Fm lower
25693 (1) coprolite Triassic Carnian  Creek Fm lower
trace fossil-
trace fossil- (1) coprolite-
(1) coprolite- Bluewater spirally Bluewater
25694 flattened Triassic  Carnian  Creek Fm lower 25709 grooved Triassic  Carnian  Creek Fm lower
trace fossil- trace fossil- Bluewater
(1) coprolite- Bluewater 25710 (1) coprolite Triassic Carnian  Creek Fm lower
25695 flattened Triassic  Carnian  Creek Fm lower
trace fossil- Bluewater
trace fossil- 25711 (1) coprolite Triassic Carnian Creek Fm lower
(1) coprolite- Bluewater
25696 flattened Triassic  Carnian  Creek Fm lower trace fossil- Bluewater
25712 (1) coprolite Triassic Carnian Creek Fm lower
trace fossil-
(1) coprolite- Bluewater trace fossil- Bluewater
25697 flattened Triassic Carnian Creek Fm lower 25713 (1) coprolite Triassic Carnian  Creek Fm lower
trace fossil- trace fossil- Bluewater
(1) coprolite- Bluewater 25714 (1) coprolite Triassic Carnian Creek Fm lower
25698 flattened Triassic  Carnian  Creek Fm lower
trace fossil- Bluewater
trace fossil- 25715 (1) coprolite Triassic Carnian  Creek Fm lower
(1) coprolite- Bluewater
25699 flattened Triassic  Carnian  Creek Fm lower trace fossil- Bluewater
25716 (1) coprolite Triassic Carnian Creek Fm lower
trace fossil-
(1) coprolite- Bluewater trace fossil- Bluewater
25700 wrinkled? Triassic Carnian Creek Fm lower 25717 (1) coprolite Triassic Carnian  Creek Fm lower
trace fossil- trace fossil- Bluewater
(1) coprolite- 25718 (1) coprolite Triassic Carnian Creek Fm lower
spirally Bluewater
25701 grooved Triassic  Carnian  Creek Fm lower trace fossil- Bluewater
25719 (1) coprolite Triassic Carnian  Creek Fm lower
trace fossil-
(1) coprolite- trace fossil- Bluewater
spirally Bluewater 25720 (1) coprolite Triassic Carnian Creek Fm lower
25702 grooved Triassic Carnian Creek Fm lower
trace fossil- Bluewater
trace fossil- 25721 (1) coprolite Triassic Carnian Creek Fm lower
(1) coprolite-
spirally Bluewater trace fossil- Bluewater
25703 grooved Triassic Carnian Creek Fm lower 25722 (1) coprolite Triassic Carnian Creek Fm lower
trace fossil- Bluewater
trace fossil- 25723 (1) coprolite Triassic Carnian Creek Fm lower
(1) coprolite-
longitudinally Bluewater trace fossil- Bluewater
25704 grooved Triassic Carnian  Creek Fm lower 25724 (1) coprolite Triassic Carnian Creek Fm lower
trace fossil- Bluewater
trace fossil- 25725 (1) coprolite Triassic Carnian  Creek Fm lower
(1) coprolite-
transversely Bluewater
25705 grooved Triassic  Carnian  Creek Fm lower



105

| Specimen|Description| Period | Age |Formation| Member | [Specimen]|Description] Period | Age |Formation] Member |
trace fossil-
(1) coprolite- (numerous) Bull
spirally Bluewater coprolites (3 Canyon
25706 grooved Triassic  Carnian  Creek Fm lower 28183 of 3 boxes) Triassic  Norian Fm
trace fossil-
(1) coprolite- Bluewater (numerous) Bull
25707 wrinkled? Triassic  Carnian  Creek Fm lower coprolites (2 Canyon
28184 of 3 boxes) Triassic  Norian Fm
trace fossil-
(1) coprolite-
spirally Bluewater (numerous) Bull
25708 grooved Triassic  Carnian  Creek Fm lower coprolites (1 Canyon
28185 of 3 boxes) Triassic  Norian Fm
trace fossil- Late Youngsvill
(1) coprolite- 28309 (2) coprolites Triassic  Carnian  Salitral Fm e Mbr
spirally Bluewater
25709 grooved Triassic  Carnian  Creek Fm lower (numerous) Petrified  Blue Mesa
29185 coprolites Triassic  Carnian  Forest Fm Mbr
trace fossil- Bluewater Upper
25710 (1) coprolite Triassic Carnian Creek Fm lower Dockum  Tecovas
29338 (2) coprolites Triassic  Carnian  Fm Mbr
trace fossil- Bluewater coprolites Dockum  Colorado
25711 (1) coprolite Triassic Carnian Creek Fm lower 29399 (49) Triassic Carnian Fm City Mbr
Dockum  Colorado
trace fossil- Bluewater 29404 (4) coprolites Triassic  Carnian  Fm City Mbr

25712 (1) coprolite Triassic Carnian  Creek Fm lower
Moenkopi Anton
trace fossil- Bluewater 29701 (9) coprolites Triassic  Anisian Fm Chico Mbr
25713 (1) coprolite Triassic Carnian Creek Fm lower

(10) Moenkopi Anton
trace fossil- Bluewater 29711 coprolites Triassic  Anisian Fm Chico Mbr
25714 (1) coprolite Triassic Carnian Creek Fm lower Norian- Dockum  Truijillo
29952 (2) coprolites Triassic  Early Fm Mbr
trace fossil- Bluewater Tecovas
25715 (1) coprolite Triassic Carnian  Creek Fm lower 30789 (2) coprolites Triassic  Carnian Fm
Tecovas
trace fossil- Bluewater 30828 (1) coprolite Triassic Carnian Fm
25716 (1) coprolite Triassic Carnian  Creek Fm lower
trace fossil- Bluewater Miscellaneo Ojo
25717 (1) coprolite Triassic Carnian Creek Fm lower us burrows San Pedro Huelos
31617 or coprolites Triassic  Carnian  Arroyo Fm Mbr
trace fossil- Bluewater Dockum  Colorado
25718 (1) coprolite Triassic Carnian Creek Fm lower 34003 (1) coprolites Triassic  Carnian Fm City Mbr
Dockum  Colorado
trace fossil- Bluewater 34055 (1) coprolite Triassic Carnian Fm City Mbr
25719 (1) coprolite Triassic Carnian  Creek Fm lower Tecovas
34080 (6) coprolites Triassic  Carnian  Fm
trace fossil- Bluewater Tecovas
25720 (1) coprolite Triassic Carnian Creek Fm lower 34181 (7) coprolites Triassic  Carnian Fm
Tecovas
trace fossil- Bluewater 34243 (2) coprolites Triassic  Carnian  Fm
25721 (1) coprolite Triassic Carnian Creek Fm lower (6) small Bluewater
34462 coprolites Triassic Carnian Creek Fm Lower mbr
trace fossil- Bluewater Bluewater
25722 (1) coprolite Triassic Carnian Creek Fm lower 34525 (5) coprolites Triassic  Carnian  Creek Fm Lower mbr
Redonda
trace fossil- Bluewater 35432 (1) coprolite Triassic  Rhaetian Fm
25723 (1) coprolite Triassic Carnian Creek Fm lower Bull
35822 (6) coprolites Triassic  Norian Canyon (lower)
trace fossil- Bluewater Painted
25724 (1) coprolite Triassic Carnian Creek Fm lower (1) tiny Petrified Desert

35964 coprolite(?) Triassic  Norian Forest Fm Mbr
trace fossil- Bluewater
25725 (1) coprolite Triassic Carnian Creek Fm lower
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Mesa
(12) Petrified  Montosa
coprolites Painted 39645 (1) coprolite Triassic  Norian Forest Fm Mbr
and coprolite Petrified Desert Mesa
36201 fragments  Triassic  Norian Forest Fm Mbr Petrified Montosa
39650 (2) coprolites Triassic  Norian Forest Fm Mbr
(1) long (10) Dockum  Colorado
bone and Painted 40142 coprolites Triassic Carnian  Gm City Mbr
associated Petrified Desert Redonda
36202 coprolite Triassic  Norian Forest Fm Mbr 40502 (2) coprolites Triassic  Rhaetian Fm
(numerous) Redonda
San Pedro 40658 coprolites Triassic  Rhaetian Fm
36217 (1) coprolite Triassic  Norian?  Arroyo Fm upper Rock Point
(24) Dockum  Tecovas 41308 (1) coprolite Triassic  Norian Fm
36238 coprolites Triassic Carnian Fm Mbr Bull
Canyon
Popo Agie Lyons 41331 (4) coprolites Triassic  Norian Fm
37401 (5) coprolites Triassic  Carnian  Fm Valley Mbr
Petrified  Sonsela
Popo Agie Lyons 41769 (3) coprolites Triassic Forest Fm Mbr
37409 (1) coprolite Triassic Carnian Fm Valley Mbr
Bluewater
Popo Agie Lyons 41777 (3) coprolites Triassic  Carnian  Creek Fm?
37425 (1) coprolite Triassic Carnian Fm Valley Mbr Painted
(3) Petrified  Desert
Popo Agie Lyons 41840 coprolites(?) Triassic  Norian Forest Fm Mbr
37445 (1) coprolite Triassic Carnian Fm Valley Mbr Painted
Redonda (1) coprolite Petrified  Desert
37448 (1) coprolite Triassic Rhaetian Fm 41841 fragment Triassic  Norian Forest Fm Mbr
(20) Moenkopi Anton (27)
38613 coprolites  Triassic  Anisian  Fm Chico Mbr coprolites &
coprolite Dockum  Colorado
(24) Moenkopi Anton 42280 fragments  Triassic Carnian Fm City Mbr
38614 coprolites Triassic  Anisian Fm Chico Mbr Tecovas
42282 (1) coprolite Triassic Carnian Fm
Moenkopi Anton
38735 (8) coprolites Triassic  Anisian Fm Chico Mbr Bull
(1) coprolite Canyon
(~31) 42705 w/fish scales Triassic  Norian Fm
coprolites & Bluewater
coprolite Moenkopi Anton 42708 (1) coprolite Triassic  Carnian  Creek Fm Lower
38737 fragments  Triassic  Anisian Fm Chico Mbr Painted
Petrified Desert
Moenkopi Anton 43194 (1) coprolite Triassic  Norian Forest Fm Mbr
38739/(2) coprolites Triassic  Anisian  Fm Chico Mbr (several) Redonda
43317 coprolites Triassic  Rhaetian Fm
(10) Moenkopi Anton
38754 coprolites  Triassic  Anisian  Fm Chico Mbr Petrified  Blue Mesa
43865 (2) coprolites Triassic  Carnian  Forest Fm Mbr
(1) coprolite Youngsvill
39216 fragment Triassic  Carnian  Salitral Fm e Mbr Petrified  Blue Mesa
43866 (1) coprolite Triassic Carnian  Forest Fm Mbr
(1) coprolite
in (4) Youngsvill (1) striated Petrified  Blue Mesa
39222 fragments  Triassic  Carnian  Salitral Fm e Mbr 43867 coprolite Triassic  Carnian  Forest Fm Mbr
Youngsvill
39226 (1) coprolite 'Triassic  Carnian  Salitral Fm e Mbr (1) short Petrified ~ Blue Mesa
Youngsvill 43868 coprolite Triassic  Carnian  Forest Fm Mbr
39241 (2) coprolites Triassic  Carnian  Salitral Fm e Mbr
Redonda Petrified Blue Mesa
39293 (9) coprolites Triassic  Rhaetian Fm 43869 (2) coprolites Triassic  Carnian  Forest Fm Mbr
Redonda
39296 (3) coprolites Triassic  Rhaetian Fm Petrified  Blue Mesa
Mesa 43870 (1) coprolite Triassic Carnian  Forest Fm Mbr
Petrified Montosa
39638 (2) coprolites Triassic  Norian Forest Fm Mbr Petrified  Blue Mesa
43871 (1) coprolite Triassic Carnian  Forest Fm Mbr
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Petrified  Blue Mesa (1) partial
43872 (2) coprolites Triassic Carnian  Forest Fm Mbr proximal
(numerous) caudal
small Petrified Blue Mesa series Rock Point
43873 coprolites Triassic Carnian  Forest Fm Mbr 44801 w/coprolites Triassic  Norian Fm
Mesa
(numerous) (10) Petrified  Montosa
moderately 44815 coprolites Triassic  Norian Forest Fm Mbr
small Petrified Blue Mesa
43874 coprolites  Triassic  Carnian  Forest Fm Mbr (1) coprolite
w/scales or
Petrified  Blue Mesa bone Dockum  Colorado
43934 (1) coprolite Triassic  Carnian  Forest Fm Mbr 44967 fragments  Triassic Carnian Fm City Mbr
(2) coprolite Petrified  Blue Mesa (1) coprolite
43953 pieces Triassic  Carnian  Forest Fm Mbr w/scales or
bone Dockum  Colorado
(1) large Petrified  Blue Mesa 44968 fragments  Triassic Carnian Fm City Mbr
43954 coprolite Triassic  Carnian  Forest Fm Mbr
(1) tiny Petrified  Blue Mesa
(1) large 45053 coprolite Triassic  Carnian  Forest Fm Mbr
coprolite in Bull
(3) cross- (1) twinned Canyon
sectional Petrified Blue Mesa 45557 coprolite Triassic  Norian Fm
43965 pieces Triassic  Carnian  Forest Fm Mbr Bull
(numerous) Canyon
Petrified Blue Mesa 45564 coprolites Triassic  Norian Fm
43968 (4) coprolites Triassic  Carnian  Forest Fm Mbr Bluewater
45570 (1) coprolite Triassic Carnian  Creek Fm lower
(numerous) Redonda Bluewater
44083 coprolites Triassic Rhaetian Fm 45571 (1) coprolite Triassic Carnian  Creek Fm lower
Bull Bluewater
(numerous) Canyon 45572 (1) coprolite Triassic  Carnian  Creek Fm lower
44096 coprolites Triassic  Norian Fm
Bull (1) large
(1) large Canyon coprolite in 2
44103 coprolite Triassic  Norian Fm pc (nice
Bull Cross- Bluewater
(3) small Canyon 45573 section) Triassic  Carnian  Creek Fm lower
44104 coprolites Triassic  Norian Fm
Bull
Canyon (1) coprolite Redonda
44114 (2) coprolites Triassic  Norian Fm 45964 w/fish scales Triassic  Rhaetian Fm
Painted
(1) tiny Petrified  Desert
44559 coprolite Triassic  Norian Forest Fm Mbr (1) coprolite Redonda
45965 w/fish scales Triassic  Rhaetian Fm
Painted
(1) tooth in Petrified  Desert
44560 (?)coprolite  Triassic  Norian Forest Fm Mbr (1) coprolite
Mesa w/abundant Redonda
(2) coprolite Petrified  Montosa 45966 fish scales  Triassic Rhaetian Fm
44658 fragments  Triassic  Norian Forest Fm Mbr (several) Redonda
Mesa 45967 coprolites Triassic Rhaetian Fm
Petrified Montosa
44664 (3) coprolites Triassic  Norian Forest Fm Mbr (2) tiny Petrified  Blue Mesa
Mesa 46111 coprolites Triassic Carnian  Forest Fm Mbr
Petrified  Montosa (2) bags
44678 (2) coprolites Triassic  Norian Forest Fm Mbr small Petrified Blue Mesa
Mesa 46112 coprolites Triassic Carnian  Forest Fm Mbr
Petrified Montosa
44695 (2) coprolites Triassic Norian Forest Fm Mbr (12) Petrified Blue Mesa
51868 coprolites Triassic Carnian  Forest Fm Mbr
(1) Dockum  Colorado
44751 coprolite(?) Triassic  Carnian Fm City Mbr
Dockum  Colorado
44752 (1) coprolite Triassic Carnian Fm City Mbr
(8+)
coprolites in Dockum  Colorado
44753 vial Triassic Carnian Fm City Mbr
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TRIASSIC MARINE FISHES FROM SIBERIA, RUSSIA
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Triassic fishes are poorly known from Siberia, Russia. A few
actinopterygians are mentioned from some regions of Siberia, frequently
from the freshwater deposits. The first chondrichthyan and
actinopterygian microremains were discovered from the marine deposits
of four regions of Central Siberia - Verkhoyan’e and Northern Siberia:
Taimyr Peninsula, Kotelniy Island (New Siberian Archipelago) and
Omolon.

The Central Siberia locality of Triassic fishes is situated on the
left bank of the Barayi River (tributary of Aldan River), Lena River
Basin, Western Verkhoyan’e, Sakha (Yakutia) Republic (Fig. 1). The fish
microremains occur there in the section of the Monom Formation,
Olenekian, Lower Triassic. The deposits are dark gray mudstones and
siltstones with intercalations of green-gray sandstones and light gray
limestones yielding ammonoids, bivalves and the conodont Neogondolella
buurensis Dagys. The fishes are represented by isolated teeth and scale
fragments of actinopterygians, and various scales of neoselachian and
hybodontoid chondrichthyans resembling Fragilicorona, Duplisuggestus
and Gracilisuggestus types described by Johns et al. (1997).

The fish microremains were found in the Lower Triassic
Pribrezhnaya Formation (Olenekian) and the Middle Triassic
Morzhovaya Formation (Anisian) of the Cape of Tsvetkov and
Chernokhrebetnaya River, eastern part of Taimyr Peninsula, Krasnoyarsk
Area (Kray). The vertebrate-bearing part of the formations includes dark
gray siltstones and mudstones with ammonoids, nautiloids, bivalves and
conodonts. The latter belong to Neogondolella cf. N. altera Klets,

Xaniognathus sp. and Neogondolella jubata Sweet in the Pribrezhnaya
Formation; to Chiosella sp. nov. in the lower part and Neogondolella
mombergensis (Tatge) and Neogondolella constricta (Mosher et Clark)
in the upper part of the Morzhovaya Formation. The fish assemblages
contain the teeth and scales of actinopterygians (colobodontid and
redfieldiid), as well chondrichthyan teeth of a new Synechodus that are
similar to S. streitzi Delsate, Duffin and Weis (2002), and numerous
chondrichthyan scales of Proprigalea and the above mentioned types.

The vertebrates are recorded in the Lower Triassic Tuor-Yuryakh
Formation (Olenekian) of the Tikhaya River, Kotelniy Island, New Sibe-
rian Archipelago, Sakha (Yakutia) Republic. The formation encompasses
the rhythmic interbedding of dark gray clays and gray bioclastic lime-
stones containing ammonoids, bivalves and conodonts such as
Neospathodus waageni Sweet, Scythogondolella mosheri (Kozur et
Mostler), Sc. milleri (Miller), Neogondolella composita Dagys, N.
buurensis Dagys, N. jakutensis Dagys and N. altera Klets. The fish
microremains are represented by the teeth and scale fragments of
actinopterygians, chondrichthyans scales of Fragilicorona and
Gracilisuggestus types, as well as a Synechodus tooth resembling the
teeth of S. enniskilleni Duffin and Ward (1993).

The Middle Triassic fishes are found in the Left Kedon Formation
(Lower Anisian) of the Dzhugadzhak River, Kolyma River Basin,
Omolon Massif, Magadan District. The deposits are dark gray bitumi-
nous limestones and siltstones with ammonoids, bivalves and the con-
odonts Neospathodus waageni Sweet, Scythogondolella mosheri (Kozur

FIGURE 1. Map of Siberia, Russia, highlighting Triassic marine fish localities.
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FIGURE 2. 1, 3, 4, Synechodus sp. nov. 1, anterior tooth, MP SPU 41-1 in a, occlusal and b, labial views; Morzhovaya Formation, Anisian, Middle Triassic;
Cap of Tsvetkov, Taimyr Peninsula. 3, anterior tooth, MP SPU 41-2 in a, occlusal and b, labial views; Morzhovaya Formation, Anisian, Middle Triassic;
Cap of Tsvetkov, Taimyr Peninsula. 4, lateral tooth, MP SPU 41-3 in lingual view; Pribrezhnaya Formation, Olenekian, Lower Triassic; Cap of Tsvetkov,
Taimyr Peninsula. 2, 5, Synechodus sp. 2, lateral tooth, MP SPU 41-4 in labial view; Tuor-Yuryakh Formation, Olenekian, Lower Triassic, Tikhaya River,
Kotelniy Island. 5, tooth fragment, MP SPU 41-5 in occlusal view; Pribrezhnaya Formation, Olenekian, Lower Triassic; Cap of Tsvetkov, Taimyr
Peninsula. 6-9, Chondrichthyan scales; Monom Formation, Olenekian, Lower Triassic; Barayi River, Lena River Basin, Western Verkhoyan’e; 6,
Fragilicorona scale type, MP SPU 41-6 in crown view. 7, Fragilicorona scale type, MP SPU 41-7 in anterior crown view. 8, Duplisuggestus scale type,
MP SPU 41-8 in anterior view. 9, Duplisuggestus scale type, MP SPU 41-9 in anterior view. All scale bars = 100 im.

et Mostler), Sc. milleri (Miller), Neogondolella composita Dagys, N. Our work was supported by the Russian Foundation for Basic

buurensis Dagys, N. jakutensis Dagys, N. altera Klets. The fishremains  Research, grant ! 07-05-00204. The first author is very grateful to Michal

are actinopterygian teeth and various chondrichthyan scales of  Ginter for the SEM micrographs of shark remains. Al is very grateful to

Fragilicorona, Proprigalea and Gracilisuggestus types. Dr. Michal Ginter (Warsaw University, Poland) for assistance in SEM
The diverse assemblages of marine fishes (Fig. 2) are reported for ~ micrograph preparation.

the Boreal area of Siberia for the first time.
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TRIASSIC-JURASSIC BOUNDARY ON THE SOUTHERN MARGIN OF TETHYS:

IMPLICATIONS OF FACIES, TECTONICSAND VOLCANISM
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Abstract—The facies changes, tectonics and magmatism across the Triassic—Jurassic boundary in the southern
Tethyan margin have been studied in Egypt, Sudan, Jordan and Saudi Arabia. In Saudi Arabia and Jordan an
unconformable contact is recognized between the Upper Triassic and Lower Jurassic rocks. This unconformity
surface is marked by the truncation of the fluvial clastics of the uppermost Triassic before and during the
deposition of the lowermost Jurassic carbonate, recording a regression-transgression pulse. In Egypt and Sudan,
there is substantial ambiguity in the position of the Triassic-Jurassic contact, because Middle and Upper Triassic
rocks are not present and the Lower Triassic rocks are overlain directly by Lower and Middle Jurassic rocks. This
unconformity may have resulted from the east-west tectonics and possibly volcanic activity that took place during
this period (Late Triassic-Early Jurassic). Numerous tectonic processes were active during the time represented by
this unconformity, most of which were east-west uplifts that dominated in Egypt, following which the Upper
Triassic rocks were eroded or not deposited. In the Arabian Basin, east-west tectonics (in the south) and northeast-
directed tectonics (in the north) caused intermittent erosion of the Upper Triassic facies. Magmatism that was
active at the end of the Triassic generated hydrothermal iron deposits within the fluvial sandstones and triggered
volcanic eruptions in the south and some northern parts of Egypt.

INTRODUCTION

One of the five largest extinction events of the Phanerozoic,
(Sepkoski, 1996; Hallam and Wignall, 1997, Hallam, 2002), the Triassic—
Jurassic boundary has been studied by different authors in different
localities all over the world. For example, the stratigraphy of the Trias-
sic-Jurassic boundary in Europe has been well-studied in southern Swe-
den and northwest of Poland (Bertelson, 1978), in the Northern Calcar-
eous Alps of Austria (Satterley et al., 1994) and in England (Hallam,
1990, 1995). Pronounced facies changes across the Triassic-Jurassic
boundary have been studied in Nevada, USA (Hallam and Wignall, 2000),
in southern Tibet (Hallam et al., 2000) and in Hungary (Haas and Tardt-
Filacz, 2004).

Hallam and Wignall (1999) mentioned that the contact between
the Triassic and Jurassic in Africa and Asia is generally poorly known
because of a paucity or absence of marine successions across the bound-
ary. The present study presents good evidence for the unconformable
relationship between the fluvial and fluvio-marine facies of the upper-
most Triassic and lowermost Jurassic on the shelf area in Egypt and
Sudan (northeast Africa), Jordan, and Saudi Arabia (southwest Asia)
(Fig. 1). However, the recognition of the Triassic-Jurassic boundary in
Sudan is difficult because the facies around the boundary are represented
by coarse clastics. Well-exposed sections and subsurface data in other
studied localities provide a good opportunity to contribute a better un-
derstanding about the facies changes, tectonics, and volcanism across the
Triassic-Jurassic contact.

The Triassic rocks in Egypt were studied in the subsurface in the
Western Desert, while the exposed Triassic-Jurassic rocks are measured
in Northern Galala (north Eastern Desert) and in western and central
Sinai (Fig. 1). On the Arabian Peninsula, the Triassic—Jurassic rocks were
examined east of the Dead Sea rift at Jordan and Al Mustawi area (Al
Qasim Province), Saudi Arabia (Fig. 1).

The aim of this study is to explain the facies architecture across
the Triassic-Jurassic boundary in Egypt, Sudan, Jordan and in Saudi
Arabia and to clarify the nature of the contact at the Triassic—Jurassic
boundary. Also, this study aims to determine the factors responsible for
the unconformable contact and major gap between the two systems.

UPPER TRIASSIC STRATA

In Saudi Arabia, the Upper Triassic rock unit termed the Rukhman
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FIGURE 1. Location map showing the studied sections of the Triassic-
Jurassic rocks in Sudan, Egypt, Jordan and Saudi Arabia.

Formation (Khalifa, 1992) is exposed in the Al Mustawi area, northeast
of Al Qasim Province (north of latitude 25° 30" N (Fig. 2). It is equivalent
to the Minjur Sandstone that appears south of latitude 25° 30" (Powers
etal., 1966). This formation is studied in the surface and in the subsur-
face. In the exposed sections, the formation consists of kaolinitic claystone
with interbeds of siltstones and sandstones at the top (Fig. 2). The
kaolinitic claystones are usually creamy white red—buff in color, and
massive. The siltstones are yellow to white in color enclosing lenticular
beds of reddish siltstones. The sequence is capped by siliceous
quartzarenitic sandstone. Within the above succession, there are vertical
ironstone dikes distributed throughout the sequences that also appear in
underground tunnels. These iron bands are repeated vertically through
the rocks; the vertical extent of individual dikes ranges from 50 cmto 1 m,
with an average width of a few decimeters (Fig. 2). Where exposed at the
ground surface, the iron ore appears as weathered nodules; in some



111

—— Saudi Arabia——
Jordan Al Mustawi Khashm Al Minjur
Al A2
= : I ' I L I - I - I
= e =
,E '4% e e .S
o = S oo =
o ] E <
= = = g
= b (=) =
= £ = =
= = = —
:; = B E
= = = =
= = =
b = Legend
Triassic Jurassic Contact Hydrothermal iron
" band
andstone
g =
2 = S 2
z E MMMMMMM = g Silicified wood
< poE A = - 3
= s = Z
= = = = = Red clay
2 = N
a.b
= z 2 =
— é E Eq Kaolinitic clay
= =< =
= = i 5
= e ¢ Evaporite
-10m
I 2 Dolomite
J - Marle
0 AN A~  Unconformity surface

FIGURE 2. Lithostratigraphic correlation of the Triassic-Jurassic rocks in Jordan and Saudi Arabia.

places there is a hexagonal staining coloration within the siltstones. The
formation measures about 220 m in thickness at its type locality (Gabal
Ar Rukhman).

The Minjur Sandstone is coeval to the Rukhman Formation and
occurs at Khashm al Minjur (Lat.23° 30" N) and consists of about 290 m
of sandstone with a small amount of conglomerate and shale. The sand-
stones are coarse-grained, pebbly, white tan to brown, and cross-bedded.
Lenses of conglomeratic sandstone occur at several levels in the sequence
(Fig. 2). The shale is usually thin bedded, and reddish purple with green
intercalations in the sequences. No fossils were recorded except for the
presence of fossil plants in the form of crude stem impressions, tree
trunks and silicified wood. The age of the Rukhman Formation/Minjur
Sandstone is based on palynology; Powers et al. (1966) found pollen
grains in the Minjur Sandstone recovered from bore holes. The lower
part of the Minjur contains pollen grains such as Sulcatisporitus
interpositus Leschik and Pityosporites rutteri Klaus. These fossils indi-
cate a Late Triassic age.

The Triassic formations in the Arabian Peninsula are, from base to
top, the Sudair, Jilh and Minjur formations. The Sudair Formation con-
sists of brick-red and green shale (Triassic red beds) whereas the other
two formations are represented by sandstones. These shales and sand-
stones thin northeastward and are replaced in the subsurface by a shal-
low marine limestone known as the Khail and Gulailah formations. The
Triassic strata are truncated by a regional unconformity known as the

pre-Toarcian erosional unconformity.

In Jordan, the Upper Triassic rock was formerly named the Gyp-
sum Formation (Basha, 1981), butin a revised lithostratigraphic classifi-
cation by Bandel and Khoury (1981), the Upper Triassic rocks (Carnian)
were renamed the Abu Ruweis Formation (Fig. 2). This formation is
exposed between the confluence of Wadi Huni and Wadi Abu Ruweis,
from which the formation received its name. The formation measures
about 200 m thick and consists of alternating layers of clays, shale,
dolostone and anhydrite. Its base is defined by the first appearance of a
thick bed of anhydrite and its top by the first appearance of Jurassic
sediments (Bandel and Khuory, 1981). The facies association of the Abu
Ruweis Formation indicates deposition took place in a tidal zone or
sabkha. In the area of Suweilih, sediments of the Abu Ruweis Formation
were largely eroded before the deposition of the Lower Jurassic Kurnub
limestone.

In Egypt, Upper Triassic rocks are not present at the surface or in
the subsurface. The only Triassic formations that occur belong to the
Lower Triassic. These are recorded in the subsurface in the northern
Western Desert (Anges-1, Yakou-1), where they are represented by the
Eghi Group (Dahi and Shahin, 1992) or Ras Qattara Formation and
consist of reddish sandstones and silty clays (Fig. 3). The Ras Qattara
Formation is encountered in wells, and has an average thickness of about
200 m. It consists of coarse-grained reddish-buff sandstones to sandy-
siltstone. On the surface, the only Triassic rock unit known is the Qiseib
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FIGURE 3. Lithostratigraphic correlation of the Triassic-Jurassic rocks in Egypt.

Formation (Abdallah, et al., 1963), which dates to the Permo-Triassic to
Triassic. Its type section lies at Wadi Qiseib at the eastern side of the
Northern Galala plateau (Lat.29° 24" 20", Long. 32° 28" 45"). The forma-
tion consists of two members; the lower one is made up of intercalated
sandstones, siltstones and red clays and is assigned a Late Permian age.
The upper member, which has been dated to Late Triassic (Abdallah et
al., 1963), consists of intercalated sandstone, siltstone and in the upper
part a few thin beds of dolostone (Fig. 3). The Qiseib Formation mea-
sures about 43 m at its type locality. In western Sinai, the Qiseib Forma-
tion was recorded in the foothill of Gabal Ragaba in the Tih escarpment
(Fig.3; Lat. 92° 1" 407, Long.33° 40" 00”) (El Barkooky, 1986). The
stratigraphic position of the Qiseib Formation varies at different locali-
ties along this escarpment. At Gabal Raqaba, the formation unconformably
overlies the Carboniferous Abu Thora Formation and is overlain
unconformably by the Lower Jurassic Raqaba Formation. In Wadi Budra,
volcanics separate the basal part of the Qiseib Formation and the top of
Abu Thora Formation. In this locality, the Qiseib Formation consists of
interbeds of multi-colored sandstone and mudstone. The sandstones are
reddish brown, cross-bedded, fining-upward, medium to coarse-grained
with quartz granules at the base of each bed. The mudstones are brown,
reddish, thin laminated to massive, with few mud cracks. Both the sand-
stones and mudstones show fining-upward cycles that characterize the
fluvial environments. Each cycle begins with sandstone, capped by mud-
stone. In eastern Sinai, the Qiseib Formation wedges out laterally until at
Gabal Dhalal the formation is absent, and the lower Cretaceous Malha
Formation unconformably overlies the Lower Paleozoic Naqus Forma-

tion. In general, there is no record of Upper Triassic rocks in the Egyp-
tian territory of northern Sinai.

The Qiseib Formation is generally barren of fauna. However,
some badly preserved fossils, e.g. Nucula sp.; Hornesia sp. Leda sp. and
Naticopsis sp., have been identified from the uppermost carbonate bed
above the red beds. These fossils indicate Muschelkalk (Middle Trias-
sic) affinity (Abdallah et al., 1963), although according to Abdallah et al.
(1963) the Qiseib Formation is dated as Permo-Triassic because it over-
lies the Upper Carboniferous rocks without unconformity and underlies
the Muschelkalk carbonates. Druckman et al. (1970) and Weissbord
(1976) rejected the Permian age of Qiseib Formation and attributed an
Early to Middle Triassic age for this formation. It is noteworthy that the
lithologies of the Qiseib Formation (reddish color of both sandstones and
claystones) are closely similar to the Sudair Shale in Saudi Arabia and in
many Gulf countries e.g., Oman, Qatar, and United Arab Emirates, which
definitely are of Early Triassic age (Powers et al., 1966). Additionally,
the upper carbonate beds are closely similar to the Middle Triassic Jilh
Formation that appears in the Al Qasim Provinces, Saudi Arabia. There-
fore, the Qiseib Formation is attributed herein to be of Early-Middle
Triassic affinity.

LOWER JURASSIC STRATA

In Saudi Arabia, Lower Jurassic rocks are represented by the
Marrat Formation that has been formally defined and described by Pow-
ers et al. (1966) and Powers (1968) who also informally defined lower,
middle, and upper units of the formation. The Marrat Formation



unconformably overlies the Upper Triassic Rukhman/Minjur forma-
tions. Discontinuous exposures of the Marrat Formation can be traced
from Khashm Mawan (Lat.22° 50" N) to Taysyah plateau (Lat.28° 03"
N) a distance of more than 650 km (Powers et al., 1966). This formation
comprises three members, soft red shale in the middle bracketed by
resistant limestones (Fig. 2). The lower limestone member is well ex-
posed in the Sharabith escarpment west of Nafud ath Thuwayrat. The
middle shale members show maximum thicknesses between Shaqra and
Khashm adh Dhibi, and wedge out northwards and southwards from
these localities. It consists of red to buff shales and interbeds of reddish
brown siltstones. This facies is dominant from Khashm adh Dhibi in the
north up to Khashm Jufayr in the south. North and south of the above
localities, the shaley facies of this member changes gradually to sand-
stone with some conglomerate, especially near the base of the member.
The upper limestone member is exposed from Nafud ath Thuwayrat in
the north to Khashm adh Dhibi in the south. South of the latter locality
the limestone is replaced by claystone and sandstone. The lower member
of the Marrat Formation has yielded Bouleiceras nitescens Thevenin, B.
arabicum Arkell, B. elegans Arkell. These fossils are considered of Lower
Toarcian age (Powers et al., 1966). In Jordan, the Lower Jurassic rocks
are known by the term Kurnub limestone.

Innorthern Sudan and southern Egypt, the Triassic-Jurassic bound-
ary is difficult to discern and is thought to occur within the Lakia Forma-
tion (Fig.4). This formation ranges in age from Permian to Early Jurassic
and extends over a large area northwest of Sudan (Wycisk, 1990). The
formation was studied by Wycisk (1984, 1987). The Lakia Formation
consists of a succession made up of texturally and mineralogically imma-
ture arkosic fluvial sandstones with conglomerate of varying deposi-
tional facies (Wycisk, 1990). These alluvial clastic sediments were de-
posited by fluvial processes in grabens and display various facies within
the alluvial paleoenvironments. The alluvial architecture varies according
to paleogeographic setting and to sediment supply, which were in turn
controlled by tectonics during the Permo-Triassic to Early Jurassic
(Wycisk, 1990). The cyclic sequences within the formation differ from
east to west. In the south of Gebel Kissu, the Lakia Formation shows
coarsening-upward cycles, while in the area of Lakia Arbain and south-
eastwards the formation exhibits entirely fining-upward cycles. In gen-
eral the paleocurrent direction of the cross-bedded sandstones indicates
a southwest to westward paleodrainage system towards the Kufra. In
northern Egypt, the marine Jurassic facies were recognized in the subsur-
face (northern Western Desert) at the Anges-1 and Yakout-1 wells (Fig.
3). The formation was named the Yakout Formation and is dated as Early
Jurassic (Paleoservices, 1988). This formation is made up of shale and
claystone, deposited under dominantly fluvio-lacustrine conditions with
frequent periods of oxidations and subaerial exposure (Paleoservices,
1988). At Khashm El Galala and at Ras Abd areas on the western side of
the Gulf of Suez, these rocks were divided into two rock units; the lower
is the Bajocian Rieina Formation (Hassanein, 1970) and the upper is the
Bathonian-Oxfordian Ras E1 Abd Formation (Abd El Shafi, 1980, 1988).
The Rieina Formation is exposed at Khashm El Galala and has a thick-
ness of about 55 m. Its basal part is unexposed, while its upper part
conformably underlies the Ras El Abd Formation. This formation com-
prises compact massive to slightly cross-bedded sandstones intercalated
with silty claystone. The sandstone facies is pale white to yellow, some-
times varicolored, coarse grained with some pebbles and granules to-
wards the base. Both the sandstone and siltstone show vertical fining-
upward cycles that may indicate fluvial facies (El Younsy, 2001).

In the Sinai, the Early Jurassic strata are named the Raqaba or
Temmariya formations (El Barkooky, 1986, Barakat et al., 1986) and
consist of clastic rocks extending from Wadi El Hammur in the west to
Gabal Gunna in the east, on the foothills of the Tih escarpments. This
formation shows an unconformable contact with the underlying Lower-
Middle Triassic Qiseib Formation. The contact is placed between the
reddish to brown claystone and siltstone of the uppermost Qiseib For-
mation and the massive sandstones of the lowermost Raqaba Formation
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FIGURE 4. Lithological column of the Triassic-Jurassic rocks in southwest
Egypt and northwest Sudan.

(Fig. 3). The thickness ranges from 350 to 250 m and it tapers to the west
and to the east, where it is truncated completely at Gabal Dhalal, east of
Gabal Gunna. The formation consists of trough cross-bedded sandstone
with interbeds of mudstones. The sandstones are usually pale yellow,
medium to coarse-grained and they are massive to trough cross-bedded
and channelized. The mudstones are mostly red, and violet to dark brown,
and they wedge out laterally. The sandstones and mudstone are arranged
vertically in fining-upward cycles that characterize the fluvial environ-
ment of deposition.

THE CONTACT BETWEEN THE
TRIASSIC AND JURASSIC SYSTEMS

The contact between the uppermost Triassic Minjur/Rukhman
formations and the overlying Lower Jurassic Marrat Formation is well
demonstrated at Al Mustawi area, northeast of Al Qasim Province. The
contact is placed between the quartzitic sandstone of the uppermost
Rukhman Formation and the olive gray vuggy dolostone and oolitic
limestone of the lowermost Marrat Formation. However, the contact in
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the northern area of outcrop, the boundary between the Minjur Sand-
stone and the Marrat is placed at the contact of gray friable, cross-
bedded sandstone of the Minjur Sandstone below and the tan-brown
limestone above. In fact, there is some evidence that the Triassic rocks
were entirely removed at least over the southern half of the Rub al Khali
basin and much of the coastal province as well (Powers et al., 1966). So
far as known, the passage from Triassic to Jurassic is everywhere repre-
sented either by an unconformity or by non-marine sedimentation. For
example, in the areas around the margins of the Arabian Shield, marine
rocks dated as Jurassic are separated from undoubtedly Triassic or older
units by nonfossiliferous sandstones that are tentatively assigned to the
Early Jurassic (Powers et al., 1966) (Fig. 5). The lower part of the
Marrat Formation shows an unconformable contact with the underlying
Triassic rocks that is evident through the general beveling of underlying
strata and absence of lower middle Liassic stages (Powers et al., 1966). In
Jordan, the Triassic-Jurassic boundary is also unconformable due to the
erosion of the uppermost Abu Ruweis Formation at several localities
In Egypt, the Triassic-Jurassic contact is always unconformable
and there is a substantial gap between the Qiseib Formation (Early Tri-
assic) and the Lower-Middle Jurassic in all studied localities. For ex-
ample, there is a gap between the Lower Triassic Qiseib Formation and
the Middle Jurassic Rieina Formation at Khashm El Galala (North East-
ern Desert). In Sinai, the same large gap occurs between the lower Trias-
sic Qiseib Formation and the Middle Jurassic Raqaba Formation. More-
over, in the subsurface in the northern Western Desert, the Eghi Group or
Qattara Formation shows an unconformable relation with the Jurassic

Yakout Formation. This suggests that the Upper Triassic rocks are not
present in Egypt and were either not deposited or have been truncated

(Fig. 6).

LATE TRIASSIC-EARLY JURASSIC
STRUCTURAL FRAMEWORK

During the Carboniferous, the African plate at its eastern parts
(Libya and Egypt) was uplifted over a large area. Marine transgression
subsequently remained north of Egypt or reached it only marginally.
Most of Egypt and eastern Libya became an east-west trending struc-
tural high and underwent erosion until the Early Jurassic (Klitzsch and
Squyres, 1990). The collision of northeast Africa with the northern con-
tinents initiated the east-north-east trending structures by re-opening of
pre-existing zones of structural weakness which had been more or less
inactive since Precambrian time (Schandelmeier et al., 1987). This colli-
sion caused initiation of rising magma which in turn caused the arch or
domal uplift in the Gabal El Uweinat and in the Aswan area. This ulti-
mately gave rise to the east-west uplift structures that dominated during
the Permian, Triassic and Early Jurassic time (Fig. 7).

Toward the end of the Paleozoic, the whole area from directly east
of Gabal El Uweinat to Aswan formed a regional high from which the
Paleozoic rocks together with some Precambrian basement were eroded.
The removed material was transported mainly southwards. South of this
uplift, the basement is covered by a 150-200 kilometer wide stretch of
Permo-Triassic to Early Jurassic sediments of fluvio-continental origin
that were deposited by a southwest to southeastward depositional re-
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FIGURE 6. General correlation of the Triassic-Jurassic contact in Egypt,
Jordan and Saudi Arabia. Notice that Middle-Upper Triassic rocks are missing
across all of Egyptian territory.

gime (Klitzsch, 1984). The uplift was accompanied by extensive faults,
striking more or less east-west. Accompanying these faults were mag-
matic intrusions, such as the alkalic rhyolites of Gabal Musab al Balgum,
which date to about 216+ 5 Ma (Schandelmeier and Darbyshire, 1984).

Regional instability began during the Late Triassic and terminated
the stable shelf condition which had persisted on the northern Arabian
platform throughout the Paleozoic and into the Middle Triassic (Sadooni
and Alsharhan, 2004). Extension and rifting during the Triassic—Jurassic
occurred in the suture zone between the Arabian Basin and Iranian Basin.
This gave rise to the development of the Zagros Mountain (Fig. 7). At
the same time extension and rifting created rift basins within the greater
Arabian Basin, which extends in a northeast-southwest to east—west
direction parallel to the Tethyan zone (Fig. 7). The indication of Trias-
sic—Jurassic rifting can be deduced from the nature of the cyclic se-
quences of the Lower Jurassic Marrat Formation. In this formation the
cycles are submergence cycles (Khalifa, 1996) beginning with sandy
limestone (sandy wackestone /packstones) at the base, capped by deeper
marly lime mudstone at the top. Such cycles suggest widening or exten-
sion accompanying submergence.

In the Gulf States, partial erosion of the Upper Triassic forma-
tions resulted from a drop in relative sea level, caused either by a eustatic
fall in sea level, or by an uplift of the shield and the activation of the
regional Qatar arch extending to south Fars (Fig. 5). Powers (1968) and
Murris (1980) suggestion that most of the cratonic Arabian Peninsula
was still tectonically active is supported by data from offshore Abu
Dhabi (Fig. 5). During the Late Triassic, tectonic activity caused a major
transgression across the Arabian foreland and Iran, and produced the
major Rhaetic unconformity throughout the Middle East (Stocklin, 1968;
Alsharhan and Kendall, 1986). Extension occurred during the Triassic
and Early Jurassic (Tethyan rifting), with a subsequent extensional pe-
riod lasting from Early Jurassic to Early Cretaceous (Neocomian) and a
clearly defined subsidence episode occurring in all basins (Brunet and
Cloetingh, 2003).

TRIASSIC-JURASSICIGNEOUS ACTIVITY

The magmatism and volcanism during rifting at the Triassic-Juras-
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FIGURE 7. Structural elements dominant in northeast Africa and Arabia
during the Triassic-Jurassic transition.

sic transition are clearly observed in the Al Mutawi area (northeast Al
Qasim Province) Saudi Arabia. This is well represented by such mag-
matic effects as volcanic dikes, hydrothermal solution and iron oxide
emplacement in the Upper Triassic Rukhman Formation and the Minjur
Sandstone (Fig. 2). In this formation the claystones and sandstones were
intruded by hydrothermal solutions that were enriched with iron oxides.
The formation also contains calcite geodes, and deposits of quartz, fluo-
rite and barite. The iron oxides occur within the Rukhman Formation as
vertically oriented pipes that became apparent during construction work
on the Burydah-Riyadh highway. T