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Advances in Ordovician Geology

Christopher R. Barnes' and S. Henry Williams>

INTRODUCTION

The Ordovician Period is one of the longest and most
complex in the Phanerozoic. In order to review current
research and develop strategies for future studies and
international collaboration, the Fifth International Sympo-
sium on the Ordovician System (VISOS) was held at
Memorial University of Newfoundland in St. John’s in
August, 1988. The present volume contains selected pa-
pers from the symposium, and is one of a series of bench-
mark volumes on Ordovician geology that have been
produced from the five symposia held to date.

The Ordovician Period has many distinctive charac-
teristics, having been a time of major eustatic sea level
changes, prominent anoxic conditions, widespread devel-
opment of carbonate platforms on different cratons,
marked faunal provincialism, and an overall greenhouse
climatic state that reversed to an icehouse state at the end
of the period. The Ordovician biota marks the change from
the arthropod-dominated faunas of the Cambrian to more
abundant and diverse faunas and floras, which developed
in more complex community patterns through a wider
range of habitats. The actual physical and chemical con-
trols and thresholds that were dominant during this period
are poorly understood and, unfortunately, the chronostra-
tigraphic framework that is essential for global correlation
of events is inadequately defined.

The precise recognition and definition of time in stra-
tigraphy is a continuing priority in geological research.
This has been accentuated in recent years by the focus
toward short-term geological and biological events in the
stratigraphic record. A principal thrust of the symposium
was therefore on chronostratigraphy, with particular refer-
ence to the definition of the series within the Ordovician.
The program of publication of Ordovician correlation

INTRODUCTION

L’Ordovicien est une des périodes les plus longues et les plus
complexes du Phanérozoique. Le cinquieme symposium inter-
national sur le Systéme ordovicien [Fifth International Sympo-
sium on the Ordovician System (VISOS)] aeu lieu a I'Université
Memorial a St. John’s (Terre-Neuve), en aofit 1988; on y a passé
en revue les recherches en cours et élaboré des stratégies en
matiere d’études futures et de collaboration internationale. Le
présent volume se veut un recueil de certains rapports qui ont été
présentés au cours du symposium; il fait partie d’une série de
volumes sur la géologie de 1’Ordovicien qui sont le résultat des
¢ing symposiums tenus a ce jour.

Les caractéristiques de 1’Ordovicien sont nombreuses : fluc-
tuations eustatiques majeures, conditions principalement an-
oxiques, construction étendue de plates-formes carbonatées sur
divers cratons, provincialisme marqué de la faune et, dans 1’en-
semble, climat de serre qui s’est transformé en climat de glaciere
alafin de lapériode. L’Ordovicien marque le passage des faunes
cambriennes a prédominance d’arthropodes aux faunes et aux
flores plus abondantes et plus variées qui ont produit des com-
munautés plus complexes dans une vaste gamme d’habitats.
Nous connaissons mal les seuils et contrdles physiques et
chimiques qui ont dominé a I’Ordovicien; en outre, le cadre
chronostratigraphique qui est essentiel a la corrélation globale
des événements n’est pas suffisamment bien défini.

Les travaux stratigraphiques continus d’étre axés sur la re-
connaissance et la définition exacte du temps. En outre, depuis
quelques années, les chercheurs se penchent sur des événements
géologiques et biologiques de courte durée dans le profil stratig-
raphique. Par conséquent, le symposium a porté principalement
sur la chronostratigraphie, notamment sur la définition des séries
de I'Ordovicien. La publication de tableaux de corrélation de
I’Ordovicien, selon le programme établi par le sous-comité de la
stratigraphie de I’Ordovicien, est en grande partie terminée.
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charts initiated by the Subcommission on Ordovician Stra-
tigraphy is Jargely complete and has enabled groups in
many countries to redefine regional chronostratigraphic
subdivisions. In this volume, authors from the United
Kingdom, Canada, Australia, and the United States con-
tribute to this process with the aim of achieving an inter-
nationally accepted internal chronostratigraphic
subdivision for the Ordovician System by the mid-1990’s.
The development of refined geochronological methods is
particularly noteworthy and illustrates the potential for
achieving an integrated, high precision chronostratigraphy
and geochronology for the Ordovician in the near future.
This, in turn, will enable new interpretations of the dy-
namic systems operating during the Ordovician, such as
those emerging from Mesozoic and Cenozoic research
programs.

A section of this volume is devoted to recent advances
in Ordovician paleontology and biostratigraphy. Empha-
sis is given to conodonts, graptolites and trilobites, which
have been of greatest value to date in biostratigraphic
studies. There is particular interest by several authors in
the response of faunas to the Late Ordovician glaciation
event. The effects of severe faunal provinciality during the
entire Ordovocian is documented in some studies.

The interrelationships of stratigraphy, eustasy, tecton-
ics and volcanism are explored in another section of this
volume. Particular attention is paid to the Appalachian
Orogen, for which there has been a rapid evolution of ideas
for tectonic and event-stratigraphic models. Valuable new
data are also reported from the less well known regions of
the Argentine Precordillera, and from Kazakhstan and
Tien Shan in the U.S.S.R.

The final section of the volume documents some of the
new data and interpretations of Ordovician paleo- ocean-
ography, paleoclimatology and paleogeography. A new
paleogeographic reconstruction for each series of the Or-
dovician System is provided, as well as interpretations of
the changing patterns of Ordovician oceanographic circu-
lation. The application of isotope geochemistry to Ordo-
vician problems is still in its infancy, but some current
work related to the glacial event is reported and many
different studies are now in progress.

Future research on the long and complex Ordovician
Period must focus more on the particular physical, chemi-
cal and biological controls and thresholds that were opera-
tive. Intensive studies and new techniques are needed to
resolve these problems and to construct more precise
models of Ordovician paleogeography, paleoclimatology,
and paleooceanography. The present volume is not in-
tended to be summary volume for these issues, but to
report primary search on various facets. We hope that
this volume will assist in the advance of knowledge of
Ordovician geology and provide a foundation for the sci-
entific studies to be reported at the-Sixth International
Symposium on the Ordovician System, University of Syd-
ney, Australia, in July, 1991.

Grice a ces tableaux, des groupes dans de nombreux pays ont
pu redéfinir les subdivisions chronostratigraphiques région-
ales. Dans le présent volume, des chercheurs provenant du
Royaume-Uni, du Canada, de 1’Australie et des Etats-Unis
contribuent a ce processus en vue de I’établissement, d’ici
1995, d’une subdivision chronostratigraphique interne de
I’Ordovicien qui aura un statut international. La mise au point
de méthodes géochronologiques perfectionnées est digne de
mention et montre la possibilité d’établir, dans un proche
avenir, une chronostratigraphie et une géochronologie in-
tégrées, hautement précises, de I’Ordovicien. Cela donnera
lieu a de nouvelles interprétations des systemes dynamiques
qui ont existé a I’Ordovicien, comme ceux qui émergent des
programmes de recherche sur le Mésozoique et le Céno-
zoique.

Une section du volume porte sur les réalisations en paléon-
tologie et en biostratigraphie de I’Ordovicien. On met I’accent
sur les conodontes, les graptolites et les trilobites qui, & ce jour,
sont les organismes les plus utiles pour les travaux biostratig-
raphiques. Plusieurs chercheurs s’intéressent particuliérement a
la rdection des faunes a I’événement glaciaire de 1’Ordovicien
supérieur. Certaines études renseignent sur les effets de la pro-
vincialité marquée de la faune tout au long de 1’Ordovicien.

Une autre section du volume examine les liens qui existent
entre la stratigraphie, I’eustasie, la tectonique et le volcanisme.
On accorde une attention particuliere a I'orogeéne des Appa-
laches, pour lequel il y a eu évolution rapide des modeles
tectoniques et des modeles de la stratigraphie des événements.
On y présente aussi de nouvelles données fort utiles qui provi-
ennent des régions moins bien connues de la Précordillére en
Argentine et du Kazakhstan et du T’ien-Shan en URSS.

La derniére section du volume renseigue dur certaines nou-
velles données sur la paléo-océanographie, 1a paléoclimatologie
et la paléogéographie de 1'Ordovicien, et les nouvelles inter-
prétations qui en découlent. Il présente une nouvelle reconstitu-
tion paléogéographique pour chaque série de 1’Ordovicien, de
méme que des interprétations des changements survenus dans la
circulation océanique a I’Ordovicien. Bien que ’application de
la géochimie des isotopes aux problémes ordoviciens en soit
encore a ses débuts, le volume présente des comptes rendus de
certains travaux en cours qui portent sur I’événement glaciaire;
en outre, plusieurs autres études différentes ont €té commenceées.

A T’avenir, les recherches sur I’Ordovicien devront porter
davantage sur les seuils et les contrdles physiques, chimiques et
biologiques qui ont existé au cours de cette période longue et
complexe. 1l faudra entreprendre des études approfondies et
élaborer de nouvelles techniques afin de résoudre ces problémes
et d’établir des modeles plus exacts de la paléogéographie, de la
paléoclimatologie et de 1a paléo-océanographie de 1’Ordovicien.
Le volume ne se veut pas un simple résumé de ces questions,
mais il cherche plutot & présenter les recherches de base qui
portent sur leurs divers aspects. Nous espérons qu’il contribuera
a élargir nos connaissances de la géologie de 1’Ordovicien et
qu’il servira de fondement pour les études scientifiques qui
seront présentées a I’Université de Sydney, en Australie, en
juillet 1991, a I’occasion du sixiéme symposium international
sur le Systéme ordovicien.
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Progress and problems in the selection of stratotypes
for the bases of series in the Ordovician System
of the historical type area in the U.K.

R.A. Forteyl, M.G. Bassett, D.A.T. Harper, R.A. Hughes,
J.K. Ingham, S.G. Molyneux, A.W. Owen, R.M. Owens,
A.W.A. Rushton, and P.R. Sheldon

Fortey,R A., Bassett, M.G., Harper, D.A.T., Hughes, R A., Ingham, J K., Molyneux, S.G., Owen, AW., Owens,
R.M., Rushton, AW A., and Sheldon, P.R., Progress and problems in the selection of stratotypes for the
bases of series in the Ordovician System of the historical type area in the U K., in Advances in Ordovician
Geology, C.R. Barnes and S.H. Williams (ed.); Geological Survey of Canada, Paper 90-9, p. 5-25,1991.

Abstract

The series of the Ordovician System in the Anglo-Welsh area have been a standard reference in
Ordovician chronostratigraphy for many years, and should remain so in the interest of a common language
Jor international use. Their original definition was not in accord with modern stratigraphic precision, and
to this end it is necessary to redefine bases for the series within continuous sequences. Such sequences
have been identified for the bases of all the series. Even though there are breaks in the succession locally
or in the original type areas, these shortcomings are minimized by considering these other sections in the
Anglo-Welsh area as potential stratotypes. The Anglo-Welsh faunas include widespread taxa virtually
throughout the Ordovician, which permit international correlation, the monographic coverage of these
Jaunas compares with that from anywhere in the world. It is thought to be possible to modify the horizon
at which series boundaries were drawn originally in the interests of international correlation, as long as
nomenclature is conserved. The possible stratotypes for bases of the series of the Ordovician System in the
type area are reviewed briefly, and new faunal logs are given where necessary. The base of the Tremadoc
is taken at an horizon coincident with the appearance of nematophorous graptolites, the only practicable
horizon in the type area. The base of the Arenig poses particular problems because of the poorly
Jossiliferous nature of available sections. However, newly discovered sections in the Lake District indicate
that there may have been no major break in sedimentation at the top of the Tremadoc. A fossiliferous mixed
graptolite-trilobite section is available for the base of the Llanvirn. Although there are candidates for the
base of the Llandeilo (current usage), the comparative brevity of this series suggests that it may be better
united with the Llanvirn to form a new, combined series commensurate in extent with the other series of
the Ordovician. The name Llandeilo could be retained for this new concept. The Llanvirn could also be
retained as the earlier stage within it, and a new stage name, for which the Dyneforian is suggested,
proposedfor the later part, equivalent to some or all of the traditional Llandeilo; just how much will depend
on the definition of the base of the Caradoc, for which three possibilities are proposed as a basis for
discussion. The base of the Ashgill has been located precisely in a section in the Murthwaite Inlier, Cautley,
which is proposed as a suitable international type section.

Résumé

Les séries du Systéme ordovicien qui se trouvent dans la région anglo-galloise servent d' étalon pour
la chronostratigraphie ordovicienne depuis de nombreuses années et, par souci d’ un langage commun
international, il ne faudrait pas les remplacer. Puisque leur définition d’ origine n’ avait pas la précision

' See end of report for Authors’ addresses



stratigraphique d’ aujourd’ hui, il devient nécessaire de redéfinir les bases des séries qui se situent dans des
séquences continues. Or, les bases de toutes les séries se trouvent dans de telles séquences. Bien que la
succession soit interrompue localement ou dans les régions types d origine, on peut minimiser ces
problémes en prenant comme stratotypes éventuels les autres coupes de la région anglo-galloise. Presque
tout au long de I'Ordovicien, les faunes de cette région comprennent des taxons dont la répartition
géographique est vaste, ce qui permet leur corrélation mondiale; leur couverture monographique se
compare a celle de nimporte quel endroit au monde. 1] serait vraisemblablement possible, a des fins de
corrélation mondiale, de modifier I horizon auquel avaient été fixées a I origine les limites des séries, dans
la mesure on I’ on conserve la nomenclature. Le rapport donne un apergu des stratotypes éventuels pour
les bases des séries du Systéme ordovicien dans la région type et, au besoin, il présente de nouveaux
enregistrements fauniques. La base du Trémadocien est fixée a un horizon qui coincide avec I’ apparition
de graptolites nématophores, soit le seul horizon praticable dans la région type. La base de I' Arénigien
pose des problémes particuliers en raison de la nature peu fossilifére des coupes disponibles. Or, des coupes
nouvellement découvertes dans le «Lake District» indiquent qu’ il pourrait n’y avoir eu aucune interruption
majeure de la sédimentation au sommet du Trémadocien. 1l existe une coupe fossilifére a graptolites et a
trilobites pour la base du Llanvirnien. Bien qu’il y ait des possibilités pour la base du Llandeilien (usage
courant), cette série couvre un intervalle de temps relativement court, et il faudrait peut-étre la réunir au
Llanvirnien afin de former une nouvelle série combinée dont I’ étendue serait comparable a celle des autres
séries de I’ Ordovicien. On retiendrait le nom «Llandeilien» pour cette nouvelle série. En outre, le nom
Llanvirnien désignerait I’ étage plus ancien qui s’y trouve et un nouveau nom, par exemple le Dynéforien,
serait donné a la partie plus récente, qui équivaut a I’ ensemble ou @ une partie du Llandeilien classique,
selon la définition de la base du Caradocien, pour laquelle on propose trois possibilités a des fins de
discussion. La base de I’ Ashgillien est située avec précision dans une coupe dans la fenétre de Murthwaite,
a Cautley, que I’ on propose comme coupe type mondiale.

INTRODUCTION

The series of the Ordovician System, as defined originally in
England and Wales, have been used for many years as a
standard reference in Ordovician chronostratigraphy. These
series have provided a common language that stratigraphers
and paleontologists can use to discuss international correla-
tion. The more recent emergence of event stratigraphy has
also required a common calibration for international use.
Nonetheless, the scope of the series has been employed
somewhat loosely outside the historical type area, and it is a
proper objective of the Subcommission on Ordovician Stra-
tigraphy to urge greater precision. Following the Fourth In-
ternational Symposium on the Ordovician System in Oslo, a
group of British workers (Whittington et al., 1984) attempted
to summarize the historical background to the proposition of
the series, and to encapsulate the problems involved in ob-
taining a more refined definition of their bases.

There were numerous problems, and many of these re-
main, but a certain measure of progress has been made over
the last few years that is worth summarizing. In this paper it
is assumed that the Tremadoc Series is included within the
Ordovician System. The earlier literature was reviewed in
Williams et al. (1972) and Whittington et al. (1984). The
introductory sections of this paper were drafted by R.A.
Fortey, with the approval of the Stratigraphy Committee of
the Geological Society of London. The authorship of the
accounts of possible stratotype sections is indicated where
appropriate.

THE BRITISH AREA REMAINS
APPROPRIATE FOR DEFINITION OF
STANDARD SERIES

Although the British Isles has a historical claim to precedence
as the type area of the Ordovician System — and this is not
to be disregarded — there are other reasons why the Anglo-
Welsh basin is a suitable region in which to define the type
sections of the series. The limitations of the type area are
rather obvious. Structural complexities are common. Expo-
sure of long, continuous sequences is not usual. Clastic rock
types predominate, which makes the recovery of conodonts
in some parts of the sequence difficult. These limitations
should not be allowed to obscure several positive aspects,
which may not be obvious to those accustomed to working in
platform carbonate successions. These aspects are:

1. The Anglo-Welsh area occupied a marginal site through
the Ordovician Period; platform endemic faunas are jux-
taposed closely with deeper water faunas, which include
species with wide distribution and international potential
for correlation. At the base of the Tremadoc, for example,
several of the deep water trilobite species have a distribu-
tion beyond the confines of western Gondwana. For most
parts of the column, graptolitic and shelly facies are
present innearby areas, even if the different kinds of facies
faunas do not co-occur in the same section.

2. Sedimentation was generally rapid, and thick sequences
are present across many of the critical intervals. It should be
possible, therefore, to define stratotypes in sections free



of hiatuses, such as may be present in cratonic sequences.
For example, marginal sites may escape the effects of
eustatic cycles — or local tectonic effects may serve to
offset their influence. The paradox is that platformal sites
may afford a ‘‘clearer’’ boundary, precisely because new
taxa appear there simultaneously, but the arbitrary nature
of a boundary (drawn at the first appearance of a particular
species, for example) in a thicker, fuller succession is to
be seen as an advantage, not as a disadvantage.

3. The “‘provincial” affinities of the Anglo-Welsh shelly
faunas in toto change through the Ordovician, from Gond-
wanan to Baltic/North American — although even in the
Caradoc Series some Gondwana-type trilobites such as
Kloucekia remained part of the fauna. Whether this is
because of an independent tectonic history of the Avalon
microcontinent, or a general convergence of the Gond-
wanan with the Baltic and North American continents, is
immaterial in this context. What does matter is that the
British Ordovician encapsulates some of the significant
changes that occurred during Ordovician times. No area
in the world has sections that allow for correlation every-
where throughout the Ordovician, but the type area is as
representative as any. ,

4. Fossil faunas from the type Ordovician are relatively well
known, and are still being studied actively. For example,
since the publication of the previous review of Ordovician
Series (Whittington et al., 1984), substantial additions to
our knowledge of the ostracodes (Jones, 1986, 1987),
acritarchs (Turner, 1985; Molyneux, 1987), graptolites
(Hughes, 1989), the Arenig Series faunas and stratigraphy
(Fortey and Owens, 1987), and conodonts both across
series boundaries and within some of the series (Savage
and Bassett, 1986; Bergstrom et al., 1987) have been
published. All these have proved to be useful stratigraphi-
cally. Few other areas can boast such intensive coverage,
especially now when systematic studies are not generally
fashionable.

These four arguments are scientific, and separate from the
undeniable historical claims of the Anglo-Welsh area as the
location of the type sections. The series of the Ordovician
System provide the common language for chronostratigra-
phy, and it is a practical common language.

CONDITIONS FOR SUITABLE
STRATOTYPE SECTIONS

The historical problem is that the series were defined origi-
nally in a patchwork but by no means random fashion, taking
their names from areas scattered over Wales and northern
England. Boundaries were drawn at unconformities, or at
least where radical faunal changes appeared (Whittington et
al., 1984). Modern stratigraphic usage demands that these
boundaries be moved to continuous sequences. This should
present no formal problem, as it is obvious that the Anglo-
Welsh area as a whole constitutes the type area, in which the
various series names are distributed. We are justified, there-
fore, in selecting sections, possibly at some distance from the
historical type areas, that show the best continuous sequences,

and which are of service in international correlation. Partly
because of the marginal and tectonically unstable setting of
the type area, it is possible to discover such sections for all
the series boundaries with which we are concerned. The
following criteria should apply:

1. Sections should be within the Anglo-Welsh area, and
south of the Solway Line. This is because the Solway Line
is generally accepted as marking the Iapetus suture (e.g.,
Fortey et al., 1989; McKerrow and Soper, 1989) and
separates (broadly speaking) the Ordovician Gondwana
and Laurentia paleocontinents. There is no doubt that the
Ordovician series as defined originally belonged within
the former Gondwana geographic entity.

2. Only the base of a series need be defined. What lies below
that base belongs in the underlying series by definition.
This avoids apparent problems such as the so-called ‘‘un-
classified intervals’’; one of these was illustrated recently
by Bergstrom et al. (1987, Fig. 18.8) as lying between the
Llanvirn and Llandeilo. If the base of the Llandeilo is
defined formally, then the interval below is simply part of
the upper Llanvirn.

3. The horizon at which the base was originally defined need
not be rigidly adhered to, especially if it is acceptable to
move type sections for the bases of series from the original
areas of definition. Because these bases were often de-
scribed at the bottom of a lithostratigraphic unit (e.g.,
Llandeilo) or at an unconformity (e.g., Caradoc), in ac-
cordance with nineteenth century practice, these horizons
may themselves pose considerable problems in correla-
tion. There is no reason why such horizons may not be
adjusted upward or downward in the interests of useful-
ness for international correlation (Fortey, 1988). There is
already some precedent for this in the inclusion of the
Pusgillian Stage within the Ashgill (Ingham and Wright,
1970). By adopting this flexible approach, we believe that
the horizon eventually chosen can be one that is capable
of being recognized in each of the main paleogeographic
regions. If a similarly flexible approach is applied also to
chronostratigraphic divisions in other regions, such as
North America, there is a chance that the standard series
may be understood readily in the same way internationally
(Fig. 8). We therefore discuss more than one possible
horizon in the accounts that follow; which one is chosen
will depend on international application, following further
study and discussion by the Subcommission.

POSSIBLE STRATOTYPES FOR THE
BASE OF EACH SERIES

There now follows a chronological account of sections that
we believe to be suitable for definition as international stra-
totypes for each series within the Ordovician System. The
information currently available varies from one section to
another; some have only been investigated recently. A pre-
liminary account is useful at this point, however, in order to
focus attention on the problems with the horizon chosen, and
the limitations of the sections themselves. A brief account of
the history of the series is given in Whittington et al. (1984).



We believe that each of the sections discussed below has the
potential to meet the criteria recommended for the estab-
lishment of Global Standard Stratotypes as set out by Cowie
et al. (1986).

TREMADOC (A.W.A.R.)

The Tremadoc Series takes its name from a small town in
North Wales (now spelled ‘“Tremadog’’) and the stratig-
raphic concept originated in the faunal characteristics of the
Tremadoc Slates of the area. The history of the use of *‘Tre-
madoc’’ is given in Henningsmoen (1973) and in Whittington
etal. (1984).

In Britain there are few sections that expose a sedimentary
succession across the base of the Tremadoc Series (Stubble-
field, 1956), and of these the most satisfactory in which to
define a base to the series is on the forestry road at Bryn-1lin-
fawr, about 25 km east-southeast of Tremadog. This section
was described in detail by Rushton (1982), with further
information in Allen et al. (1981) and Allen and Jackson
(1985). Figure 1 summarizes the rock types and the distribu-
tion of fossils, and indicates the litho-, bio-, and chronostra-
tigraphy of the sequence.

The section is easily accessible and even though it is an
artificial exposure, of which parts will require cleaning from
time to time, the boundary itself is exposed permanently. The
rock type is fairly uniform and although there is a regional
cleavage, this is slight in the area of Bryn-llin-fawr. Shelly
fossils, especially trilobites, occur at regular intervals through
the section, and range from the Acerocare Biozone (>20 m
thickness exposed) to the R. flabelliformis Biozone, socialis
Subzone (estimated to be >40 m thick). Graptolites are found
at and above the proposed base of the Tremadoc. Conodonts
are rare and lack variety at Bryn-llin-fawr. There is a perma-
nent confirmatory section in the stream at Dol-cyn-afon, 2 km
south of Bryn-llin-fawr, but this has not been studied thor-
oughly. In North Wales we cannot readily recognize the
equivalents of the base of the Cordylodus proavus conodont
Biozone, which would lie in the Upper Cambrian sequence,
and there is no justification for moving the base of the
Tremadoc from the horizon at the appearance of Rhabdin-
opora.

Biostratigraphy and correlation

As well as the widely distributed graptoloid Rhabdinopora
and the trilobite Boeckaspis hirsuta, many of the trilobites
from Bryn-llin-fawr are of considerable use in correlation
outside Wales. Since the description of the section in 1982 it
has been possible to refer several trilobite taxa to species
described from China. Parabolinella? sp. of the Acerocare
Biozone can be referred to P. contracta Lu and Zhou (Lu et
al., 1981). This species has been described under various
names from several sections in China, as discussed by Rush-
ton (1988); everywhere it occurs at a horizon near the base of
the Tremadoc. Some of the Niobella from the Acerocare
Biozone appear to be referable to the finely drawn species N.
preciosa Lu and Zhou (treated as a subspecies of N. homfrayi
in Allen and Jackson, 1985). This form occurs with

P. contracta in Nei Monggol, China (Lu et al., 1981).
Despite search, no further conodonts have been found apart
from a cluster of Phalekodus [ Prooneotodus’’] tenuis (Hig-
gins and Austin, 1985, P1. 2.1, figs. 1, 7).

Oslo region

The section at Naersnes, Oslo, described by Bruton et al.
(1982) has some trilobite species in common with Bryn-llin-
fawr. Their lowest records of Parabolina acanthura (Bruton
etal., 1982, PI. 1, figs. 1-3, 17, 19; 1988), all from concretion
N1, are referable to P. heres heres (Nikolaisen and Hennings-
moen, 1985, p. 4), which thus appears below Rhabdinopora
and Boeckaspis hirsuta, as at Bryn-llin-fawr. Our criteria
would place the base of the Tremadoc 0.5 m above the base
of the Ordovician proposed by Bruton et al. (1982).

Western Newfoundland

The base of the Tremadoc at Bryn-llin-fawr is thought to
correspond to the base recognized by Fortey et al. (1982),
although there are no conodont or trilobite taxa to support the
graptolite evidence. However, Fortey et al. (1982) showed
that the Missisquoia typicalis Biozone underlies the base of
the Tremadoc, and similarly Rushton (1982) showed that
associates of M. typicalis at its type locality, namely Plica-
tolina kindlei and Neoagnostus bilobus, underlie the base of
the Tremadoc in North Wales.

Platform carbonate sequences

Correlation of the base of the Tremadoc into platform carbon-
ate sequences is indirect, and relies on sections such as those
at Broom Point, Newfoundland, and Dayangcha, China,
where there are ‘‘mixed’’ faunas. The appearance of the
conodont Cordylodus lindstromi equates closely with, but
apparently slightly precedes, the appearance of nematopho-
rous graptolites (Landing et al., 1986). Nonetheless, this
provides a workable approximation in at least the more mar-
ginal North American sequences to the base of the Tremadoc
Series in its type area. Other propositions for the base of the
Ordovician — for example, the base of the Hirsutodontus
simplex Subzone of the C. intermedius Biozone (Miller, 1984,
1987), or the base of the C. proavus Biozone (Kazakhstan:
Chugaeva and Apollonov, 1982; China: Zhou et al., 1984) are
substantially older, and would not provide a ready correlation
into North Wales.

ARENIG (R.A.F., S.G.M., RM.O., A.W.A.R.)

The type area for the Arenig Series is at the mountain called
Arennig Fawr in North Wales, where the succession has been
redescribed recently by Zalasiewicz (1984; see also Beckly,
1987). Fortey and Owens (1987) recently reviewed the bios-
tratigraphy of the Arenig Series in Britain and showed that its
development is commensurate with that in other parts of the
world, and that it is a major division of the Ordovician
System. Three stages for the Arenig were proposed: in as-
cending order, Moridunian, Whitlandian, and Fennian. It was
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showing ranges of fossils; updated from Rushton (1982).



shown that the Arenig at its type section is incomplete, as
much of the upper part is absent. Furthermore, at the base
there is a regional unconformity, and in many places in North
Wales the oldest preserved beds are unfossiliferous sand-
stone. No suitable section exists in North Wales that would
be a candidate for a stratotype for the base of the Arenig. Of
all the series boundaries, the base of the Arenig poses the most
difficult problems. Because the regressive episode at the end
of the Tremadoc affected almost all areas, the traditional
usage of Arenig has been taken to begin with the transgressive
sandstone (poor in fossils) that followed it. In Shropshire, for
example, Whittard (1955-67) used as the Arenig base the
Stiperstones Quartzite, which is a distinctive mappable for-
mation, but one that has yielded only two trilobite specimens.
An Arenig base taken at the base of the Stiperstones Quartzite
would clearly be unsatisfactory. In South Wales the Arenig is
developed most fully, but no complete section recording the
passage between Tremadoc and Arenig has yet been discov-
ered. For this reason, Fortey and Owens (1987) did not
formally define a base for the earliest Arenig stage, the
Moridunian, in that area. Furthermore, even when faunas
appear, the shelly fossils recovered from the lower Arenig
cannot be used in correlation beyond the confines of the
Welsh basin. At that time, provinciality of faunas was at a
maximum.

What we are seeking, therefore, is a section that is con-
tinuous between the Tremadoc and the Arenig; the horizon
for the base should be taken at a level that can be correlated
reasonably widely. This is not an easy matter, but some
progress has been made.

Lake District

Since the publication of Whittington et al. (1984), Tremadoc
faunas have been discovered in the Lake District (Molyneux
and Rushton, 1985). This is particularly interesting with
regard to the base of the Arenig, because the Lake District
represents the most exterior (off-craton) site in the type Or-
dovician area, and it might be possible to find a section here
that was less influenced by the regression at the end of the
Tremadoc. The discovery by Rushton (1985) of the wide-
spread upper Tremadoc graptolite Dictyonema (Araneograp-
tus) pulchellum added credence to this argument, and
subsequent work has shown no evidence of a break between
the Tremadoc and the Arenig in the Lake District.

Molyncux and Rushton (1988) examined the graptolite
fauna and acritarch flora of the Watch Hill Grits, and con-
cluded that they may include the equivalents of the Tetra-
graptus approximatus Biozone. This is of particular interest
because the base of the approximatus Biozone has long been
regarded as a practical and widespread horizon for the base
of the Arenig Series (Skevington, 1963). Hitherto there has
been no good evidence of the presence of approximatus
Biozone equivalents in England and Wales, although Fortey
and Owens (1987) thought that the basal Welsh Arenig might
extend this low. The Watch Hill Grits yielded a distinctive
acritarch flora, which we refer to as the trifidum flora after
Stelliferidium trifidum, one of its characteristic elements.

10

The trifidum flora also occurs in South Wales in beds
(Login section of Cope et al., 1978, Fig. 1) immediately
underlying the coarse clastics that had been taken as the local
base of the Arenig there (Molyneux and Dorning, 1989). The
flora has also been recognized in samples from the Manx
Slates on the Isle of Man, and probably occurs in the Barriga
Shale Formation of southwestern Spain (Molyneux and Rush-
ton, 1988). This indicates that the trifidum flora is of great
stratigraphic potential, both locally and perhaps more widely
over Gondwana.

Only one section in the Lake District shows continuous
passage from Tremadoc to Arenig. This is at Trusmadoor, 16
km east of Cockermouth, near the northern margin of the main
Skiddaw inlier. A preliminary sketch of this section is shown
in Figure 2. The graptolitic faunas indicate an age range from
late Lancefieldian to early Arenig; equivalents of the late
Lancefieldian and early Bendigonian stages are present, but
it is too early to suggest the level at which the base of the
Arenig can be defined. Some of the graptolite species are
widespread outside Britain; for example, D. (A.) pulchellum
and Tetragraptus fruticosus are recorded from Australasia
and Canada, and Temnograptus multiplex and Didymograp-
tus (s.1.) protobalticus are known from the early Arenig of
Scandinavia. These widespread ranges are in contrast to the
local distribution of the trilobites found in the type Arenig
area, and the Lake District succession seems preferable as a
basis for international correlation. However, fossils are
sparse, and there is no shelly component in the faunas. The
evidence from Trusmadoor suggests that the trifidum flora
appears in rocks of late La2 age, and therefore predates the
appearance of T'. approximatus. However, not all the constitu-
ent species of the flora are present at Trusmadoor, and it is
possible that certain taxa may appear at a higher level, coin-
ciding approximately with the base of the Arenig, as under-
stood internationally. This might allow eventual correlation
between the Lake District, platform Gondwana, and 7. ap-
proximatus-bearing strata elsewhere.

Shelve Inlier, Shropshire

In the spring of 1988, a section was dug below the Stiper-
stones Quartzite to expose the Habberley Formation. These
shales would, of course, have previously been taken as Tre-
madoc, by definition. The Habberley Formation is younger
than any of the classic Tremadoc Shineton Shales. A short
distance below the Stiperstones Quartzite an asaphid trilobite
referable to the genus Asaphellus was recovered; this differs
in several characteristics from the familiar Tremadoc species
A. homfrayi (here it is referred to as Asaphellus sp. cf. A. graffi
Thoral). The same species appears to be present in the Login
section, mentioned above as including the frifidum flora
[approx.=T. approximatus Biozone]. Hence it is possible that
approximatus equivalents are present in Shropshire below the
Stiperstones. A possible boundary horizon is indicated in
Figure 3. However, this section is very poorly fossiliferous
and lacks graptolites.



In summary, two sections have been discovered that are
relevant to the definition of the base of the Arenig Series.
Neither is particularly fossiliferous. But there is now good
reason to suppose that there is no major gap, at least in the
Lake District succession of the type Anglo-Welsh area (e.g.,
Erdtmann, 1965), and that a horizon corresponding approxi-
mately to the base of the T. approximatus graptolite biozone
should be recognizable in Britain, and would be useful else-
where. The base of the Moridunian Stage will be coincident
with the best of the available choices in the Anglo-Welsh area.

LLANVIRN (R.A.F. AND R.M.O.)

The base of the Llanvirn Series has been taken generally at
the base of the Didymograptus artus Biozone [D. “‘bifidus’
zone of earlier authors, and renamed by Fortey and Owens
(1987, p. 90)]. The type section at the farmstead of Llanvirn
on the coast of southwest Wales is not satisfactory; in particu-
lar, the contact with the Arenig below is not well exposed, nor
is it in a continuous fossiliferous sequence. Good sections
spanning the Arenig-Llanvirn boundary are not easy to find
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Figure 2. Newly discovered section with continuous passage between Tremadoc and Arenig
series, and a possible stratotype for the base of the Arenig Series, Trusmadoor, Lake District. Fossil
ranges show graptolites on left, acritarchs on right.
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(Fortey et al., 1990). Two have been investigated: on the river
Seiont, Gwynedd (Caernarvonshire), North Wales, men-
tioned by Elles (1904); and along a disused railway cut at
Llanfallteg, South Wales (Fortey and Owens, 1987, Textfig.
8). Only the latter is fossiliferous enough to deserve serious
consideration as a stratotype (Fig. 2). This section is also not
far distant from the type area on the Dyfed coast.

The Llanfallteg Formation lies at the top of a thick Arenig
succession in South Wales, and consists of at least one hun-
dred metres of soft, grey shale, which are widely exposed in
an area east of Haverfordwest. Graptolites and trilobites are
common, and are generally well preserved. There are no
sudden changes in rock type across the Arenig-Llanvim
boundary, which is therefore placed within the Llanfallteg
Formation. The definition of the boundary at the first appear-
ance of pendent didymograptid graptolites is accordingly
arbitrary. Many species have unbroken ranges extending
across the boundary (Fig. 4).

Correlation

The appearance of pendent didymograptids of the artus group
affords a convenient criterion for recognizing the base of the
Llanvim Series over a wide area. It is now well known that
there is also a group of Arenig pendent didymograptid spe-
cies. This was a source of much confusion in the past and
resulted in the miscorrelation of North American and Euro-
pean so-called bifidus zones. True D. bifidus is a North
American and ‘*Pacific Province’’ taxon of Arenig age (Coo-
per and Fortey, 1982; Williams and Stevens, 1988), and is
assigned to the subgenus Didymograptus (Didymograptel-
lus). The Llanvirn pendents in the subgenus Didymograptus
(Didymograptus), including D. artus, make their appearance
shortly after biserial graptoloids of the ‘‘Glyptograptus’’
(now Undulograptus) austrodentatus group, in South Wales
and elsewhere. These biserial graptoloids are also used widely
in correlation. As well as throughout the Anglo-Welsh area,
the Arenig-Llanvirn boundary can be recognized in major
areas of Ordovician Gondwana on the basis of the appearance
of pendents of the artus group: for example, in the Armorican
Massif, Iberia, Scandinavia, Saudi Arabia, and South China
(Mu et al., 1979). Certain of the trilobites appearing in the
Llanfallteg Formation are also widespread in the western
segment of Ordovician Gondwana, and provide confirmation
of the correlation: Pricyclopyge binodosa binodosa, Priono-
cheilus pulcher, Placoparia cambriensis, and Selenopeltis
buchii subspecies are among them. This section thus affords
a satisfactory standard for the base of the Llanvirn for the
Gondwana paleocontinent, over much of which it is difficult
to recover conodonts from the dominantly clastic facies.

Correlation outside Ordovician Gondwana is more indi-
rect. A comparable sequence of graptolites occurs in Baltos-
candia. In this region, conodont information can be added,
which permits correlation of the Arenig-Llanvirn boundary
almost worldwide. Bergstrom (1986, Fig. 2) has summarized
the ties between conodont and graptolite biozones, and sug-
gested that the Arenig-Llanvirn boundary corresponds ap-
proximately with that between the two ‘‘assemblage
subzones’” into which Lofgren (1978) divided the Eoplacog-

nathus variabilis Zone. This is close to, but slightly above,
the base of the Kundan Stage in Baltic usage. However, a
properly detailed analysis of the succession of graptolites and
conodonts across the Arenig-Llanvirn boundary in Scandina-
via remains to be made. The position of this boundary within
the North Atlantic conodont faunal succession will influence
the detail of the correlation with the Midcontinent conodont
sequence.

Certain graptoloids in the upper Arenig of the type area
are very widespread species, and can be used in correlations
with areas as distant as Australia and Texas. These include
the relatively offshelf assemblage of taxa termed the isograp-
tid biofacies by Fortey and Cocks (1986). Isograptids evolved
particularly rapidly in the later Arenig, and are capable of fine
stratigraphic resolution (Cooper, 1973; Cooper and Ni, 1986).
The genus Pseudisograptus is reported from upper Arenig,
Fennian, strata in North and South Wales (Beckly, 1987).
These occurrences are probably from the equivalents of the
youngest Fennian biozone recognized in South Wales by
Fortey and Owens (1987) (Dionide levigena Biozone).

The occurrence in Wales of species of the Pseudisograp-
tus manubriatus complex is diagnostic of the presence there
of the latest of the Arenig graptolite stages recognized in
Australasia, the Yapeenian. This is consistent with the
Arenig-Llanvirn boundary corresponding closely with the
Yapeenian-Darriwilian boundary in Australia. The same
boundary equates with the Isograptus (s.1.)-P. tentaculatus
zonal boundary as used in North America. There are some
differences in the ranges of graptolite species between the
“Pacific’” sequence and Gondwana. The most important
difference is that the biserial graptoloids of the austrodentatus
group apparently appear earlier in Wales (and South China)
than in Australia, New Zealand, Texas, etc. In the Anglo-
Welsh area the first biserials appear quite far down in the
Fennian, whereas the ‘‘Pacific’” appearances are at the base
of the Darriwilian. However, the origin of the biserial grap-
toloids is entirely cryptic (there is no generally accepted
candidate for a direct ancestor) and it is not surprising to find
regional differences in their time of first appearance. For
correlation purposes, the well studied and phylogenetically
analyzed isograptids are considered more important (Fortey
et al., 1990).

The relationship between the base of the North American
Whiterock and the base of the Llanvirn requires some discus-
sion. The Whiterock has been associated with a particular
assemblage of North American trilobites and brachiopods
with a ‘‘middle Ordovician™ flavour. This fauna is partly a
facies fauna and so its time of appearance will vary from place
to place, according to local conditions (Ross and Ingham,
1970; Fortey, 1980). Now that the Whiterock is to be em-
ployed in a strictly chronostratigraphic sense, it is important
to be clear about the biostratigraphy and facies components.
The early Whiterock Orthidiella Biozone is relevant to the
Arenig-Llanvirn boundary. In places where graptolites and
trilobite/brachiopod faunas co-occur, there is the possibility
of cross correlation with the type Arenig and Llanvim. In the
Outram Formation of Western Canada, typical Whiterock
faunas coexist with P. tentaculatus Biozone graptolites
(McKee et al., 1972). The Glenogle Shales belonging to the
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Figure 4. Proposed stratotype for the base of the Lianvirn Series within the Llanfallteg Formation, South Wales
(modified from Fortey and Owens, 1987), showing ranges of trilobites and graptolites which are abundant

through the section.




Isograptus Biozone beneath also include a ‘“Whiterock fau-
na’’ in terms of generic composition, containing trilobite
genera such as Peraspis and Globampyx (Norford and Ross,
1978). But none of the species from the Glenogle Shales is
identical to those from the Orthidiella Biozone of Nevada.
The conclusion might be drawn that the Glenogle fauna is
Whiterock in facies terms — but not necessarily in chronos-
tratigraphic terms. In Spitsbergen (Fortey, 1980, chart; Coo-
per and Fortey, 1982), a Whiterock fauna that does have some
species in common with Nevada Orthidiella Biozone faunas
occurs well above an occurrence of Isograptus maximus, and
with Paracardiograptus?, suggesting that it is equivalent to
Yapeenian to Dal there. In Spitsbergen, an assemblage of
‘“Whiterock type’” genera (but with distinctly different spe-
cies) occurs below this Orthidiella Biozone fauna — an
Arenig *“Whiterock fauna’’ in biofacies terms, which Fortey
(1980) assigned to a pre-Whiterock Valhallan interval. In the
Cow Head Group of western Newfoundland, boulder beds
with shelf faunas are interbedded with graptolitic shales. Ross
and James (1987) reported a Whiterock assemblage of brachi-
opods from as early as Bed 12, again basing most of their
correlation arguments on genera, and conclude: ‘‘the Orthidi-
ella Zone spans the range of the Australian Castlemainian,
Yapeenian and Darriwilian Dal graptolite zones’’. This is, to
put it discreetly, a remarkably long shelly biozone; its longev-
ity may be a function of the duration of the biofacies rather
than an incapacity to refine it further. In our experience, it is
possible to refine shelly zones in this part of the column to a
degree not unlike the graptolite biozones in the same interval,
in which case one is justified in questioning the meaning of a
shelly biozone equivalent to six graptolite zones. This long
Orthidiella Biozone spans the Arenig-Llanvirn boundary,
and, indeed, includes a sizeable portion of the Arenig within
it (see also Ross et al., 1982). It should be possible to refine
the base of a new biozone within the current Orthidiella
Biozone that comes close to the Arenig-Llanvirn boundary in
Wales. This would increase both precision and international
usefulness (Fortey, 1988).

LLANDEILO (R.AF., M.G.B., R.A.H,, P.R.S.)

Richly fossiliferous calcareous flags around the town of Llan-
deilo and in adjacent areas of the Tywi River valley of South
Wales gave Murchison (1835, 1839) the basis to define there
what is now the Llandeilo Series; his ‘‘Llandeilo flags™
replaced his ‘‘Builth and Llandeilo flags’ and part of his
‘‘Black Trilobite Flagstone’ of earlier usage (1833, 1834),
Details of the history and nomenclature of the series are given
by Whittard (1960) and Whittington et al. (1984).

Modern interpretation of the Llandeilo Series in its type
area stems from the work of Williams (1953), who recognized
three ‘‘subformations’’ (lower, middle, and upper), with a
succession of trinucleid trilobite biozones/subzones as a basis
for correlation; the ‘‘subformations’’ have generally come to
be regarded as divisions of chronostratigraphic stage rank
(e.g., Williams et al., 1972, p. 33). Important additional faunal
data for definition and correlation are available for various
fossil groups, particularly brachiopods (Williams, 1949;
Lockley and Williams, 1981), conodonts (Rhodes, 1954;
Bergstrom et al., 1987), and ostracodes (Jones, 1986, 1987).

The ecological relationships of faunal changes both laterally
and vertically through the succession are described in detail
by Wilcox and Lockley (1981).

Three sections in Wales are of immediate relevance to the
definition of the base of the Llandeilo Series: the type Llan-
deilo area, Pant-y-Hendre quarry, and Bach-y-graig, Builth
Inlier.

Type Llandeilo area

In the type Llandeilo area itself few sections expose the base
of the “‘Lower Llandeilo Flags’’ in contact with beds consid-
ered to belong to the underlying Llanvirn Series. Following
accustomed usage, and Williams (1953, p. 188) and Wilcox
and Lockley (1981, p. 287), the “‘type section’’ is a composite
running south from Dynevor Park at Llandeilo itself, through
the well known Ffairfich Railway cutting into the Cennen
Valley.

Following Williams (1953), the base of the Llandeilo is
marked by the appearance of the trinucleid trilobite Lloy-
dolithus lloydi and by the subzone based on this taxon. In the
Ffairfach cutting, the contact with the underlying Ffairfach
Group (see Williams et al., 1981) is now unexposed, and the
contact interval is poorly fossiliferous, although basal Llan-
deilo sands sitting on Ffairfach rhyolite conglomerates give a
hint that a break might be present at the critical level. The
Lloydolithus lloydii level is recognized fairly well westward
through Carmarthenshire into the Mydrim and Narberth ar-
eas, and also northeastward to the Shelve Inlier of the Welsh
Borderland where it is present at the base of the Meadowtown
Formation (e.g., Whittard, 1979, p. 43).

From information in western Carmarthenshire and in the
Builth area (see Williams et al., 1972, p. 5, 33), the base of
the Llandeilo Series has generally been taken to approximate
closely to the base of the G. feretiusculus graptolite Biozone,
although Bergstrom (1986) and Bergstrom et al. (1987, p.
301) interpret this base as being no older than the upper part
of teretiusculus. Direct graptolite control is limited to the
recent discovery of G. teretiusculus itself (identified by R.B.
Rickards) in the basal Llandeilo Limestone in the old quarry
at the west end of the Ffairfich cutting above the Ffairfach
Group, but the full range of the teretiusculus Biozone in the
Llandeilo area remains unknown. A recent assessment of the
conodont data from the Ffairfich cutting (Bergstrom et al.,
1987) shows that the base of the Llandeilo is close to, but
somewhat above, the base of the Amorphognathus inaequalis
Subzone within the widely recognized Pygodus anserinus
Biozone. The fact that the base of the type Llandeilo does not
correspond to any recognizable leve] in either the graptolite
or conodont zonal scale is clearly not satisfactory from a
biostratigraphic point of view, especially for international
use. Wilcox and Lockley (1981) have shown that brachiopod
occurrences are under environmental control in the type Llan-
deilo, and the same presumably also applies to the trilobites.
Nonetheless, a succession of trinucleid species have proved
their worth for local subdivision and correlation within the
Anglo-Welsh area (Williams, 1953). However, although the
trinucleids of the Llandeilo have been well studied, there is
no comparably detailed knowledge of the trinucleids of the
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underlying part of the upper Llanvirn. What is required is a
detailed study of the Llanvim-Llandeilo sequence of benthic
faunas (following the brachiopod studies of Lockley and
Williams, 1981) to identify the sequence of appearance of
taxa. The horizon at which a base may be chosen would
depend on correlative usefulness, but is likely to be somewhat
below the base of the Llandeilo Flags at Liandeilo. If such
could be found, for example, a horizon equating as closely as
possible with the base of the Pygodus anserinus conodont
Biozone would be suitable.

Pant-y-Hendre quarry

This quarry, near Meidrim, shows the more distal facies
development of the Llandeilo Series (map in Toghill, 1970).
Although overgrown by vegetation, the quarry still affords a
good section from the Murchisoni Shales, through the Asa-
phus Ash and the local thin development of the Llandeilo
Flags, into the basal part of the Hendre Shales. Trilobites,
brachiopods, and graptolites in the Hendre Shales provide a
good ‘‘mixed’” aspect to the fauna for correlation purposes.
The sequence of these faunas requires detailed study.

Bach-y-graig, Builth Inlier (R.A.H., P.R.S)

The base of the Teretiusculus Shales (Elles, 1940) is exposed
in this stream section, which is the only one showing this
horizon in the Builth Inlier. The lower part of the section is
summarized in Figure 5. Trilobites and graptolites are found
at irregular intervals throughout. There seems to be no par-
ticular faunal change associated with the disappearance of D.
murchisoni. The interval represented by continuous exposure
is also rather short. It is considered that this section, although
of interest, is not at present particularly suitable as a stratotype
base for the Llandeilo Series.

From this review it can be seen that the Llandeilo poses
particularly acute problems for international correlation. A
proposal is made below to combine the Llanvirn and Llan-
deilo (of current usage) within a single Series, with a base at
or near the present base of the Llanvim. This would remove
the *‘Llandeilo problem’’ from immediate concern as a can-
didate for definition of an internationally acceptable series.

CARADOC (M.G.B., R.A.H.)

The term Caradoc was first used in stratigraphy by Murchison
(1835, p. 47), who applied the name ‘‘Caradoc sandstones’’
as a substitute for his earlier (1834) Horderley and May Hill
rocks to embrace a succession of silty and sandy strata in the
neighbourhood of the Caradoc Hills of the Church Stretton
district, Shropshire, west-central England. Murchison’s origi-
nal concept incorporated a wide range of strata now known
to be of Precambrian, Cambrian, Ordovician, and Silurian
ages, but subsequent studies by Salter and Aveline (1854) and
by Callaway (1877) reduced the scope of the Caradoc to its
now generally accepted sense. For a history of the subdivision
of the Caradoc Series see Whittard (1960), Dean (1958),
Hurst (1979a), and Whittington et al. (1984).

16

In 1929, B.B. Bancroft first erected stage divisions for the
Caradoc Series and he divided the succession biostratigraphi-
cally on the basis of mainly brachiopod and trilobite faunas.
Modern descriptions of the trilobites are given by Dean (1960,
1961, 19634, b), who has also redescribed the full stratigraphy
and faunal succession (1958, 1964). The upper Caradoc
brachiopods have been revised by Hurst (1979¢). Brenchley
and Newall (1982) and Hurst (1979b, c¢) give valuable data
on the environmental setting of the type Caradoc area, and
Turner (1982, 1984) and Jenkins (1967) have summarized
acritarch and chitinozoan history, respectively. Modern data
on conodonts are summarized by Savage and Bassett (1986),
Aldridge and Smith (1985), and Bergstrom (1983).

FAULT %4
12+ i : :
. : 1 °
= : .
114 : . N
< >T—< . . 2
. : o
<> : . »
10 52== | ' 2
e —— Lo+ ' a
<> <> < v | @
<><>< Lo : 3
<> <> < ! H | . °
R — Pl : 5
<> <> < R : -
<> <> < o ) I
8 oo + LT
+ '
+ . ' :
Lo :
7 R .
+ 0+ o+ :
+ : .
6 . : .
: . : @
. 1 N g
54 + ! . g
: i ! + @
+ : ' £
44— | . : 8
| . : .5
t . : 5
- 3 + + | g
£ ! : g
» S2s22 : .
H + + :
c 2 .
X | e—— 0
L .
£ +
= 1
]
2
+
=
> 0- 3 + + 4
o 0
; d e 2 5
o @
% » 3 g S
o B e . »
Sdaas5 e f£Eg v
¢ a w g 5 s 9 : ¢ 3
8 o 8 5 8 - v 8
S 23 % 8 o o = cE 3
. . ] o nx Q
=2 Q . 3w o
® » 8 > E x g R da 9
- ) @ o 2~ ]
5 o § 8 o w @9 9 s
O 0 v Q@ o 3 2 9 s o
s ¢ §, 88
g 8 £, & 38
w5 =2 »
& 2 of G O
d © o¢g o 5
< E DO S o
2 3 3> g 2
> 2 98 > Q
2 > 8
O Q an © Q

Figure 5. One of the sections relevant to the base of the
Llandeilo Series, at the base of the Teretiusculus Shales,
Bach-y-graig, Builth Inlier, Powys, central Wales, with grapto-
lite and trilobite occurrences.



In the Caradoc area, the base of the Costonian Stage,
which is the oldest of the local divisions of this rank, is
everywhere unconformable across Precambrian to Tremadoc
rocks. Basal conglomerates are mostly unfossiliferous, but
they are then overlain by grit, sandstone, and limestone con-
taining a diagnostic trilobite/brachiopod fauna that includes
Costonia ultima, Harknessella vespertilio, Dinorthis flabel-
lulum, and Horderleyella plicata. This assemblage can be
traced westward through Shropshire to the Shelve district
(e.g., Spy Wood Grit) and into North Wales (e.g., Derfel
Limestone of the Bala District).

Beds of the Costonian Stage also include rare specimens
of Nemagraptus gracilis, indicating a position within that
biozone, with beds of the overlying Harnagian Stage contain-
ing a Diplograptus multidens Biozone fauna (e.g., Dean,
1958, p. 227, 228). Lower parts of the Coston Formation
include conodonts of the Amorphognathus tvaerensis Bio-
zone, including the eponymous species (e.g., Bergstrom,
1983; Aldridge and Smith, 1985; Savage and Bassett, 1986;
Bergstrom et al., 1987). However, the levels of the base of the
gracilis and tvaerensis biozones are unknown in the type
Caradoc area.

The unconformity at the base of the type Caradoc Series
clearly makes the Shropshire area unsuitable for definition of
an international stratotype; in addition, there is no obvious
internationally correlative horizon equivalent to basal Costo-
nian. The implications are that we should consider alternative
sections and various horizons within the Anglo-Welsh area
which are capable of international recognition. The three
possibilities that require consideration are: the base of the
Amorphognathus tvaerensis Biozone, the base of the
Diplograptus multidens Biozone, and the base of the Nema-
graptus gracilis Biozone.

Base of Amorphognathus tvaerensis Biozone

The key section that yields well preserved, diagnostic cono-
donts is at Bryn Banc quarry near Lampeter Velfry, Dyfed
(formerly Carmarthenshire), described by Addison (in Bas-
sett et al., 1974) and Bergstrom et al. (1987, Fig. 18.7). This
quarry exposes a 30 m thick sequence of limestone classified
formerly within the ‘‘upper Llandeilo’’, and adjacent expo-
sures allow a thicker succession to be reconstructed into
overlying Dicranograptus shales. The conodont data of Berg-
strom et al. (1987) suggest that the base of the A. rvaerensis
Biozone occurs in the mid to upper part of the Bryn Banc
sequence, and further recent collecting (by M.G.B. and N.M.
Savage) has been carried out in order to identify this level
precisely.

Slightly higher beds at the top of the quarry contain
Costonia and other ‘‘diagnostic Caradoc’ shelly fossils.
Coupled with Addison’s work throughout this area (in Wil-
liams et al., 1972; in Bassett et al., 1974), which shows that
the Nemagraptus gracilis Biozone extends down at least into
the upper part of the type Llandeilo succession, and probably
lower, it has become increasingly clear that there is an overlap
between the uppermost type Llandeilo and lowermost type

Caradoc; the recognition of the A. tvaerensis Biozone at both
Bryn Banc and in the Costonian of Shropshire now confirms
this. Selection of the base of the tvaerensis Biozone at Bryn
Banc as a revised base for the Caradoc Series would thus
essentially protect the interpretation of the Caradoc in its
traditional sense.

Selection of this level at Bryn Banc would also conserve
the traditional interpretation of the Llandeilo Series, since
slightly lower beds in the section contain the trinucleid trilo-
bite Marrolithus favus, diagnostic of the uppermost Llandeilo
Javus Biozone of Williams (1953).

The A. tvaerensis Biozone is one of the most widespread
and recognizable units in the North Atlantic conodont succes-
sion, emphasized by Bergstrém (1971, p. 99) as being of
considerable value for intercontinental correlation. It is
known from throughout Baltoscandia (in Dalby Limestone
and equivalents), in Poland, the Girvan area of Scotland, and
in rocks of ‘“‘Porterfield to lower Barneveld’’ age in the
Appalachians and in central and western North America. The
correlation of the base of the tvaerensis Biozone with both
the American Midcontinent conodont zonation and the grap-
tolite succession has been documented repeatedly in papers
by Bergstrom (e.g., 1978, 1983, 1986; Bergstrom et al., 1987,
1988). All these studies confirm the evidence from South
Wales that the base of the gracilis Biozone extends for some
considerable way below the base of the tvaerensis Biozone.

Base of Diplograptus multidens Biozone

In the Shelve Inlier, about 15 km west of the type Caradoc
area, there is a continuous section in graptolitic facies extend-
ing throughout the gracilis Biozone into the multidens Bio-
zone. The section in Spy Wood Brook has recently been
studied in detail, although at the moment only the graptoloid
succession is known species by species (Hughes, 1989). The
section (Hughes, 1989, Textfigs. 6, 12a) is almost completely
exposed and structurally intact. A variety of shelly fossils will
provide a link with the sequences of the type Caradoc area,
although this requires a detailed study of their distribution;
Whittard (1955-67) and Williams (1974) have recorded a
great variety of trilobites and brachiopods, respectively,
through this section, and ostracodes have been added recently
by Jones (1986, 1987).

From evidence of brachiopods (Williams, 1974, p. 14) and
trilobites (Whittard, 1979; Dean, in Whittington et al., 1984,
p. 26), the base of the Caradoc is placed at or below the base
of the Spy Wood Sandstone Formation. This corresponds
closely with the base of the Diplograptus multidens Biozone
as recognized in Hughes’ (1989) revision, which is placed just
below the Spy Wood Sandstone at the top of the Rorrington
Shale Formation. In the type Caradoc sequence of the Har-
nage area, the range of N. gracilis extends at least into the
lower Costonian (Pocock et al., 1938), and the traditional base
of the Caradoc therefore lies presumably somewhat below the
base of the multidens Biozone within the Rorrington Shale.
But the base of this Biozone would provide a horizon within
acontinuous sequence without seriously affecting the concept
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of Caradoc based on the type section. The disadvantage is
that, at the moment at least, it is unclear how widely the
horizon may be correlated internationally. Possibly the cus-
rent active restudy of biserial graptoloids will enable its
recognition quite widely.

Base of Nemagraptus gracilis Biozone

The base of the N. gracilis Biozone has been described within
the Rorrington Shale Formation by Hughes (1989), as taken
at the first appearance of the eponymous species. There is no
doubt that the gracilis Biozone is one of the most widely
recognized Ordovician intervals, corresponding as it does to
a major eustatic transgression. As such it can be recognized
on most continents outside platform limestone facies. The
base of the biozone would correspond to the base of the
Gisbornian of the Australian graptolitic standard.

The main problem with the selection of this horizon for a
Caradoc base would be that the Caradoc would then consume
a large part of the classical Llandeilo, which as shown above
is now known to include some part, and possibly a large part,
of the gracilis Biozone. This would not necessarily be amajor
objection ifthe *‘old’’ Llandeilo were to be replaced by alocal
stage, as we suggest below. But it does represent a radical
departure from current usage. It would, in practice, represent
a return to an older view (e.g., that of O.T. Jones, 1936) on
the horizon of the basal Caradoc, which had been based on
misconceptions about the ages of type sections.

ASHGILL (J.K.I., AW.O., D.A.T.H.)

The Ashgill Series of Marr (1905) takes its name from Ash
Gill, near Coniston in the Lake District in an area where the
succession is far from complete, and where basal beds of
mid-Ashgill (Cautleyan) age rest unconformably on the Bor-
rowdale Volcanic Group (Fig. 6). The type area for the Series
(Marr, 1913, p. 13, 1916, p. 89; Ingham and Wright, 1970, p.
233) is about 40 km to the east in the Cautley district of the
Howgill Fells. Here, a thick and monotonous sequence, con-
sisting largely of neritic calcareous mudstone, begins with
strata of late Caradoc (Onnian) age followed conformably by
a succession spanning virtually the whole of the Ashgill
Series.

The Ashgill Series is divided into four stages in England
and Wales: Pusgillian, Cautleyan, Rawtheyan, and Hirnan-
tian (see Ingham and Wright, 1970). The Pusgillian was
introduced by Bancroft (1945) for the highest part of the
Dufton Shales at Pus Gill in the Cross Fell Inlier of the
northern Pennines and was included initially in the Caradoc
Series (e.g., by Dean, 1959; Ingham, 1966) in the mistaken
belief that it equated entirely with the Pleurograptus linearis
Biozone, a graptolite zone ascribed to the Caradoc Series by
Elles (1922) with little reference to type sections. It has since
become clear that the Pusgillian Stage is best regarded as the
lowest division of the Ashgill Series. It is absent, for example,
from the type Caradoc area in South Shropshire. Also it can
be shown in the type Ashgill area at Cautley that the Pusgillian
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is partly equivalent to Marr’s “‘Calymene’’ Beds, which King
and Williams (1948) demonstrated were not of Caradoc age.
There is also evidence from the Girvan area of southwest
Scotland that the Pusgillian Stage includes probably all of the
D. complanatus graptolite Biozone, widely regarded, since
Elles (1922), as the lowest graptolite zone of the Ashgill
Series. The base of the overlying D. anceps Biozone (D.
complexus subzone) is believed to lie at or near the base of
the Cautleyan Stage (Ingham, 1978).

Base of the Pusgillian Stage

The best section for the base of the Pusgillian Stage and of
the Ashgill Series, which is proposed here as a stratotype, is
on Foggy Gill in the Murthwaite Inlier, Cautley district.
Onnian (uppermost Caradoc) strata are succeeded conform-
ably by strata of Pusgillian age, and in 1988 we were able to
establish the boundary to within a few centimetres. Our
provisional faunal range chart is shown in Figure 7.

Provisional chart showing ranges of selected taxa across the
Caradoc - Ashgill (Onnian - Pusgillian) boundary in its type section
in the Cautley Mudstone Formation at Foggy Gill in the Murthwaite
Inlier, Cautley (Cumbria). (Localities from Ingham 1966, 1970, with additions)
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Figure 7. Proposed stratotype for the base of the Ashgill
Series, base of Pusgillian, Foggy Gill, Murthwaite Inlier: faunal
logs with brachiopod and trilobite ranges.

Two trilobites range to the end of the Onnian and do not
continue into younger strata: Onnia pusgillensis and Flexica-
lymene onniensis lata. Other trilobites known from Onnian
rocks in adjacent sections include Tretaspis cerioides alyta
and Toxochasmops sp. cf. T. extensa, which are restricted to
this stage, and lllaenus (Parillaenus) sp. cf. I. (P.) fallax
which ranges to the top of the Cautleyan. Among the brachi-
opods, Onniella sp. cf. O. broeggeri and a distinctive Chone-
toidea are restricted to the Onnian. Two trilobite species,
Brongniartella bulbosa and Gravicalymene jugifera appear
at the base of the Pusgillian, the former being restricted to the
lower part of the stage, the latter ranging up to the lower part
of the Cautleyan Stage, from whence it is known in the Cross
Fell Inlier and in Wales. Adjacent sections in the lowest part
of the Pusgillian have yielded Tretaspis moeldenensis col-
liquia, which is confined to it, and the longer-ranging Arrac-
topyge scabra. Some twenty to twenty-five metres higher (but
still in the lower part of the Pusgillian) a number of trilobites
useful in correlation appear, including: Tretaspis hadelandica
convergens, Pseudosphaerexochus densigranulatus and Ca-
Iyptaulax planiformis. Among the brachiopods, Onniella sp.
cf. O. argentea and Chonetoidea sp. aff. C. radiatula appear
at the base of the Pusgillian and adjacent lower Pusgillian
sections have yielded Skenidioides sp. cf. S. greenoughi.

Correlation

Although the faunal changes documented at the boundary no
doubt partly reflect subtle environmental shifts, some of them
do not, and correlative potential of some of the species is
considerable. Tretaspis ceriodes, for example, is widespread
and is confined to the upper part of the Caradoc Series
(Actonian-Onnian). Its distribution extends to the Welsh Bor-
derland, Scotland, Ireland, Norway, Sweden (see Owen,
1980; Owen et al., 1986), and as far east as China (Sheng,
1974, p. 78, PL. 4, figs. 1, 2) — as Nankinolithus sp. aff. N.
nankinensis Lu in an unnamed marly sandstone at Manju
Reservoir (loc. 7129) in the Luxi district of western Yunnan.

Two Tretaspis stocks appear in the Pusgillian, both de-
rived independently from T. ceriodes. Tretaspis moeldenen-
sis colliquia, from the lower part of the Pusgillian only, is not
known outside the north of England and Wales (Price, 1977),
where it is of great value in recognizing early Ashgill strata.
Tretaspis hadelandica convergens is a member of the 7.
seticornis group of Ingham (1970), all of which are confined
to the Ashgill Series (see Owen, 1980 for a phylogenetic
framework). This group is also distributed widely, being
known from Quebec, Ireland, Scotland, England, Wales, Nor-
way, Sweden, Estonia, Poland, and Czechoslovakia. Tre-
taspis clarkei Cooper, from the Whitehead Formation of
Percé, Quebec and from the Vaureal Formation of Anticosti
Island is a member of the group and may well identify with
T. hadelandica s.1. (Owen, 1980, p. 733). The replacement of
T. ceriodes by T. seticornis group in Scandinavia allows for
the positioning of the Caradoc-Ashgill boundary with some
precision there; for example, it falls within the Gagnum Shale
member of the Lunner Formation in Hadeland, Norway
(Owen, 1978, 1980, 1987; Bruton and Owen, 1979) and at the
base of the Fjidcka Shale and Slandrom Limestone in central
Sweden. The Onniella-ChonetoidealSericoidea brachiopod
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association found in the Cautley district (including the Foggy
Gill section) is widespread in the deeper water clastic facies
in the Upper Ordovician, particularly around the Caradoc-
Ashgill boundary in the Baltic, Mediterranean, and North
American provinces, thus providing potential for near global
correlation.

Correlation with graptolite and conodont schemes

No graptolites are known from the proposed type section for
the base of the Ashgill Series, but it is known that the
boundary falls within the P. linearis Biozone (Ingham and
Wright, 1970; Wright, in Whittington et al., 1984, p. 27, 28;
cf. Williams and Bruton, 1983, p. 161, 162). The upper part
of this biozone is recognized in the Fjiacka Shale Formation
in central Sweden (Skoglund, 1963), which also yields lower
Ashgill trilobites. At Girvan, the P. linearis fauna known
from the upper part of the Lower Whitehouse Group occurs
below a horizon in the Upper Whitehouse Group yielding late
Caradoc Tretaspis ceriodes s.1. The top of the linearis Bio-
zone almost certainly lies within the Pusgillian as Dicel-
lograptus complanatus faunas are known from the upper part
of the Upper Whitehouse Group and the lower beds of the
overlying Shalloch Formation (Williams, 1987) where they
are associated with lowest Ashgill trilobites — including
Tretaspis sp. cf. T. hadelandica convergens. The base of the
linearis Biozone is believed to fall within the Onnian Stage.
Much has been made of the occurrence of Onnia gracilis in
the Nod Glas Formation of the Welshpool area of mid-Wales
associated with graptolites, which on balance probably indi-
cate alevel high in the D. clingani Biozone (Cave, 1965; Cave
and Price, 1978). Onnia gracilis has been regarded previously
as indicative of mid-Onnian but its range has been extended
down to the late Actonian (Owen and Ingham, 1988, p. 850).

In Sweden, the base of the Harju Series (Jaanusson, 1963)
is taken notionally at the base of the linearis Biozone, which
was believed originally to lie at the base of the Fjacka Shale,
or, in the Siljan District, the Slandrom Limestone. For reasons
already stated this is not now believed to be the case, for both
these units contain lower Ashgill trilobites. In lithostratig-
raphic terms, for all practical purposes, the base of the Harju
Series corresponds very closely with the base of the Ashgill
Series (see Jaanusson, 1982, Fig. 4) and Jaanusson’s Vasa-
gaardian Stage is probably the equivalent of some lower part
of the Pusgillian.

A distinctive Dicellograptus from the basal D. complana-
tus Biozone in the Upper Whitehouse Group at Girvan, de-
scribed by Williams (1987) as D. alector? may be extremely
valuable for intercontinental graptolite facies correlation.
Dicellograptus alector is known otherwise from the Phi
Kappa Formation of Idaho and from Nevado where its range
is evidently restricted to an interval equivalent to the D.
clingani and P. linearis biozones. A probable senior synonym
is D. gravis from the latest Eastonian (Ea4) Stage of Victoria,
Australia, which Williams correlates with the lower part of
the British complanatus Biozone. It seems therefore that the
Eastonian-Bolinidian boundary lies within the complanatus
Biozone and may be closer to the top of the Pusgillian than
the bottom.
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With regard to conodonts, Sweet and Bergstrom (1971, p.
622) have demonstrated that advanced Amorphognathus su-
perbus occur in the lower part of the type Maysvillian Stage
of the Cincinnatian Series, which suggests that the base of the
A. ordovicicus Biozone probably lies within that stage. Simi-
larly, Savage and Bassett (1986, p. 683) have indicated on the
basis of Welsh data that the base of the A. ordovicicus
Biozone may also lie within the Pusgillian Stage, in spite of
statements to the contrary (Orchard, 1980; Bergstrom and
Orchard, 1985). It may be that the bases of the Pusgillian and
Maysvillian stages are approximately coeval.

In summary, the base of the Pusgillian Stage is an appro-
priate level at which to define the base of the Ashgill Series.
There are a sufficient number of species of trilobites and
brachiopods to effect international correlation. If the base
were to be redefined at the base of the P. linearis Biozone, its
position within the Onnian Stage would be difficult to iden-
tify. Equally, if the boundary were to be transferred to the base
of the complanatus Biozone, its position is unlikely to be
recognizable within the Pusgillian Stage. Neither of these
alternatives commends itself to the writers. The base of the
Ashgill Series as currently understood has the best potential
for precise definition, wide correlation, and nomenclatural
stability.

A CASE FOR COMBINING LLANVIRN
AND LLANDEILO WITHIN A SINGLE
SERIES

In the light of our review of all available sections and their
potential for definition of units of series rank, we consider that
it may now be preferable to combine the Llanvirn and Llan-
deilo in order to form a division commensurate in scope with
those others in the Ordovician System. The present series in
the British type area have been criticized as being too short to
be usable at this level in the chronostratigraphic hierarchy
(Chlupal et al., 1981), and this objection has most substance
with regard to the Llanvirn and Llandeilo. The Llanvirn (with
two graptolite zones) and Llandeilo (with three trinucleid
zones equivalent approximately to one graptolite zone) ap-
pear to be brief on a biostratigraphic measure, approximate
though this is, and this impression is consistent with assess-
ments of absolute age. For example, on the McKerrow et al.
(1985, p. 75) timescale, the Llanvim and Llandeilo (9 and 7
m.y. long, respectively) do appear to be short compared with
the Tremadoc, Arenig, and Caradoc (21, 22 and 16 m.y. long,
respectively). Combining the Llanvirn and Llandeilo would
provide a series commensurate with those above and below.
Neither name need be lost. We propose that the Llandeilo be
retained for the whole series, and that the Llanvirnian be
applied as a division of stage rank for the lower part of the
Llandeilo. This would then require only the introduction of
one new name for the upper stage division, approximately
equivalent in scope to the present Llandeilo; for this, the
Dyneforian Stage would be appropriate, named after Dynefor
Park at Llandeilo itself, where rocks of this age are so well

exposed (Williams, 1953).
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The proposal would, of course, remove the problem of
definition of the base of the Llandeilo Series (present usage)
from the immediate concern of this working group. The base
of the Llanvim is, at least potentially, capable of wide corre-
lation. According to the possible definitions of the base of the
Caradoc, as discussed above, the revised Llandeilo would
either include the Nemagraptus gracilis Biozone, which is
recognized almost worldwide, or that Biozone would be
adjoined with the Caradoc. Given that the proposal would also
result in a more equable distribution of time through the series
of the Ordovician, without interfering with current terminol-
ogy, it should find favour with those concerned with making
the various primary chronostratigraphic subdivisions of the
system robust and durable concepts capable of employment
internationally. More generally, Figure 8 is an attempt to
show how, with some common sense employed in the defini-
tion of bases of chronostratigraphic divisions of the Ordovi-
cian System intemationally, a practical correlation between
different continents — and between different traditional us-
ages — could be achieved.
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Abstract

The Working Group has the responsibility of recommending a specific level within a suitable stratig-
raphic section to serve as the global stratotype for the Cambrian-Ordovician boundary. Commencing in
1974, comprehensive studies culminated in a plenary session held in Calgary in 1985 and resulted in
decisions on the “‘golden-spike’’ principle of selecting the boundary at a horizon just below the first influx
of planktic (nematophorous) graptolites. Conodonts are to be used as the primary guide for the selection
of the specific horizon and the global stratotype section must have potential for studies using paleomag-
netism, geochemistry, and other nonbiological correlation tools. The specific horizon will correspond
approximately to the base of the Tremadoc Series of Wales and will be slightly higher than the base of the
Canadian Series as used in western North America.

At the Calgary meeting, important sections from various parts of the world were reviewed. The
Xiaoyanggiao sections at Dayangcha, Jilin Province, China and the Green Point and Broom Point sections
inNewfoundland, Canada were identified as prime candidates to serve as the global stratotype. A delegation
Sfrom the Working Group inspected the Dayangcha sections in 1986, the Newfoundland sections similarly
were inspected in 1981. A 1988 issue of the Geological Magazine presents details of these and other globally
important sections and of the biostratigraphy provided by data on conodonts, graptolites, and trilobites. In
most parts of the world, the first influx of planktic graptolites has been documented as occurring within the
lower part of the conodont zone of Cordylodus lindstromi Druce and Jones.

Résumé

Le groupe de travail se charge de recommander un niveau particulier dans une coupe stratigraphique
convenable qui servira de stratotype mondial pour la limite cambro-ordovicienne. Des études détaillées
commencées en 1974 se sont terminées par une assemblée pléniére tenue a Calgary en 1985; on 'y a pris
des décisions quant au principe de choisir la limite a un horizon qui est immédiatement au-dessous de la
premiére apparition de graptolites planctoniques (nématophores). Des conodontes serviront de repeére
primaire pour le choix de I horizon particulier; en outre, il faudra pouvoir étudier le stratotype mondial a
I'aide de méthodes paléomagnétiques et géochimiques et d’ autres outils de corrélation non biologiques.
L’ horizon particulier correspondra a peu prés a la base de la série du Trémadocien du pays de Galles et
sera légérement plus haut que la base de la série du Canada selon le sens qu’ on lui donne dans I’ ouest de
I’Amérique du Nord.

A la rencontre de Calgary, on a examiné des coupes importantes provenant de différentes parties du
monde. Les coupes de Xiaoyanggiao, & Dayangcha, dans la province de Jilin, en Chine, et les coupes de
la pointe Green et de la pointe Broom, a Terre-Neuve, au Canada, sont reconnues comme étant les
principales possibilités pour le stratotype mondial. Une délégation du groupe de travail a inspecté les
coupes de Dayangcha en 1986; les coupes a Terre-Neuve avaient été inspectées en 1981. Un numéro de
la revue Geological Magazine paru en 1988 présente des détails sur ces coupes et d autres coupes
d’'importance mondiale et sur la biostratigraphie établie a partir de données sur les conodontes, les
graprolites et les trilobites. Presque partout au monde, les graptolites planctoniques apparaissent pour la
premiére fois dans la partie inférieure de la zone a conodontes a Cordylodus lindstromi Druce et Jones.

1 Geological Survey of Canada, 3303 33rd Street N.W., Calgary Alberta, T2L 2A7, Canada
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HISTORICAL PROGRESSION

The Ordovician System was originally proposed with its
lower limit at the base of the lower Arenig (Lapworth, 1879,
p. 14). As Henningsmoen (1973) commented, this was the
base of the lower Arenig using Hick’s (1875) tripartite divi-
sion of the Arenig Group, which meant that the upper part of
the Tremadoc Series of Wales was included within the Ordo-
vician. Since 1879, the basal Ordovician has been correlated
around the world with varying degrees of accuracy, with the
base of the system interpreted for local convenience within
sequences of mappable rock units. National and regional
preferences have arisen and the various bases recognized for
the Ordovician System have differed in age by some ten
million years, ranging from near the base of the Tremadoc
Series to the base of the Arenig Series (as currently defined).

Uppermost Cambrian and Lower Ordovician rocks are
widely distributed in the world; many of the sequences are
fossiliferous and, fortunately, three of the common and well
studied groups of fossils have proved to be very effective for
international correlation. Graptolites, trilobites, and cono-
donts have been used to establish both local and interconti-
nental successions of biostratigraphic zones and also, by their
presence together in many sequences of rocks, to document
the relationships between zonations based on these three
groups. The graptolites and conodonts seem to have been
cosmopolitan during this episode of geological time; faunal
provinces existed for trilobites. The best known Cambrian-
Ordovician sequences are in Great Britain, Scandinavia, the

NORTHERN HEMISPHERE

Soviet Union, China, Australia, westermn South America, the
western and southern United States, and in western and
easternmost Canada (Fig. 1). All these sequences can be
correlated with one another with considerable precision, and
the correlations show that horizons recognized regionally as
the base of the Ordovician range from well below the first
appearance of subspecies of the graptolite Rhabdinopora
Sflabelliformis to as high as the base of the Tetragraptus
approximatus Zone.

Following the very successful programme of the Silurian-
Devonian Boundary Commiittee that resulted in international
agreement on a horizon documented by a reference section at
Klonk, Czechoslovakia (McLaren, 1977), similar studies
were initiated for other systemic boundaries. During the 1974
Birmingham Symposium on the Ordovician System, the
Working Group on the Cambrian-Ordovician Boundary was
established (Wright, 1976, p. 3) as a constituent body of the
International Commission on Stratigraphy, which itself is part
of the International Union of Geological Sciences. The deci-
sions of the Working Group are subject to ratification by the
parent bodies. Titular (voting) and corresponding members
were appointed for most of the countries of the world that
have sequences of Upper Cambrian and Lower Ordovician
rocks, The main objectives of the Working Group are as
follows:

1. To stimulate intensive study of the boundary interval and
of its faunas and floras.

SOUTHERN HEMISPHERE

Land Areas

Figure 1. Distribution of continents in Cambrian-Ordovician boundary time and location of important stratig-
raphic sections (after Erdtmann, 1982). A, Black Mountain Section, central Australia; B, Brokenskull Section,
northwestern Canada; D, Xiaoyanggiao Section, Dayangcha, China; E, Ténismagi Section, Estonian S.S.R;
G, Green Point Section, Newfoundland, Canada; K, Batyrbay Section, Kazakh S.S8.R.; N, Naersnes Section,
Norway; U, Lava Dam Five Section, western U.S.A.; W, Bryn-llin-fawr Section, Wales.
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2. To document the best stratigraphic sections spanning the
boundary in the various parts of the world that have
sequences through the boundary interval.

3. To consider recommendations for the biostratigraphic or
other event to serve as the boundary and to decide on the
most appropriate horizon.

4. To decide on an accessible type section within a suitable
type region to serve as the permanent reference (global
stratotype) for the Cambrian-Ordovician boundary.

Under the leadership of G. Henningsmoen (1974-6), W.T.
Dean (1976-80), and B.S. Norford (since 1980), the members
of the Working Group have conducted intensive studies of the
boundary interval and have circulated within the Group sum-
mary papers of the most relevant stratigraphic sections in the
various regions of the world. Many of these papers have been
published in two summary volumes (Bassett and Dean, 1982;
Norford and Webby, 1988).

Important stratigraphic sections considered to have poten-
tial to serve as the international stratotype have been exam-
ined and assessed by teams of the Working Group in Australia
(1976), Wales, Norway, and Sweden (1980), western United
States, western and eastern Canada (1981), the People’s Re-
public of China (1983, 1986), and south-central U.S.S.R.
(1984).

In 1983, by formal vote, the Working Group reached an
almost unanimous consensus that the most appropriate hori-
zon for the boundary was close to the base of the Tremadoc
Series of North Wales and to stratigraphic horizons correlated
with that base. In 1985, a plenary session was held in Calgary
with the prime purpose of assessing a number of stratigraphic
sections that had been proposed to serve as the international
stratotype and if possible, to recommend a single section and
a specific horizon within that section. A majority (57%) of
the Group’s voting members attended the Calgary meeting,
together with many corresponding members. In addition to
detailed presentations and discussions of stratigraphic sec-
tions in Canada (Broom Point-Green Point), China (Dayang-
cha), Norway (Naersnes), U.S.A. (Lava Dam), U.S.S.R.
(Batyrbay and East Baltic), and Wales (Bryn-llin-fawr), com-
prehensive reviews were made of trilobite, conodont, and
graptolite biostratigraphy, and of paleomagnetic and geo-
chemical stratigraphic signatures. Three resolutions concern-
ing general principles for selection of the stratotype were
passed with substantial majorities, each subsequently ratified
by the full voting membership (12 voted, data cited for each
resolution):

1. ““The group basically wishes to adopt the simple principle
of driving a ‘golden spike’ in a stratigraphic section as the
method of selection of the boundary’’ (12 for, O against,
0 abstained).

2. ““We resolve that we will select conodonts as the primary
guide for a horizon close to but below the first influx of
nematophorous graptolites’” (8 for, 3 against, 1 ab-
stained).

3. “‘It is desirable that the stratotype section have potential
for future study of paleomagnetism, geochemistry, and
other nonbiological correlation tools’” (8 for, 4 against, 0
abstained).

Detailed assessment (using the criteria shown in Table 1)
and comparison of all of the stratigraphic sections that were
discussed at the Calgary meeting led to focusing on two prime
candidates to serve as the global stratotype. The neighbouring
sections at Broom Point and Green Point in Newfoundland
are well known, have been studied in detail and are well
documented by many publications (see Bames, 1988). They
were assessed by a Working Group delegation in 1981. The
Dayangcha Section (Xiaoyanggiao, Jilin Province) was dis-
covered recently and since then has been intensively studied
but was not available for examination when a delegation from
the Working Group visited China in 1983 and assessed stra-
totype candidates at Wushan (Hebei Province) and at
Dadoushan and Xiyangshan (Zhejiang Province). The Cal-
gary meeting considered that both the Dayangcha and the
Broom Point-Green Point sections appear to have virtually all
the scientific attributes vital to a global stratotype but the
documentation for Dayangcha was just beginning to be pub-
lished. The meeting debated whether to recommend the New-
foundland section as the global stratotype on the grounds that
the sequence has been well documented by intensive studies
and is well qualified to serve as the international standard.
However, the meeting decided against such a recommenda-
tion and suggested that a decision on selection of the global
stratotype be delayed until more information became avail-
able on the Dayangcha Section.

Table 1. Evaluation criteria applied to the selection of
international stratotypes

Historical appropriateness
Presence of good lithological succession
Continuity of sedimentation
Exposure quality and completeness
— lateral and vertical extent
— state of weathering
Structural complexity of outcrops
Favourable depos'itional facies
Thickness of strata
Presence of biological and nonbiological markers
Fossil abundance, diversity, continuity in sequence
— presence of key groups: condonts, graplolites, trilobites
Ease of external correlation to other regions
Thermal maturity — geochemical paleomagnetic studies

Aptitude for conversion and for sampling

Accessibility — ease, cost, political access
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In 1986 a delegation from the Working Group inspected
stratigraphic sections near Dayangcha (particularly the Xi-
aoyangqiao sections) and several days were devoted to scien-
tific discussion at Hungjiang. Half of the voting members and
several corresponding members participated. Very compre-
hensive documentation of the succession was compiled and
published for the visit (Chen et al., 1986; Duan et al., 1986)
and later summarized and updated (Chen et al., 1988).

PRESENT STATUS

Fifteen years of intense study of the boundary interval have
provided extremely detailed knowledge of the rocks and
faunas. Many questions have been resolved. The search for a
suitable global stratotype section has focused on depositional
environments of moderate depth, sited near the margins of
cratonic platforms, providing a continuous record of sedi-
mentation and including both benthic and pelagic faunas of
diverse groups of fossils but especially conodonts, grapto-
lites, trilobites, and palynomorphs. Concemn for the nonbi-
ological attributes of stratotypes requires low thermal
maturity and minimal weathering so that isotope dating,
ocean geochemistry, eustatic changes in sea level,

paleomagnetic polarity, and other inorganic methods of
correlation can be effective. Requirements for scientific ref-
erence and continuing study by future generations of special-
ists require lateral continuity of exposure to provide material
for additional studies, together with appropriate methods of
conservation to prevent waste and vandalism. Access must be
monitored but must provide for scientists from all parts of the
world to be able to visit a global stratotype and to conduct
appropriate scientific studies.

As a result of the 1985 Calgary plenary session, the
Working Group has focused its attention on the Newfound-
land (Green Point) and Dayangcha (Xiaoyanggiao) sections
but reconsideration of other sections could lead to their
renomination as potential stratotypes.

Uncertainties that remain include: the paleomagnetic sig-
natures of the two sections; the presence and significance of
any scouring in the Newfoundland sections; replication of the
Dayangcha succession by secondary sections within the re-
gion; the reliability of the Cordylodus lindstromi Zone as a
biostratigraphic unit; and the apparently later appearance of
some taxa of the cordylodan evolutionary lineage in shallow
water sequences in comparison to slope and deep water
environments.

Table 2. Correlation of zonal schemes: conodonts, graptolites and trilobites

Conodont Zones

Conodont Zones

Graptolite Trilobite Zones

30

Cordylodus

Fx. inornatus
proavus

Cl. elongatus

intermedius

Cordylodus caboti

Hr. hirsutus

Cordylodus proavus

Cb. minutus
Eoconodontus
E. notchpeakensis

C. primitivus
Eoconodontus

notchpeakensis
E. notchpeakensis

E. alisonae

tenuiserratus

Proconodontus Proconodontus
muelleri muelleri
Proconodontus Proconodontus
posterocostatus posterocostatus

Proconodontus

No

Pelagic

Graptolites

(North American Platform) (Slope) Assemblages (North American Platform)
Assemblage 2B _S. bulbosa |
Cordylodus Cordylodus
angulatus angulatus Assemblage 2A
Cordylodus Symphysurina
Cordylodus
i i | 1
lindstromi Assemblage S. brovispicata
lindstromi
Cordylodus Cl. hintzei
intermedius Hr. simplex
Cordylodus

P. stitti
Parakoldinoidia

P. depressa

Eurekia apopsis|
Saukiella
serotina
Saukiella

junia

Saukia

Rasettia

magna

Saratogia

Sources || miner 88

Barnes 1988

Erdtmann 1988

Barnes 1988

Abbreviations: C., Cordylodus; Cb., Cambrooistodus; Cl., Clavohamulus; E.,
Eoconodontus; Fx., Fryxellodontus; Hr., Hirsutodontus; P., Porakoldinoidea;

S., Symphysurina




The earliest appearance of planktic (nematophorous)
graptolites is a significant and readily observable event that
has been recognized in shaly facies in many regions of the
world. This evolutionary leap seems to have exploited a
vacant ecological niche and resulted in rapid global distribu-
tion of the new forms. Where conodont faunules have been
extracted from the shaly sequences and associated carbonates,
this first appearance has been documented as within the
Cordylodus lindstromi Zone. An exception is in Estonia
where this event (within Bed 5 of the Maardu Member of the
Kallavere Formation) is interpreted to be older and within the
C. proavus Zone (Kaljo et al., 1988). However, there is a lack
of consensus among conodont specialists on the taxonomic
implications of some elements of Cordylodus, whether they
represent C. proavus or C. lindstromi. The latter interpreta-
tion is followed in Table 3, which shows Bed 5 as high in the
C. lindstromi Zone.

Recent studies have elucidated that the critical conodont
zones C. proavus, C. caboti, C. intermedius, and C. lind-
stromi, are to a large extent based on evolutionary stages
within the phylogeny of Cordylodus (Bagnoli et al., 1987;
Viira et al., 1987). Each species is represented by a number
of elements, whose morphologies changed at different rates.
The zones are assemblage zones named for the first appear-
ances of index species but the name bearers and other key taxa
commonly continue stratigraphically higher into succeeding
zones. Limits between species can be subjective and lead to
overlap between the taxonomic concepts used by different
specialists. Conformity of recognition of these four taxa is

vital to fine biostratigraphic subdivision of the boundary
interval. Such conformity has yet to be achieved but detailed
taxonomic papers now being published will aid in the solution
of this critical problem.

Another factor complicating the simplicity of this se-
quence of four conodont assemblage zones is the first appear-
ances of some of the index species in shallow water platform
environments apparently later than their first appearances in
deeper water. Some of these discrepancies may be due to the
different taxonomic interpretations of various elements by
different specialists discussed previously. Nevertheless, in
Table 2 it can be seen that such discrepancies result in the
bases of the C. intermedius Zone and the C. lindstromi Zone
being slightly younger on the North American Platform than
in the slope facies. The onset of C. proavus seems to have
been more instantaneous unless elements of C. primitivus
have been interpreted as C. proavus, in which case a similar
delay existed in the colonization of shallow environments.

Detailed correlations between nine of the most important
stratigraphic sections through the boundary interval are
shown in Table 3. Although no radiometric scale is attempted,
the total span of the interval C. proavus Zone through C.
lindstromi Zone is probably less than three million years
(interpreted from Gale’s, 1985, estimate of 10 million years
for the Tremadoc Series). A radiometric age of 500.7 £ 7.4
million years, based on rubidium-strontium analysis of clay
minerals, has been established within the C. proavus Zone
(Table 3, sample 9) at Dayangcha (Chen et al., 1988).

Table 3. Correlation of nine important stratigraphic sections. Figure 1 shows locations. Numbers in right hand parts of columns
follow published literature and have different meanings in different columns: metres within section (Bryn-llin-fawr and Batyrbay);
stratigraphic position of fossiliferous nodules (Naersnes type section: 1, Acerocare concretion at 2.2 m; 2, Boeckaspis concretion
at 3.2 m; 3, Jujuyaspis concretion at 4.4 m; numbering system for samples from section (Ténismagi and Dayangchay);

stratigraphic units within section (Green Point).
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Paleomagnetic studies of the boundary interval are at a
preliminary stage. Data have been gathered from Newfound-
land (Broom Point), Texas (Lange Ranch Section), Kazakhstan
(Batyrbay), and China (Dadoushan and Dayangcha) by J.L.
Kirschvink and his co-workers. Reversed polarity seems to
be characteristic of most of Late Cambrian and Early Ordo-
vician times, but preliminary results from Batyrbay and
Dadoushan indicate that a short episode of normal polarity
may occur near the boundary interval (Ripperdan and Kirsch-
vink, pers. comm., 1987). If these results are substantiated by
the other sampled sections, the polarity signature of stratig-
raphic sections will provide a powerful tool for correlation of
the boundary.

Substantial progress has been achieved by the Working
Group during its history. Minor uncertainties remain in the
details of the conodont biostratigraphic zonation but resolu-
tion of these problems is close to being achieved. This will
allow decisions on the designation of a global stratotype and
selection of a precise horizon within it to serve as the base of
the Ordovician System.
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Abstract

Cambrian-Ordovician boundary beds are widely distributed in many regions of the U.S.S.R. and are
represented by sediments of various facies types. Correlations between facies belts are the subject of
discussions in some cases. In the East European Platform, Urals, Pay-Khoy, Vaigach, South Novaya
Zemlya, and in northeastern U.S.S.R., the base of the Ordovician coincides with the base of a transgressive
complex. In Kazakhstan and the Siberian Platform, the change in facies is recorded close to the systemic
boundary. Detailed conodont biostratigraphy of the boundary interval is established only in Kazakhstan,
Estonia, and the Leningrad area. Graptolites are rare at the boundary interval; the exact level of the first
appearance of nematophorous graptolites is open to dispute. The main group used for subdivision and
correlation of the boundary interval is trilobites. The best horizon for the Cambrian-Ordovician boundary
in the U.S.S.R. is the base of the conodont Cordylodus proavus Zone. The widespread transgression and
drastic changes in faunal composition are connected with this horizon. Geochemical anomalies and
reversal of the paleomagnetic polarity are known at this horizon in Kazakhstan. The main reasons for global
changes at the Cambrian-Ordovician boundary are probably the strong activation of continental plate
movements and related changes in the global system of oceanic circulation.

Résumé

Les couches limites cambriennes-ordoviciennes sont largement répandues dans de nombreuses régions
de I'URSS et sont représentées par des sédiments de différents faciés. Les corrélations entre les zones de
faciés font, dans certains cas, ' objet de discussions. A la plate-forme est-européenne, dans I'Oural, les
collines Pay-Khoy, I'ile Vaigach, la Nouvelle-Zemble du Sud et le Nord-Est de I'"URSS, la base de
I'Ordovicien coincide avec la base d'un complexe transgressif. Dans le Kazakhstan et la plate-forme
sibérienne, le changement de type de faciés s’ observe prés de la limite systémique. Des échelles détaillées
de conodontes a I'intervalle limite n’ ont été élaborées que pour le Kazakhstan, I’ Estonie et la région de
Leningrad. Les graptolites sont rares a !intervalle limite et le niveau exact de la premiére apparition de
graptolites nématophores est discutable. Le principal groupe utile pour une subdivision et une corrélation
de lintervalle limite est celui des trilobites. En URSS, les niveaux correspondant le mieux a la limite
cambrienne-ordovicienne est la base de la zone a conodontes Cordylodus proavus. La vaste transgression
et les changements abrupts de composition faunique sont liés & ce niveau. Les anomalies géochimiques et
Uinversion de la polarité paléomagnétique ont été déterminées a ce niveau dans le Kazakhstan. La
principale cause des changements globaux a la limite cambrienne-ordovicienne est probablement la forte
activation des mouvements de plaques continentales et les changements associés du systéme global de la
circulation océanique.

1 TInstitute of Geological Sciences, Academy of Sciences of Kazakh SSR, Kalinina 69a, Alma-Ata,
480100, U.S.S.R.
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GENERAL REVIEW OF THE CAMBRIAN-
ORDOVICIAN BOUNDARY PROBLEM IN
THE U.S.S.R.

In the U.S.S.R., the Cambrian-Ordovician boundary has been
under study and discussion for several decades. In recent
years it has been the subject of heightened interest, as else-
where in the world. In many regions of the U.S.S.R., bound-
ary beds are characterized by very different facies and
environmental features. The fauna is rather endemic in many
cases, resulting in many difficulties in studying the boundary
interval. At the same time, some well studied successions can
serve as a good basis for further study of the boundary
problem (Kaljo et al., 1986; Apollonov et al., 1988). The exact
correlations of boundary beds and the precise definition of
the Cambrian-Ordovician boundary is important.

Until recently, the Cambrian-Ordovician boundary in the
U.S.S.R. was traditionally drawn at the base of the Dictyo-
nema flabelliforme graptolite Zone. The level was officially
accepted by the Geological Survey of the U.S.S.R. (Sokolov,
1977). However, precise direct correlation of Cambrian-Or-
dovician boundary beds of most regions of the U.S.S.R. with
the graptolite zonation is practically impossible. Dictyonema
flabelliforme Zone graptolites are known in the U.S.S.R. only
in the northeastern part of the East European Platform. In
most parts of the U.S.S.R. (Urals, Kazakhstan, Middle Asia,
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Altay-Sayan region, Siberian Platform, northeastern
U.S.S.R.) the Cambrian-Ordovician boundary is drawn
mainly in trilobite-bearing successions.

An interesting situation arose in the U.S.S.R. when the
Cambrian Commission of the Interdepartmental Stratig-
raphic Committee (ISC) of the U.S.S.R. accepted (condition-
ally) the base of the Trisulcagnostus trisulcus trilobite Zone
in the Kyrshabakty section, South Kazakhstan as the Cam-
brian-Ordovician boundary (Sokolov, 1983), proceeding from
the assumption that the level is correlated with the base of the
Tremadocian, as was supposed by Ergaliev (1980). However,
it is now well known that the level is synchronous with the
middle part of the Westergaardodina amlicava conodont
Zone and the base of the Trempealeauan. Concurrently, the
Ordovician Commission of the ISC decided to draw the
boundary at the base of the Cordylodus proavus Zone. And
so, the Cambrian and Ordovician Commissions proposed
quite different levels for the systemic boundary. The distance
between these levels is equal to the Trempealeauan Stage of
North America or the Batyrbaian Stage (series) of Malyi
Karatau. The situation needs improving of course.

The boundary beds that have heterogeneous facies are
distributed widely over the vast territories of the U.S.S.R.
Their study has produced much data for reconstruction of the
sedimentation and faunal evolution in different environments
through the boundary time interval. In practically all regions,
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Figure 1. Schematic paleotectonic map of the U.S.S.R. territory (without palinspastic reconstruction) for
the late Late Cambrian. 1) Precambrian basement of platforms and massifs; 2) folded structures of Late
Precambrian and Cambrian; 3-5) shallow water basins with clastic sediments: 3) mainly sand; 4) mainly
shale; 5) sand and shale; 6-8) deep water basins: 6) turbidites and olistostromes; 7) mainly shale;
8) mainly chert; 9-11) basins with mainly carbonate sedimentation: 9) shallow water carbonates of middle
parts of platforms; 10) moderately shallow water carbonates of outer and middle parts of platforms and
massifs; 11) deep water limestone of outer parts of platforms and massifs; 12) oceans and basins of

oceanic type; 13) basalt; 14) andesites.
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amajor transgression is evident at the boundary interval. The
transgression probably began in the latest Late Cambrian - in
Lotagnostus hedini Zone time.

Extensive land areas existed in the late Late Cambrian in
the centre of major continental plates (East European plat-
form and northeastern U.S.S.R.) (Fig. 1). In the Early Ordo-
vician, these were transgressed by a shallow sea (Fig. 2). In
the basins of Siberia and some regions of Kazakhstan, shal-
low water deposits were replaced by deeper water sediments.
Carbonates or alternating carbonate-shale deposits were re-
placed by dark shale in the basins at the edges of plates
(Taymyr, North Novaya Zemlya, Bolshoy Karatau, Ulutau)
and elsewhere by dark chert (Sarykum in Kazakhstan). In the
oceanic basins, jasper appeared in the latest Late Cambrian
(Erementau-Chu-Ili Zone in Kazakhstan). Basalts were
formed locally.

Three faunal groups - graptolites, trilobites, and cono-
donts - are used mainly for the correlation and definition of
the Cambrian-Ordovician boundary level in the U.S.S.R. The
use of graptolites is limited for several reasons: boundary
beds with graptolites are recorded from few areas; no zona-
tion exists below the base of the Dictyonema flabelliforme
Zone; the horizon of the influx (or of the first appearance) of
nematophorous graptolites is not fixed exactly; other fauna
are rarely found together with graptolites.

Trilobites are the most common fossil in the Cambrian-
Ordovician boundary beds in many regions of the U.S.S.R.
They are often endemic in shallow water environments, and
correlation between facies realms and provinces is commonly
difficult. Within provinces, the correlation is exact and
usually adequate. Some relatively deep water trilobites
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provide proper interprovincial correlation. The first appear-
ance of such widespread, well known, and easily identified
trilobites such as Hysterolenus, Macropyge (Macropyge),
Glaphurus, Shumardia, Apatocephalus, Nyaya, and others
marks an important biostratigraphic level, which is corre-
lated with the base of the conodont Cordylodus proavus
Zone. The horizon of the first appearance of these trilobites
can be used as one of the criteria for the definition of the
Cambrian-Ordovician boundary.

Conodonts are the most eurytopic group and the cono-
dont zonal scale is considered internationally to be the
basis for the definition of the Cambrian-Ordovician bound-
ary (Derby, 1986). According to the U.S.S.R. data, mainly
from the Batyrbai section, South Kazakhstan, and sections
in the Baltic region, the base of the Cordylodus proavus
Zone is the best horizon for the systemic boundary (Apol-
lonov and Chugaeva, 1982; Spizharskyi, 1986; Apollonov
et al., 1988).

The base of the C. proavus Zone is the the only ‘‘natu-
ral’’ boundary at the boundary interval from the base of the
C. proavus Zone to the base of C. lindstromi Zone. Eustatic
events, geochemical anomalies and changes in paleomag-
netic polarity are recorded at this level (Apollonov et al.,
1988). Ecosystems were changed virtually completely and
new biomeres were formed at that level throughout the
U.S.S.R. The main reason for such catastrophic global
events may be increased activation of the continental plate
movements, accompanied by great transgression and
changes in oceanic circulation. These paleogeographic
changes at the Cambrian-Ordovician boundary time are
shown in Figures 1 and 2.

TREMADOCIAN &

Figure 2. Schematic paleotectonic map of the U.S.S.R. territory (without palinspastic reconstruction) for

the early Tremadocian. Legend as for Figure 1.
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Two successions are particularly interesting for studies of
the Cambrian-Ordovician transition beds: in Estonia (Kaljo
et al., 1986) and in the Malyi Karatau Range, South Kazakh-
stan. The Batyrbay section in Malyi Karatau is proposed as a
potential Cambrian-Ordovician boundary stratotype (Apol-
lonov et al., 1988).

The analysis of various data on the numerous boundary
sections in many regions of the U.S.S.R. may be useful for
resolving the international Cambrian-Ordovician boundary
problem.

THE EAST EUROPEAN PLATFORM

In the Soviet part of the East European (Russian) Platform,
the Pakerort Horizon was erected for the lowermost part of
the Ordovician (Alikhova, 1960; Ménnil, 1966; Grigelis,
1978). The horizon correlates with the lower Tremadoc of
Wales. Rocks of the horizon were usually deposited on an
eroded surface of Lower and Middle Cambrian rocks. In the
Leningrad region and Estonia, an Upper Cambrian succession
with conodonts of the ‘‘Westergaardodina’ Zone was dis-
covered recently (Borovko et al., 1980, 1984; Kaljo et al.,
1986).

The Cambrian-Ordovician boundary in the East European
Platform is traditionally drawn at the base of the Pakerort
Horizon (Alikhova, 1960; Minnil, 1966; Sokolov, 1977), al-
though other views also exist. The history of the problem was
discussed by Balashova and Balashov (1971).

After discovery of conodonts at the boundary interval in
the Leningrad region (Borovko et al., 1980), the suggestion
was made to draw the Cambrian-Ordovician boundary there,
at the base of the Cordylodus proavus Zone (Borovko et al.,
1984). This level was accepted as the systemic boundary for
the East European (Russian) Platform in the official ‘‘Deci-
sion of the Interdepartmental Regional Stratigraphic Confer-
ence on the Cambrian of the Russian Platform (Vilnius,
1983)’’ (Spizharskyi, 1986).

Recently, new data on the most complete Cambrian-Or-
dovician boundary successions in the Baltic-Ladoga clint
area (North Estonia and the Leningrad region) were analyzed
(Kaljo et al., 1986). The numerous good outcrops enable
detailed studies of the conodont and graptolite successions in
the boundary interval (Table 1). At the level of the Cordy-
lodus andresi Zone, graptolites were not found. However, the
authors did not exclude the possibility that the Dictyonema
sociale Subzone may be correlated, at least partly, with the
Cordylodus proavus Zone. 1t is clear that the graptolite Dic-
tyonema flabelliforme (s.1.) appears not later than the Cordy-
lodus intermedius Zone. The bases of the Cordylodus andresi
and C. intermedius zones were discussed as the probable
Cambrian-Ordovician boundary for the East European Plat-
form (Kaljo et al., 1986). At present, stratigraphers in Estonia
and Leningrad prefer the base of the C. proavus Zone as the
boundary level (V. Viira, pers. comm., [988).

The sections in the East European Platform area provide
very important data for interpreting the relationship of the
first nematophorous graptolites with the conodont zonation
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at the Cambrian-Ordovician boundary interval. Shortcom-
ings of those sections are the presence of several hiatuses, and
the lack of trilobites and other fauna, except graptolites,
conodonts, and inarticulate brachiopods.

THE URALS

The problem of the exact position of the Cambrian-Ordovi-
cian boundary in the Urals is not yet solved, in spite of many
years of studying potential boundary sections. The problem
was discussed at the conference on the Urals stratigraphy in
1977 (Breivel et al., 1980).

In the Urals, Lower Ordovician (and supposed Upper
Cambrian) deposits are divided into tectonic zones - Belsk-
Yeletsk, Sakmara-Lemva, Magnitogorsk-Schuchinsk, East
Uralian, and Trans Uralian zones. The zones stretch from
north to south over some thousands of kilometres. The bound-
ary beds are best represented on the west slope of the Urals,
in the Belsk-Yeletzk and Sakmara-Lemva zones. On the east
slope in the Magnitogorsk-Schuchinsk Zone, the boundary
beds are unrecorded, and in the East Uralian and Trans
Uralian zones, they are only tentatively identified.

Everywhere on the west slope of the Urals, a thick com-
plex of unmetamorphosed or slightly metamorphosed shal-
low water terrigenous deposits (quartz-feldspar sandstone,
siltstone, mudstone, etc.) with an excellent Tremadocian
fauna is known (e.g., Balashova, 196l). In the Sakmara-Lemva
Zone, volcanics are recorded (Breivel et al., 1980). This
transgressive complex rests on metamorphic rocks of Pre-
cambrian, and Lower and Middle Cambrian age. The pres-
ence of the Upper Cambrian is a particular problem. Ancygin
et al. (1970) described the Khmelyov Horizon in the South
Urals (Kidryas, Kosistek, Kayala, Abitah areas), and consid-
ered it to be of Upper Cambrian age. The horizon consists of
clastic terrigenous deposits, more typical of the Ordovician.
Abundant articulate brachiopods, Billingsella akbulakensis
Andreeva, inarticulate brachiopods, Obolus sp., Lingulella
sp. and others, and rare trilobites Kujandaspis kujandensis
Ivshin, Olentella sp., identified by N.Ya. Acygin, are known
in the horizon. But Korinevsky (1978) considered that faunal
identifications need revision and that the deposits are of
Ordovician age. Recently, he discovered the Tremadocian
trilobites Ceratopyge, Shumardia, and Acerocarina in the
deposits of the Khmelyov Horizon with Billingsella akbulak-
ensis in the Kayala River area (Korinevsky, pers. comm.,
1988).

Stratigraphic divisions of the Ordovician and Upper Cam-
brian, proposed by Ancygin et al. (1970) and Varganov et al.
{1973) were adopted by the Geological Survey for all regions
in the Urals (Breivel et al., 1980). The Upper Cambrian can
be distinguished in the lower part of the transgressive Ordo-
vician complex in the Middle and Polar Urals, but is without
fauna and only weakly correlated with the South Urals.

In the Belsk-Yeletsk Zone, the lowest part of the Ordovi-
cian, bearing the brachiopod Angarella (supposedly Trema-
docian-Arenigian), is known only in the Polar Urals. The
deposits rest unconformably on pre-Ordovician rocks.



The most complete succession close to the boundary
occurs in the Sakmara-Lemva Zone. In the Polar Urals, in the
Paga, Pogureisk-Lemva and Sangur areas, Lower Ordovician
deposits are divided into supposedly lower Tremadocian
(Pagata and Pogurey formations) and upper Tremadocian-
Arenigian with Apatokephalus and other taxa (Kibata and
Grubeya formations). In the Paga area near the Pokoinitza
Shor stream, the oldest Ordovician conodonts in the Urals are
found (Acodus, Acontiodus, Cordylodus, Drepanodus, Ois-
todus, Oneotodus, and Scandodus) (Nasedkina, 1985). In the
middle part of the Sakmara-Lemva Zone, undivided Trema-
docian and Arenigian formations (Kolpakov, Telposs and
others) that yield brachiopods (Tritoechia and others) are
known.

Well documented, highly fossiliferous Tremadocian
sandstone and mudstone containing the brachiopods Tri-
toechia, Alimbella, Altorthis, Medessia, Finkelnburgia, Im-
bricatia, Obolus, and the trilobites Dolgeuloma,
Pseudokainella, Macropyge (Macropyge), Leimiizia, and
others, as well as mudstone members with concretions bear-
ing typical upper Tremadocian trilobites, such as Ceratopyge
forficula Sars, Shumardia oelandica Moberg, and Apa-
tokephalus serratus (Boeck) are known to the south of the
Sakmara-Lemva Zone (Balashova, 196l; Varganov et al.,
1973). Stratotypes of regional Uralian Kidryas (lower Trema-
docian) and Kolnabuk (upper Tremadocian) horizons were
established here (Varganov et al., 1973).

Graptolites in the boundary interval are not known. Cono-
donts are very rare (Nasedkina, 1985) and cannot be used for
the division and correlation of the boundary interval. Hence,
the base of the thick transgressive Ordovician complex in the
Urals is approximately near the Cambrian-Ordovician bound-
ary. More exact definition of the level is currently impossible.
The question of whether the base of the complex is sychro-
nous over all the Urals is not resolved. If the transgression
over all the territory of the East European Platform and the
Urals had the same cause, it may be possible to correlate the
base of the transgressive Ordovician complex of the Urals
with the base of the Pakerort Horizon, or roughly with the
base of the C. proavus Zone.

PAY-KHOY, VAIGACH, NOVAYA
ZEMLYA

The Lower Ordovician successions of Pay-Khoy, Vaigach,
and South Novaya Zemlya are well documented and have
been studied in detail (Bondarev et al., 1970). A clastic-car-
bonate, rather shallow water, complex (80-100 m thick) rests
trangressively and unconformably on pre-Ordovician rocks.
The regional Sokolii Horizon corresponds to the complex.
The succession is divided into five beds (Bondarev et al.,
1970): 1) basal beds; 2) Syntrophopsis magna and
Dikelokephalina beds with Imbricatia sp. cf. 1. lesnikovae
Andreeva, Syntrophopsis magna Ulrich and Cooper, Al-
torthis sp., Nyaya paichoica Bursky, Hystricurus sp., Nyaya
sp., Tersella? sp., Dikelokephalina sp., Pliomeroides sp.; 3)
Nyaya and Tersella beds with Imbricatia sp. cf. I. russanovi
Bondarev, Syntrophopsis magna Ulrich and Cooper, Altor-
this sp., Apatokephalus pecten Wiman, Apatokephalus,

Tersella, Asaphellus, Ceratopyge, Pliomeroides, Nyaya; 4)
Apatokephalus serratus beds with A. serratus (Boeck), Nileus
limbatus Brogger, Pliomeroides primigenus (Angelin), Ger-
agnostus, Geragnostella; and 5) Megalaspides beds with
species of Megalaspides, Apatokephalus, Nileus, Niobella,
Cybelurus.

Bondarev et al. 1970) correlated the basal beds with the
Pakerort Horizon of the East European Platform. Beds 2-4
inclusive are correlated with the Ceratopyge Horizon of the
East European Platform. Medalaspides beds are compared
with the lower Arenigian. Hence, the transgressive complex
with a typical Tremadocian fauna rests on an erosional sur-
face of the folded pre-Ordovician, both here, and in the East
European Platform and the Urals. It is evident that the main
tectonic and sedimentological processes were generally simi-
lar over the entire East European Platform.

A different situation exists in northern Novaya Zemlya.
According to R.F. Sobolevskaya (pers. comm., 1988), at the
very north of the island, 70 km southeast of the Zhelaniya
Cape, the monotonous deep water Olen Formation occurs. It
consists of dark shale with carbonate concretions, with thin
limestone strata in the lower part of the succession. The
thickness of the formation is 450 m. In the lower 70 m, the
trilobites Lotagnostus trisectus (Salter), L. hedini (Troed.)
and others of the uppermost Cambrian (Lotagnostus hedini
Zone of Kazakhstan and China) were found. About 120 m
above, the graptolites Dictyonema angelini Bulman,
Clonograptus tenellus Linnarson and others of the middle
Tremadocian are known. In the uppermost part of the succes-
sion, Arenigian graptolites are present.

Thus, the Cambrian-Ordovician boundary in the section
can be drawn roughly in the lower part of the barren interval.

KAZAKHSTAN

In Kazakhstan, the Cambrian-Ordovician boundary beds
probably were deposited over vast territories. However, tec-
tonic deformation and sparse faunas in some facies have
resulted in few good fossiliferous and uninterrrupted bound-
ary successions (Nikitin, 1972; Apollonov et al., 1981; Apol-
lonov and Chugaeva, 1983; Ergaliev, 1983; Apollonov et al.,
1988).

Some tectonic facies zones are distinguished according to
facies types of Upper Cambrian and Lower Ordovician sedi-
ments and tectonic environments (Nikitin, 1972, 1973; Apol-
lonov and Patalakha, 1981; Nikitin et al., 1986). The author
considers that the overall framework of the Upper Cambrian
and Lower Ordovician structure of Kazakhstan comprised
two large ancient sialic plates (terrains): the Kokchetav-Chu
and Balkhash massives. The plates were divided by the Ere-
mentau-Chu-Ili linear Zone (eugeocline) and bounded by the
Ishim-Karatau Zone (miogeocline) on the west and by the
Chingiz-Tarbagatai Zone (eugeocline) on the east.

In the Ishim-Karatau Zone, deep water limestone, shale,
and chert were deposited during the Cambrian-Ordovician
boundary interval (Nikitin, 1972, 1973). In the sections of the
Ulutau and Bolshoy Karatau ranges (Table 1), the Upper
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Table 1. Correlation chart for the Cambrian-Ordovician boundary beds of the U.S.S.R. Asterisks mark the levels proposed as the

Cambrian-Ordovician boundary by the various authors
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Cambrian is represented by a dark, thin-bedded limestone
member, bearing trilobites of the Lotagnostus punctatus-
Hedinaspis and Lotagnostus hedini zones (Ergaliev, 1983).
This member is replaced above by an interbedded limestone
and shale member. In Bolshoy Karatau, in the lower part of
the member, the trilobite Hysterolenus is recorded (Nikitin et
al., 1978; Ergaliev, 1983). The Cambrian-Ordovician bound-
ary is drawn at the level of the first appearance of Hysterole-
nus.

One of the best Cambrian-Ordovician boundary succes-
sions is in the Malyi Karatau Range, south Kazakhstan (Apol-
lonov and Chugaeva, 1982, 1983; Chugaeva and Apollonov,
1982; Apollonov et al., 1988). The boundary beds are part of
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the carbonate Shabakty Formation, formed on the north slope
of the Aisha-Bibi Seamount, reconstructed by V.G. Zhem-
chuzhnikov and H. Cook and studied in 1987 by a Soviet-
U.S.A. scientific team. The conodont and trilobite zonal
successions have been established for the section (Table 1).

Trilobites are abundant and diverse and represented
by taxa of Asiatic or cosmopolitian aspect (Apollonov et
al., 1988). Conodonts are known at many levels (Dubin-
ina, 1982; this volume). The Eoconodontus (E.) notch-
peakensis Zone, E. (E.) alisonae Zone and E.
(Cambroistodus) minutus Zone can be correlated well
with the same zones in North America, China, and some
other regions. The base of the C. proavus Zone is marked
by the appearances of C. proavus and C. oklahomensis at



Table 1 (cont'd.)
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109 m. Sixteen species disappear immediately below the base
of the C. proavus Zone. The C. intermedius and C. lindstromi

zones are distinguished above.

Inarticulate and articulate brachiopods and chitinozoans
have been studied from the boundary section. The great
changes in the taxonomic composition of all faunal groups
coincides in the succession with the base of the C. proavus

Zone (Apollonov et al., 1988).

Conodont alteration indices (CAI) are 1-1.5. The paleo-
magnetic signature has a reversed polarity to just below the
base of the C. proavus Zone. Above this horizon, the polari-
ties are normal (J. Kirshvink, pers. comm., 1988). Distinc-
tive geochemical changes also take place at the base of
the C. proavus Zone (J. Wright, pers. comm., 1988). The
section was proposed as a Cambrian-Ordovician boundary

stratotype (Apollonov et al., 1988).

A succession with a good typical Tremadocian fauna is
known near Agalatas River in the Kondyktas Range, south

Kazakhstan (Keller and Rukavishnikova, 1961). The succes-
sion consists of the clastic Kendyktas Formation (400 m

thick) and carbonate Agalatas Formation (360 m thick). The
lower part of the Kendyktas Formation is represented by
brown, coarse, unfossiliferous sandstone. The lowest fauna
in the succession, in the upper member of mudstone and

siltstone, includes Hysterolenus, Niobe homphrai (Salter),

Araiopleura stephani Rushton, Shumardia, Harpides, and
Euloma (Proteuloma). The graptolites Staurograptus di-
chotomus Emmons and Anisograptus richardsoni Bulman
were discovered by D.T. Tzaj several metres above. The
trilobite Symphysurus is found together with graptolites,
whereas Dichelepyge bicornis Lisogor and Harpides rugosus
Lisogor are found in the uppermost part of the formation.

Conodonts are not found in the section. The Agalatas
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Formation, containing the trilobites Apatokephalus replicare
Lisogor, Symphysurus perangustus Lisogor, Ceratopyge sp.
and the brachiopod Tritoechia kendyktasika Rukavishnikova,
rests conformably on the Kendyktas Formation. The Cam-
brian fauna is not known in the section. The assemblage with
Hysterolenus, Niobe homphrai (Salter), Araiopleura stephani
Rushton and others is very similar to trilobites from the
Acerocare Zone of North Wales (Rushton, 1982), The Cam-
brian-Ordovician boundary in Kendyktas is drawn at the base
of the beds with Hysterolenus.

In the Erementau-Chu-Ili Zone, uppermost Cambrian cono-
donts are recorded from the lower part of the widespread deep
water siliceous beds (jaspers), the clastic Akdym Formation
(Dvoichenko and Abaimova, 1987). Older Cambrian depos-
its are not known in most of the zone, except in the northern
part of the zone (Selety River) where shallow water lime-
stone, tuff, and clastic rocks of Late Cambrian age occur.

In the western part of the Balkhash Massive, in the north-
western Balkhash region, the Cambrian-Ordovician bound-
ary was studied in the lower part of the Chazhagay Formation,
in dark, deep water chert with thin limestone layers in the
lower part. The best section was studied by M.K. Apoilonov
and V.G. Zhemchuzhnikov near the Sarykum railway station.
The Chazhagay Formation gradationally replaces the upper
carbonate member of the Sarykum Formation which bears the
trilobite Lotagnostus punctatus. In the lowermost part of the
Chazhagay Formation, Lotagnostus hedini and L. punctatus
of the uppermost Cambrian were found in the limestone
layers. Conodonts of the Eoconodontus (E.) notchpeakensis
Zone were discovered together with trilobites. Conodonts of
the Cordylodus proavus and C. lindstromi zones were ex-
tracted from the thin layers of limestone from above. The C.
intermedius Zone has not yet been discovered.

One of the best known Cambrian-Ordovician boundary
sections in northeastern Kazakhstan is located in the Olenty-
Shiderty rivers area in the northeast of the Erementau-Chu-11i
Zone (Ivshin et al., 1972; Nikitin, 1972). For many years, the
section was considered as the stratotype for the regional
Lermontov and Shiderty horizons (Cambrian) and Satpak and
Olenty horizons (Ordovician). The Shidertian Stage of the
international scale of the Upper Cambrian was proposed after
studying the section (Ivshin and Pokrovskaya, 1968). Later it
became evident that the section was too strongly disturbed
tectonically and could not be used as a stratotype. Dictyonema
Sflabelliforme mentioned from the section was later shown to
be a different species of Dictyonema (Tzaj, 1983).

The Shidertian Horizon was established for the upper part
of the carbonate terrigenous Tortkuduk Formation (Ivshin et
al., 1972). It is characterized by a diverse complex of typical
Upper Cambrian trilobites with Lotagnostus trisectus (Sal-
ter), Hedinaspis, Charchagia, and others. The conodonts
Westergaardodina, Furnishina and others are also known.
The Satpak Formation occurs above. Above a 5 m thick
unfossiliferous interval, D.T. Tzaj (1983) erected two succes-
sive graptolite complexes: a lower one with Callograptus
olentensis Tzaj, Dendrograptus yini Mu, and Dictyonema
asiaticum Hsu; and an upper one with Staurograptus di-
chotomus Emmons and Anisograptus richardsoni Bulman.

40

The lower complex also includes the trilobites Bienvillia
tetragonalis (Harrington) and Geragnostus sp. (Ivshin and
Pokravskaya, 1968). The base of the Ordovician is drawn by
D.T. Tzaj in the base of the Dendrograptus yini beds.

The Olenty Formation containing Clarkella supina Nikitin,
Nanorthis hamburgensis (Walcott), Ceratopyge, Harpides, and
Niobe, which is supposedly of late Tremadocian age, rests on the
Satpak Formation (Nikitin, 1956). The rocks are strongly folded.

In the territory of the Chingiz-Tarbagatay Zone, complete
successions of the Cambrian-Ordovician boundary interval are
unknown. In the western part of the zone, silicic (jasper) volcano-
genic deposits of Arenig age rest unconformably on folded Lower
and Middle Cambrian rocks. In the eastern part of the zone,
tuffaceous limestone of the Mamat Formation containing
Clarkella, Ceratopyge and others (supposedly upper Tremadocian)
rest transgressively on folded Cambrian strata (Nikitin, 1972).

To the east, in the Zaisan Zone, with its siliceous-volcano-
genic lower Paleozoic deposits, the Upper Cambrian and
Lower Ordovician are not known with certainty.

In Kirgizia, uninterrupted fossiliferous Cambrian-Ordo-
vician successions are known. In some places, limestone
containing Upper Cambrian Lotagnostus asiaticus Troeds-
son, Acrocephalina armata Troedsson, Charchaqia norini
Troedsson, Hedinaspis regalis Troedsson, Norinia convexa
Troedsson and others are recorded (Goncharova, 1972).

MIDDLE ASIA

In Middle Asia, Cambrian-Ordovician boundary beds are
known from two areas (Nikitin et al., 1986). In the central part
of the Turkestan Range, the boundary is drawn at the base of
Apchapkan Formation of dark shale, mudstone, and sand-
stone with the upper Tremadocian(?) graptolites Callograp-
tus sp. cf. C. sinicus Mu, Dictyonema uniformis Mu,
Clonograptus, Anisograptus?, and Bryograptus?. The forma-
tion rests conformably on supposed Upper Cambrian rocks.

In the Central Pamir, the systemic boundary is located
somewhere near the boundary between the Zorabat and
Kozyndy formations, which consist of limestone, dolomite,
and shale (Balashova, 1966). No fauna occurs in the upper
part of the Zorabat Formation. In the lower part of the
Kozyndy Formation, the upper Tremadocian trilobites Apa-
tokephalus serratus pamiricus Balashova, Dikelokephalina,
Shumardia and others are recorded (Balashova, 1966).

ALTAY-SAYAN REGION

The Altay-Sayan region is an interesting and important region
for studying the Cambrian-Ordovician boundary. It is consid-
ered to be the miogeoclinal system along the edge of the
Siberian Platform. The evolution of structures, environments,
and sedimentation in the Late Cambrian and Early Ordovi-
cian have not been studied sufficiently. Upper Cambrian and
Lower Ordovician stratigraphy and trilobites were studied by
Petrunina (e.g., 1968, 1973). This review is based mainly on
her data.



Upper Cambrian and Lower Ordovician deposits are
widespread in the territories of Salair, Kuznetsk Alatau, Gor-
naya Shoria and in the eastern part of the Gomyi Altay-in
Biya-Katun and Uiem-Lebed zones. Boundary beds consist
mainly of sandstone and mudstone with rare lenses and beds
of limestone. Volcanics are widespread only in the Lower
Ordovician. Abundant and diverse trilobites are known at
many levels (Petrunina, 1968, 1973; Krasnov et al., 1983).
Other fauna are rare. The unfossiliferous, thick (several kilo-
metres), deep water Gornoaltay Series consists of graded-
bedded sandstone and mudstone (Goosyev, 1986) and is
distributed over the western part of the Gornyi Altay Zone.
The upper part of the series is correlated tentatively with
Upper Cambrian and Lower Ordovician (Krasnov et al.,
1983).

At the boundary interval, the Zolotokitat, Dobryi, Tay-
anza (earlier known as Algain) and Lebed horizons are dis-
tinguished (Krasnov et al., 1983). Petrunina drew the
Cambrian-Ordovician boundary at the base of the Dobryi
Horizon, and correlated the Tayanza Horizon with the upper
Tremadocian (e.g., Petrunina, 1968; Bessonenko and Petrun-
ina, 1972; Yermikov et al., 1979). This point of view became
almost universally recognized by Siberian stratigraphers
(Krasnov et al., 1983), but now requires radical revision.

The Zolotokitat Horizon was established based on the
succession along the Dobryi stream in Kuznetsk Alatau.
Typical Upper Cambrian trilobites with Pseudagnostus sim-
plex Lermontova, Lotagnostus sp., Asiocephalus regaliformis
Ivshin, Proceratopyge sp. cf. P. grabaui Troedsson, Plica-
tolina sp. and others (Krasnov et al., 1983) are recorded from
the horizon.

The type succession of the Dobryi Horizon was also
described among the Dobryi stream. It is characterized by
abundant and diverse trilobites (Petrunina, 1968; Krasnov et
al., 1983). The Archaeodictyota Zone is erected on the basis
of rare graptolites Archaeodictyota sp. aff. A. dragunovi Obut
and Sobolevskaya, Dendrograptus sp., and Callograptus sp.
(Krasnov et al., 1983). According to Petrunina (1968, 1973)
more than 60 trilobite species representing over 30 genera are
known from the Dobryi Horizon. She believes that the hori-
zon correlates with the lower Tremadocian. Well known
trilobites Leiagnostus, Psedagnostus, Euloma (Proteuloma),
Hospes, Koldinioidia, Parabolinella, Onchonotellus, Acro-
cephalina, Macropyge (Promacropyge), Niobella, Tropi-
dopyge, Charchaqia, Harpidoides (=Sibiriopleura),
Eocheirurus, and Diceratopyge are very important for corre-
lation from her point of view. New genera Bilacunaspis,
Ivshinaspis, and Skljarella were published from the horizon
(Petrunina, 1973). Some paleontological data from the Hori-
zon have not yet been published (Petrunina, pers. comm.,
1988). Two zones - Skljarella lidiae-Tropidopyge tevipis and
Euloma limata-Harpides (=Harpidoides) ulumandensis - are
distinguished in the Dobryi Horizon by Petrunina (1968).

The deposition of the Tayanza Horizon is widespread over
the territory of the Altay-Sayan region. Petrunina (1968) corre-
lated the horizon with the upper Tremadocian. The type succes-
sion was studied near the Tayanza River in Gornaya Shoriya.
The trilobite assemblage according to Petrunina (1968) consists

of more than 100 species representing about 50 genera.
Euloma (Euloma), Shumardia, Hysterolenus, Nyaya, Tersella,
Apatokephalus, Platypeltoides, Niobe, Promegalaspides,
Dikelokephalina, Ceratopyge, Harpides, Orometopus, Rhadin-
opleura  (Sibiriopleura), Cyrthometopus, Pliomeroides,
Amzasskiella, Kaltykelina, and Ottenbyaspis are most charac-
teristic. Three zones - Apatokephalus sibiricus-Nayaya oriens,
Amazasskiella mirabilis-Shumardia pusillina and Tersella stro-
bilata-Niobe zhulanica - are distinguished in the horizon
(Petrunina, 1968). Two zones, hiyperboreus and osloensis, are
erected on the basis of rare graptolites. The brachiopods
Apherothis, Nanorthis, Notorthis, Punctolira, the alga Nuia
sibirica, and a single conodont species Oneotodus datsonen-
sis Druce and Jones are known. The presence of Chitinozoa
is recorded (Yermikov et al., 1979). The Lebed Horizon with
Arenigian graptolites including Tetragraptus approximatus
is noted above.

The presence of conodonts and graptolites in the Cam-
brian-Ordovician boundary interval is very rare in the Altay-
Sayan region, and the boundary can be drawn only on the
basis of trilobites.

Analyzing the composition of the trilobite associations of
the Dobryi and Tayanza horizons, Petrunina (1968) gave
special significance to the typical Ordovician (according to
her) genera Hospes, Tropidopyge, and Harpides and to the
“‘Ordovician appearance’’ of the new genera Bilacunaspis,
Ivshinaspis, and Skljarella. However, Hospes and Tropi-
dopyge are well known in the Aksay Horizon, deep water
Upper Cambrian strata, in Malyi Karatau (Ergaliev, 1980)
and in Cambrian strata in many regions of China. *‘Har-
pides’’ from Altay-Sayan region proved to be the new genus
Harpidoides, which is common in the Batyrbay Horizon of
the Upper Cambrian (Foconodontus notchpeakensis Zone) in
Malyi Karatau (Apollonov and Chugaeva, 1983; Apollonov
et al., 1988). Ivshinaspis is characteristic only for the lower
part of the Batyrbay Horizon.

The co-occurrence of such genera as Pseudagnostus,
Koldinioidia, Onchonotellus, Macropyge (Promacropyge),
Charchagia, Harpidoides, and Ivshinaspis permits the corre-
lation of the Dobry Horizon with the Batyrbay Horizon of
Malyi Karatau, which is one of the typical units of the upper
Upper Cambrian (Apollonov et al., 1988).

The Ordovician starts from the base of the Tayanza Hori-
zon with well known typical Tremadocian trilobites Hys-
terolenus, Euloma (Euloma), Shumardia, Nyaya, Tersella,
Apatokephalus, Dikelokephalina, Ceratopyge, Harpides
(s.s.), and others. The exact level of the Cambrian-Ordovician
boundary in any particular section cannot be defined more
precisely from the published data. The Tayanza Horizon
correlates well with the Nyaya Horizon of the Siberian Platform
with the presence of trilobites Apatokephalus sp. cf. A. nyai-
cus Rozova and Dolgeuloma turumakitica Rozova in Gornyi
Altay (Krasnov et al., 1983). The Tayanza Horizon can be
correlated with the entire Tremadocian. The precise correla-
tion of the Dobryi-Tayanza Horizon boundary with the cono-
dont zonation needs further study.
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SIBERIAN PLATFORM

The Siberian Platform basin in the Cambrian and Ordovician
extended over the territory between the modem Yenisey and
Lena rivers. The upper Upper Cambrian and Lower Ordovi-
cian consist mainly of shallow water carbonates - limestone
and dolomite with beds and units of sandstone and mudstone.
The facies variation is very characteristic. Only in North
Taymyr are the Cambrian-Ordovician boundary beds repre-
sented by comparatively deep water limestone and graptolitic
shale (Krasnov et al., 1983).

The regional Kety, Mansi, Lopar, Nyaya, and Ugor hori-
zons are established for the boundary interval mainly on the
basis of the study of trilobites (e.g., Rozova, 1968; Krasnov
et al., 1983). The problem of drawing the Cambrian-Ordovi-
cian boundary in the Siberian Platform is difficult. Quite
different levels have been proposed as the systemic boundary
by different stratigraphers and each author believed the level
proposed can be correlated with the base of the Tremadocian.
Some authors (Yadryonkina, 1974; Ogienko, 1977; Krasnov
et al.,, 1983) drew the boundary at the base of the Mansi
Horizon. Rozova (1968, 1986) placed the boundary at the
base of the Nyaya Horizon. Endemism of trilobites and
brachiopods, and the limited study of conodonts, graptolites
and other groups does not permit Siberian stratigraphers to
agree on a common, precise level.

Trilobites in every horizon are strongly endemic. Naturally,
those genera and species known beyond the Siberian Platform
attract the greatest attention. For the Kety Horizon, Ketyna
ketiensis Rozova, K. glabra Rozova, Kaninia sp. aff. K. quad-
rata Lazarenko are of interest as they are also known in the
Aksay Horizon in Malyi Karatau (Lisogor, 1977; Ergaliev,
1980; Apollonov and Chugaeva, 1982, 1983; Rozova, 1986).

A sharp change in faunal composition is recorded between
the Kety and Mansi horizons (Rozova, 1970, 1986). Endemic
Dolgeuloma, Pseudokoldinia, Mansiella, and Pseudacro-
cephalites are characteristic for the Mansi Horizon. Saukiella
is well known in North America, Kazakhstan, and China and
occurs in the south of the platform in the Lena Zone. Apa-
tokephalus (possibly the oldest occurrence) is recorded here
also (Ogienko, 1977). The brachiopods Tetralobula, Eoor-
this, Apheorthis, Finkelnburgia, and Syntrophopsis are char-
acteristic of the horizon (Rozova, 1968, 1970; Krasnov et al.,
1983). The Mansi Horizon is present for certain only in the
Igarka-Norilsk and Lena zones. In the other areas it is recog-
nized only tentatively.

The fauna of the Lopar Horizon is similar to that of the
Mansi Horizon. Pseudacrocephalites became abundant, and
the species diversity increases appreciably. Tetralobula,
Finkelnburgia, and Archaeoorthis are most common among
the brachiopods. In the middle part of the Lopar Horizon the
conodont Oneotodus nakamurai Nogami occurs, and the
graptolite Dictyonemna kulumbense Obut and Sobolevskaya
is recorded from the upper part of the horizon (Rozova, 1986).
The resemblance of fauna of the Mansi and the Lopar hori-
zons permitted Rosova (1970, 1986) to combine the horizons
into the Khantaika Superhorizon.
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The fauna of the Nyaya Horizon is distinguished from
that of the Lopar Horizon (Rozova, 1968, 1970). Among
the trilobites, Nyaya, Apatokephalus, Glaphurus, and
Platypeltoides (=Ursibia) are to be noted as they are well
known in the Ordovician in many regions. Rare Cordy-
lodus proavus Miiller is recorded from lower part of the
horizon (Sokolov, 1982; Rozova, 1986). Conodonts of
the Cordylodus angulatus-C. rotundatus Zone occur in the
upper part of the horizon (Krasnov et al., 1983). Gastropods
and monoplacophorans are common.

The Ugor Horizon is characterized by the appearance of
the inarticulate brachiopod Angarella as the background of a
generally poor fauna. Thicknesses of every horizon are from
tens to 150-180 m. Greatest thicknesses are recorded from the
successions along the Kulyumbe River and in the south of the
platform in Lena Zone (Krasnov et al., 1983).

The Cambrian-Ordovician boundary succession of North
Taymyr is distinctly different (Obut and Sobolevskaya, 1962;
Sobolevskaya et al., 1978; Krasnov et al., 1983). The Grust-
naya Formation consists of deep water limestone (250 m
thick) with trilobites Hapalopleura asiatica Lazarenko, Pro-
ceratopyge sp., and Agnostus sp. of Late Cambrian age,
conformably overlain by a formation of dark shale and lime-
stone, which is divided into three members. The graptolites
Dictyonema sociale (Salter) and D. parabola Bulman occur
in the lowest member (25 m thick); Anisograptus richardsoni
is recorded from the lower part of this member and D.
graptolithinum Kiaer and D. taimyrense Obut and
Sobolevskaya are present in the upper part of the middle
member (60 m thick); Clonograptus limatus Obut and
Sobolevskaya is known from the upper member (130 m
thick). Tetragraptus approximatus is distinguished above.

It is practically impossible to correlate precisely the shal-
low water boundary beds of the Siberian Platform with the
deep water boundary interval of Taymyr.

Up to now, two main points of view on the Cambrian-Or-
dovician boundary in Siberia have been advanced (Krasnov
etal., 1983). Rosova (1968, 1970) located the boundary at the
base of the Nyaya Horizon with Apatokephalus nyaicus and
Nyaya nyayensis, until recently correlating this level with the
base of the upper Tremadocian. More recently she has de-
cided to correlate the base of the Nyaya Horizon with the base
of the Tremadocian (Rozova, 1986).

Yadryonkina (1974) and Ogienko (1977) drew the Cam-
brian-Ordovician boundary at the base of the Mansi Horizon
on the basis of the sharp change in faunal composition. The
Mansi Horizon fauna is endemic and correlation of the hori-
zon with the lower Tremadocian is only tentative. The grap-
tolite Dictyonema kulumbense Obut and Sobolevskaya
recorded from the Mansi Horizon probably belongs to the
ancient, rooted Dictyonema, which was common in the Cam-
brian (Rozova, 1986).

Yadryonkina et al. (1984) reported Dictyonema flabelli-
forme Zone graptolites with Bryograptus patens Matthew and
Staurograptus(?) sp., and probably belonging to the D. pa-
rabola Zone and D. norvegicum Zone, from the Oldondin
Formation in the Aikhal area, Vilyui Zone. Graptolites are



discovered in subsurface borings; no other fauna is found.
The member with graptolites is tentatively attributed to the
Mansi Horizon.

Currently, the Cambrian-Ordovician boundary problem on
the Siberian Platform cannot be resolved from conodont studies.
The data on the group are fragmentary and controversial. Yadry-
onkina and Abaimova (1980) recorded the discovery of the
conodont Cordylodus proavus Miiller in the Mansi and Lopar
horizons. Later, in the special paper on the Cambrian-Ordo-
vician boundary on the Siberian Platform, Abaimova (1984)
summarized all data on conodonts in Siberia. She stated that
in the south of the Siberian Platform more than 20 localites
of conodonts from Proconodontus tenuiserratus, Procono-
dontus, and Cordylodus proavus zones are known. The Mansi
Horizon is correlated with the Proconodontus Zone, the Lo-
par Horizon with the Cordylodus proavus Zone, and the
Nyaya Horizon with the Cordylodus angulatus-C. rotundatus
Zone. Stratotypes for the horizons are not documented by
conodonts. The known data on conodonts, graptolites, and
trilobites do not compare perfectly. The position of the C.
intermedius and C. lindstromi zones was not taken into con-
sideration.

The potential Cambrian-Ordovician boundary interval
(Cordylodus proavus-C. lindstromi Zone) is located probably
somewhere near the base of the Nyaya Horizon or in the upper
part of the Lopar Horizon. Hence, Rozova’s (1986) position
for the Cambrian-Ordovician boundary in the Siberian Plat-
form is preferable.

NORTH AND NORTHEASTERN U.S.S.R.

In northeastern U.S.S.R., Lower Ordovician deposits cover
vast territories from the Omulyovian Mountains to the Chu-
kotka Peninsula. The transgressive cycle of sedimentation
including the lower and middle Paleozoic began in the earliest
Ordovician (Oradovskaya, 1974, 1984).

Cambrian deposits are known from small isolated areas.
They are represented by multicoloured dolomite and marl
(500 m thick). Uninterrupted Cambrian-Ordovician bound-
ary successions are unknown (Oradovskaya, 1974, 1984).
Cambrian fossils are practically absent. Only in the Nelchan
Formation near Rassokha River do the inarticulate brachi-
opods Linnarsoniidae (Neoteta?) and Acrotretinae occur.
Upper Cambrian trilobites in Lower Ordovician conglomer-
ate boulders near the Rossokha River are recorded (Ora-
dovskaya, 1974, 1984).

The interrelationships of the Lower Ordovician with pre-
Ordovician deposits (Riphean-Middle or lower Upper Cam-
brian) were studied recently in some remote areas (Rassokha,
Omuljovka, Karkodon, Kedon rivers) (Oradovskaya, 1984).
The Ordovician is represented mainly by shallow water car-
bonate or fine grained clastic-carbonate deposits. Basal con-
glomerates are present in most localities.

The Inanja Horizon is distinguished in the lowest Or-
dovician in the northeastern U.S.S.R. (Chugaeva et al.,
1964). The horizon unites the Inanya Formation in the
Elgenchak Mountains, the Sekudun Formation in the

Selennyakh Range, and the Luksk Formation on the Omolon
Massive. The fauna in the Inanya Horizon includes the
brachiopods Clarkella calcifera (Billings), C. sp. aff. C.
lobata Ulrich and Cooper, Nanorthis multicostata Ulrich and
Cooper, Apheorthis, and Tetralobula. Trilobites are rare and
represented in some places by Pliomeridae and Bathyuridae.
In the Luksk Formation, Dolgeuloma, Loparella, and Nyaya,
characteristic for the Nyaya Horizon in the Siberian Platform,
are known (Oradovskaya, 1974).

The Cambrian and Ordovician at the Chukotka Peninsula
are distinguished only tenatively along the shore of the Chuk-
chi Sea (Oradovskaya and Obut, 1977). Gently sloping (0-30
m thick) series of phyllitic shale rest unconformably on
Proterozoic gneiss. The series is subdivided into Seman (375
m thick) and Ikoluvroon (250 m thick) formations, distin-
guished mainly by their colour. Fauna are absent from both
formations. They are considered to be undivided Cambrian-
Ordovician. It is possible the whole series belongs to the
Ordovician. Hence, the Cambrian-Ordovician boundary in
the northeastern U.S.S.R. is probably located everywhere
near the base of the transgressive Ordovician complex.
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Abstract

The Victorian Ordovician stage and graptolitic zonal scheme is the main basis for correlation in the
Tasman Fold Belt successions of eastern Australia and in New Zealand, and it is now recognized as one
of the most useful global Ordovician biostratigraphic schemes available. The main disadvantages are that
key Victorian sections have not been adequately described, and have a relatively sparse record of associated
shelly faunas, though recent discoveries by I. Stewart of conodonts of North Atlantic aspect provide some
useful tie points. An independent stage and zonal scheme based mainly on conodonts has been applied to
the lowermost part of the Lower Ordovician continental platform sequences of northern Australia, but other
shelly faunal schemes used in Australia are only informally designated. A number of major faunal events
in the graptolite record are recognized as useful for international correlation, and this is also true of the
Lower Ordovician shelly faunal and conodont record of the platform sequences in northern Australia. The
British series can be correlated with varying levels of ambiguity with the Victorian graptolite succession.
Other overseas subdivisions are less easily applied although the North American series and stage
subdivision is the most useful in correlating shallow water Tasmanian sequences. Nevertheless, it is
recommended that the Australasian Ordovician be divided broadly into two subsystems at the appearance
of the worldwide zonal indicator Nemagraptus gracilis (i.e., at the base of the Gisbornian Stage).

Résumé

La corrélation des successions dans la zone de plissement de Tasman, dans I est de I Australie et en
Nouvelle-Zélande, se fonde principalement sur I’ étage ordovicien du Victorien et ses zones de graptolites.
Ce plan est maintenant reconnu comme étant I'un des plus pratiques pour la biostratigraphie mondiale
de I'Ordovicien. Toutefois, il présente certains désavantages, notamment I'absence d une description
adéquate de certaines coupes clés du Victorien et la rareté relative de la faune coquillére associée; or, I.
Stewart a découvert récemment des conodontes qui rappellent ceux de I’ Atlantique Nord et qui sont des
points de rattachement utiles. On a appliqué un plan indépendant d étage et de zones, qui se fonde
principalement sur des conodontes, & la partie basale des séquences continentales de plate-forme de
U'Ordovicien inférieur dans le nord de I Australie; toutefois, d’ autres plans qui ont trait aux faunes
coquilléres et qui sont utilisés en Australie n’ont qu'une désignation informelle. Un certain nombre
d’ événements fauniques majeurs dont attestent les données sur les graptolites sont utiles aux fins de la
corrélation mondiale; cela est vrai aussi pour la faune coquillére et les conodontes de I Ordovicien
inférieur dans les séquences de plate-forme dans le nord de I' Australie. On peut établir une corrélation
plus ou moins ambigué entre la série britannique et la succession de graptolites du Victorien. D’ autres
subdivisions d’ outre-mer s’ appliquent moins facilement, bien que celle de I étage et de la série nord-améri-
caine soit la plus utile pour la corrélation des séquences tasmaniennes d eau peu profonde. Néanmoins,
on recommande de subdiviser I' Ordovicien australasien en deux grands sous-systémes a I'apparition du
marqueur zonal mondial Nemagraptus gracilis (c.-a-d. a la base du Gisbornien).

1" See end of report for Authors’ addresses
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INTRODUCTION

At the business meeting of the Subcommission on Ordovician
Stratigraphy held at the Fourth International Symposium on
the Ordovician System in Sundvollen, Norway, in August,
1982, it was agreed to establish several regional working
groups to tackle issues such as clarification of the nature of
chronostratigraphic subdivisions used in the particular re-
gions, as a basis for developing an internationally accepted
chronostratigraphy for the Ordovician System. An Australa-
sian Ordovician Chronostratigraphy Working Group
(AOCWG) was established in September, 1983 under the
chairmanship of R.A. Cooper and A.H.M. VandenBerg, and
proceeded to focus on a number of chronostratigraphic and
biostratigraphic problems in the region. A questionnaire was
circulated by the co-chairmen toa large number of stratigraphers
with an interest in the Ordovician geology of Australia and
New Zealand, and the authors listed above all contributed
responses to this questionnaire. Issues canvassed included 1)
the nature of biostratigraphic zonal schemes, 2) the stage
classifications used for both internal and external correla-
tions, 3) the nature of successions with diverse faunas and
major events, and 4) the desirability of adopting a single local
or international stage and series classification for Australasia.
Cooper and VandenBerg collated the initial responses on the
graptolite facies, and B.D. Webby, the shelly faunal data. A
preliminary presentation of results was given at a symposium
entitled “‘Progress Towards an Australian Geological Time
Scale’’ at the Ninth Australian Geological Convention in
Brisbane in January-February, 1988 (Webby et al., 1988).
The final report (herein) was compiled by Webby from a draft
circulated to members in June, 1988.

As a part of a separate Bureau of Mineral Resources
project, Webby and Nicoll (1989) have also assembled an
Ordovician biostratigraphic chart and explanatory notes for
Australia.

BIOSTRATIGRAPHIC ZONAL SCHEMES
CURRENTLY IN USE

In the graptolite facies only one zonal scheme is in general
use through the Ordovician, that is, the one formulated by T.S.
Hall, Keble, and Harris and Thomas between 1899 and 1938,
and summarized by Harris and Thomas (1938), Thomas
(1960), VandenBerg (in Webby et al., 1981), and Cas and
VandenBerg (1988). In Victoria it is the only subdivision
used (Fig. 1, Table 1); it is also applicable at the stage level,
less so at the zonal level, in graptolite facies of New South
Wales and Queensland. In New Zealand a slightly less sub-
divided but closely similar zonal scheme is employed (Coo-
per, 1979). Only at a comparatively few localities in
southeastern Australia have conodonts of North Atlantic pro-
vincial affinity been found in graptolite-bearing associations
{Nicoll, 1980; Stewart, in Cas and VandenBerg, 1988) pro-
viding essential tie points between graptolite and North At-
lantic-type conodont schemes (Table 1). Commonly in both
eastern Australia and New Zealand, it is necessary to correlate
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between basinal sequences with graptolite zones, and plat-
form-type successions with shelly faunas, through the mixed
graptolite-shelly sequences of Britain, and/or North America.

In platformal areas of northern Australia (Fig. 1), biostra-
tigraphic zonal schemes are based mainly on conodonts
(Druce and Jones, 1971; Jones etal., 1971; Druce et al., 1982).
They are currently used for correlating the lower part of the
Lower Ordovician successions in the Georgina, Amadeus,
and Bonaparte Gulf basins, but nowhere is a complete zona-
tion yet described (Table 2). There is a preliminary mixed
conodont, graptolite and trilobite scheme applied to the Can-
ning Basin (McTavish and Legg, 1976). Microfloral and
nautiloid biostratigraphic schemes have also been used in the
Canning Basin.

No formally designated biostratigraphic zonal schemes
exist for use in the shelly facies of eastern Australia. Four
informal schemes, however, have been introduced, as fol-
lows:

1. The coral-stromatoporoid-based subdivisions of Webby
(1969, 1975, in Webby et al., 1981, and in Strusz et al.,
1988). The scheme includes four main Upper Ordovician
subdivisions (Faunas I-1V) differentiated chiefly on the
basis of incomings of new groups at a generic or higher
taxonomic rank. The subdivisions have proved useful for
correlating the limestones of central and northeastern
New South Wales and more generalized relationships
with Tasmanian ‘‘coralline’’ successions.

2. The trilobite-based faunule subdivision of the Upper Or-
dovician (Webby, 1974, 1975) ismore like a conventional
zonal scheme with constituent name-bearing species, but
has proved to be less widely applicable than the coral-stro-
matoporoid scheme. The four stratigraphically distinct
faunules are of little use beyond central New South Wales.

3, The brachiopod-based scheme of Percival (1980) with its
Faunas A, AB, B, C and D applies to the same interval in
central New South Wales covered by the trilobite
faunules, but has limited use elsewhere.

4. The ““OT” assemblages of Tasmania span almost the
entire Ordovician (Table 2), and are based on many dif-
ferent taxa including trilobites, brachiopods, conodonts,
nautiloids, corals, and stromatoporoids (see Banks and
Burrett, 1980). Graptolites are only useful at a few hori-
zons. Work is in progress to produce a more formal
zonation.

STAGE CLASSIFICATION

Internal subdivision and correlation

In Victoria, local stage names (Tables 1, 2) based on group-
ings of graptolite zones have been used for correlating the
graptolite facies since 1899, first introduced as series divi-
sions by T.S. Hall (1899), and later modified to stages in the
1930s by Thomas and Keble (1933), Thomas (1935), and
Harris and Thomas (1938). Their nomenclature and definition



have been well summarized by VandenBerg (in Webby et al.,
1981) and Cas and VandenBerg (1988). They are easy to
apply locally and can generally be correlated with most other
graptolitic sequences on a global scale. Although lacking
formally designated stratotypes and thus not being defined in
terms of rock sequences (they are, strictly speaking, ‘‘super-
zones’’), the stages are based on a graptolite zonal sequence
that has survived more than 50 years of testing, and must be
regarded as the standard for correlation in the Pacific grapto-
lite province, indeed the most detailed and firmly established
Ordovician graptolite zonal scheme in the world. Of signifi-
cance is the use of the Victorian stages in the Lower Ordovi-
cian (Bendigonian-Yapeenian) of Spitzbergen (Cooper and
Fortey, 1982) and the establishment by Williams and Stevens
(1987) of a zonal scheme in the Lower Ordovician Cow Head

Group of antipodean Newfoundland, in part based on this
Australian standard. Lenz (1988) also adopted the Victorian
stages for correlating the Ordovician graptolite sequences in
northern Yukon, Canada. It gives the Victorian stages a high
degree of reliability and enhances their status in comparison
with stage schemes of other regions (it should be noted that
the British series boundaries are not all yet based on clearly
defined boundary stratotypes, either). A particular disadvan-
tage is the comparative lack of other faunas — few conodonts
and only sparse shelly fossils are associated with the graptolites.

Victorian stage divisions and nomenclature are also rec-
ognized in the New Zealand sequence (Cooper, 1979). In
New South Wales, the Victorian stage names are applied,
where shelly faunal correlations can be established in relation
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Figure 1. Map showing the distribution of Ordovician rocks in Australasia.
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Table 1. Chart depicting the significant events in the graptolite record and relationships to the stage and zonal scheme. Also
shown are the important North Atlantic conodont tie points established by I. Stewart, and correlations with the British series
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to the graptolite sequence. Despite L. Sherwin’s misgivings,
VandenBerg has had no difficulty in applying the Victorian
subdivisions in New South Wales.

Subdivisions of the ‘“Tremadoc’’ Series into the local
stages, Datsonian and Warendian (Table 2), of northern Aus-
tralia are based on conodonts from the Georgina Basin (Jones
et al., 1971). Type sections and definitions are adequately
published. It is possible to define younger conodont faunas
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apparently postdating the Warendian in the Amadeus Basin
(Nicoll, in prep.). The Warendian and post-Warendian trilo-
bite assemblages of the Amadeus Basin are also in prepara-
tion (Shergold, in prep., for the former, and Laurie, in prep.,
for the latter). The work in progress on the Pacoota Sandstone
and Horn Valley Siltstone of the Amadeus Basin should,
when completed, add greatly to our ability to apply conodont
based zonations. For the present it should be noted that the



Table 2. Chart showing the two-fold subsystemic classification for the Australasian succession based on the Victorian graptolite
record (stages and zones). Note also the relationships with platformal successions of northern Australia and with Tasmania; also
the main conodont and trilobite tie points, and the radiometric determination of 455 Ma, just above the base of N. gracilis
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succession of conodont faunas in the Pacoota Sandstone is
dominated by a resiricted fauna of nearshore elements like
Drepanodus, Scolopodus, and Acontiodus. In the roughly
correlative interval in the Georgina and Canning basins,
genera such as Cordylodus, Hirsutodontus, Chosonodina,
and Acodus dominate the faunas and indicate deeper water,
or at least offshore, mixed carbonate/shale or carbonate envi-
ronments. This same pattern holds for the Nora Formation of
the Georgina Basin and Stairway Sandstone of the Amadeus
where the Nora has a fauna with Histiodella but the Stairway
has forms like Erraticodon, which is more abundant in the
nearshore facies.

According to Burrett, local stage names will be intro-
duced in Tasmania in the future. (See further discussion in a
later section.)

External correlation

The British subdivisions are relatively easily applied to the
graptolite Victorian sequences, though the comparatively
poor documentation of the British Lower Ordovician (but see
Fortey et al., this volume), and of the Victorian Upper Ordo-
vician, provides some serious obstacles. Recent publications
on the Arenig—Llanvirn of South Wales (Fortey and Owens,
1987) and the Tremadoc—Arenig interval of the Lake District
(Molyneux and Rushton, 1988) provide some help, but the
successions exhibit a limited graptolite record. The Gisbor-
nian—Eastonian and Eastonian—Bolindian stage boundaries
have now been sampled in some detail (although the work is
not yet published) and the only weak points are within the
Darriwilian and Gisbornian. The Eastonian is especially use-
ful, providing a link with eastern and western North Ameri-
can, and Scottish, successions, and is better developed than
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the comparable interval in China and Russia. The Bolindian
is also useful, filling what appears to be a gap in the Scottish
sequence. The revisions of the British Upper Ordovician now
allow correlation at almost zone level with confidence. This
is much less so, however, in the Lower Ordovician where
British graptolite faunas are less diverse and include endemic
elements.

The coralline and shelly faunas of central New South
Wales show provincial features which make it difficult to
establish direct external correlation with British, North
American or other regions. There is a strong link between
‘“‘Caradoc’’ trilobite and brachiopod faunas of Kazakhstan
and central New South Wales at the generic level, and in the
brachiopods with the Scoto—Appalachian province, but all 49
brachiopod species described in Percival’s (1980) Ph.D. the-
sis are new, and more than one-third of the genera are en-
demic. This means that correlation can be established in broad
terms with North American stages (Blackriveran, Trentonian,
Edenian, and Maysvillian) and with the Kazakhstan stages
(Erkebidaik, Anderken, and Dulankara horizons).

All the trilobite species are new and a few genera are
endemic. The closest faunal links are with Kazakhstan and
southeast Asja. A less close connection exists with North
America and northern Europe, making correlations with
stages of these regions difficult. Similar problems exist with
the corals and stromatoporoids.

The Tasmanian successions are mainly correlated with the
North American cratonic sequences. The terms Ibexian and
Whiterockian (including Chazyan) are relatively easily ap-
plied. Cincinnatian (Series) can also be used but there are
problems in the Blackriveran-Trentonian part of the sequence
where macrofauna and microfauna tend to be endemic Aus-
tralian/North Chinese, or even endemic Tasmanian (Burrett
et al., 1983). With further documentation it may be possible
to apply Chinese stages. Of particular interest, the Tasmanian
conodont Tasmanognathus (Table 2) occurs also in northern
China, and several Chinese conodont genera and species
erected by An et al. (1983) are also found in the Amadeus,
Canning, and Tasmanian sequences. However, the Tasma-
nian species of Tasmanognathus, T. careyi, which occurs
with Chirognathus monodactylus and Phragmodus sp. nov.
in the ‘‘Lower Limestone Member’’ of the Benjamin Lime-
stone, and occupies a position above Histiodella sinuosa and
Phragmodus flexuosus, and below P. undatus, has not been
confirmed outside Tasmania. Only different species of Tas-
manognathus, possibly with somewhat different ranges, have
so far been reported from North China.

The external correlation of the central and northern
Australian platform sequences has depended on which
fossil group is used. For example, for conodont-dominated
assemblages, the Baltoscandian stages are employed; for
graptolite-dominated horizons, the Victorian stages; for
nautiloid occurrences, the North American subdivisions;
and for the trilobite sequences, the informal subdivisions
of the British Arenig and Llanvirn Series. However, it
should be pointed out that trilobites in the lowermost
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Ordovician(Tremadoc through lower Arenig) of these plat-
form sequences are essentially similar, even to the species
level in some instances, to faunas of eastern Asia, particularly
the Sino—Korean Platform. Conodonts represent a mixture of
North American Midcontinent and similar East Asian affini-
ties at this time.

MAJOR FAUNAL EVENTS OF USE FOR
EXTERNAL CORRELATION

In the Australasian (mainly Victorian) graptolite facies, the
following faunal events may be regarded as having signifi-
cance for international correlation (Table 1); the first six
events are recorded in Victoria and New Zealand successions,
the remaining five events in Victoria only:

1. Appearance of Adelograptus and a diverse dendroid fauna
in the La2 Zone of the Lancefieldian. Distinctive elements
of this fauna useful for correlation include Dictyonema
(Araneograptus) pulchellum, D. (A.) macgillivrayi, Ade-
lograptus (Kiaerograptus) antiquus, A. (K.) pritchardi,
Temnograptus, large clonograptids including the species
magnificus, rigidus, tenellus, and flexilis, and Tetragrap-
tus decipiens. The precise order of appearance of these
forms has not been documented but they all make their
first appearance over a relatively narrow stratigraphic
interval. Similar faunas are recognized in western and
eastern Canada, Norway, and Sweden.

2. Appearance of Tetragraptus (Paratetragraptus) approxi-
matus. This distinctive species has a worldwide distribu-
tion and is generally taken (e.g., Skevington, 1963) to
mark the base of the Arenig Series. Often associated with
T. (P.) approximatus is T. (P.) acclinans (or a related
form).

3. Appearance of Tetragraptus (Pendeograptus) fruticosus
and a diverse dichograptid fauna at the base of the Bendi-
gonian (Bel Zone). This is possibly the most easily rec-
ognized horizon in the entire Australasian Ordovician, as
it marks the appearance of the following genera: Go-
niograptus, Loganograptus, Sigmagraptus, Trichograp-
tus, Schizograptus, Trochograptus, Dichograptus, and
Pendeograptus. In addition, several distinctive species of
Didymograptus (s.1.), Tetragraptus (s.1.), Phyllograptus
(s.s.), and Clonograptus make their appearance. The in-
flux marks a major event in the development and evolu-
tion of Ordovician graptolites, although the precise
horizon of entry of T. (P.) fruticosus, with respect to that
of other genera, is not yet documented.

4. Appearance of Isograptus victoriae or other datum within
the I. victoriae lineage. The appearance of isograptids is
a prominent feature of Lower Ordovician graptolite suc-
cessions around the world. The succession of subspecies
of I. victoriae, (lunatus—victoriae—maximus—maximodi-
vergens) is one of the few evolutionary bioseries that has
been statistically analyzed, making it exceptionally valu-
able for precise correlation.



5. The appearance of Oelandograptus austrodentatus and
other biserial forms at the base of the Darriwilian is a
prominent event in Australasia and takes place in an
interval during which there is a major change from a
dichograptid-dominated fauna (Bendigonian to Yap-
eenian) to a diplograptid (s.l.) dominated fauna (upper
Darriwilian to Bolindian). However, the appearance of
“‘biserial’’ scandent forms is not a sudden event. Some,
such as glossograptids (Apiograptus, Paraglossograptus,
and Pseudisograptus) appeared earlier, in the Yapeenian.
Glossograptus itself does not appear quite at the base of
Dal, and it is only in Da3 (a poorly documented interval
probably divisible into several zones) that there is a real
profusion of new diplograptaceans (‘‘D’’. decoratus,
““A”. confertus, “‘A’’. differtus, ‘'A’’. modicellus, and
probably others). Nevertheless, the base of the Darriwil-
ian can be correlated on the basis of the appearance of the
austrodentatus group (including the overseas subspecies
O. austrodentatus americanus, O. a. oelandicus, O. a.
sinodentatus, etc.).

6. The appearance of Nemagraptus gracilis at the base of the
Gisbornian. Species of Dicellograptus and Dicranograp-
tus appear at the top of the preceeding Darriwilian Zone
Da4. In both Australia and New Zealand the appearance
of dicellograptids is stratigraphically a well marked event,
although relatively few species are involved. The appear-
ance of Dicellograptus together with Dicranograptus has
traditionally been taken as defining the base of the Gis-
bornian Stage. In both Victoria (VandenBerg, in Webby
et al., 1981) and New Zealand (Cooper, 1979), however,
the worldwide zone fossil Nemagraptus gracilis appears
at a later horizon, (contrary to the opinions of most earlier
workers in the two regions), and Cas and VandenBerg
(1988) have redefined the base of the Gisbornian Stage to
coincide with the base of the N. gracilis Zone. The appear-
ance of Dicellograptus and Dicranograptus is the most
readily recognized event in the Australasian sequence but
the appearance of N. gracilis is more reliable for precise
international correlation. This has been discussed at
length by Finney and Bergstrom (1986).

7. The appearance of Climacograptus spiniferus within the
Eastonian (useful for correlation with northeastern North
America and Scotland).

8. Appearance of Dicellograptus gravis (=D. alector) in the
Ea4 Zone of the Eastonian (useful for correlation with
western North America and Scotland).

9. Appearance of Paraorthograptus pacificus in a diverse
fauna with Dicellograptus ornatus and Climacograptus
latus (Bo2 Zone of the Bolindian).

10. The appearance of Glyptograptus extraordinarius in an
impoverished fauna (Bo3 Zone of the Bolindian).

11. Appearance of Glyptograptus persculptus (now defining
the topmost Bo4 Zone of the Bolindian).

There are a number of important conodont tie points that
further enhance the usefulness of the Victorian graptolite
scheme for external correlation (Table 1). Firstly, Stewart (in
Cas and VandenBerg, 1988) has reported a mixed association
of Bendigonian (Bel Zone) graptolites at Dargo in Victoria
with North Atlantic-type conodonts — occurrences of Para-
cordylodus gracilis, Oepikodus communis, Prioniodus ele-
gans, and Paroistodus proteus — allowing the Bel Zone to be
equated with the P. elegans Zone of the North Atlantic
conodont province (Bergstrém, 1986). Secondly, there are
Victorian graptolitic sequences ranging in age from Bendigo-
nian (Be3 Zone) to Chewtonian (Ch2 Zone) with conodonts
of the North Atlantic Oepikodus evae Zone — the fauna
includes O. evae, Bergstroemognathus extensus, Protopri-
oniodus aranda, and Scolopodus rex. Thirdly, Pygodus an-
serinus, which partially overlaps the range of P. serra in the
Victorian sequences, defines the North Atlantic-type cono-
dont P. anserinus Zone, and extends from the upper part of
the Hustedograptus (= Glyptograptus) teretiusculus Zone
(Darriwilian, Da4 Zone) to the middle of the Nemagraptus
gracilis Zone (Gisbornian, Gil Zone). It is associated with
short-ranging graptolites including Dicellograptus divarica-
tus and Reteograptus geinitzianus, as well as N. gracilis
(Stewart, in Cas and VandenBerg, 1988).

The major faunal incomings recognized in the Upper
Ordovician successions of central New South Wales —~ for
example, first appearances of particular coral and stro-
matoporoid groups — seem, in contrast, to have limited use-
fulness in external correlation. There is evidence to suggest
that some faunal elements, like the clathrodictyid stro-
matoporoids, appeared first in shallow waters of the offshore,
volcanic island arc complex of central New South Wales, and
then dispersed slowly globally to other shallow water habi-
tats, including the continental platforms (Webby, 1980,
1985).

There do not appear to be any major faunal events in the
Tasmanian succession that prove to be useful for external
correlation. However, there are some conodonts like Tasma-
nognathus, as mentioned previously, which may prove to be
of particular use for precise correlation (Table 2).

In the platform sequences of northern Australia there are
also a series of faunal events which appear to be of particular
value, as follows:

1. Theincoming of the conodont Cordylodus proavus fauna,
which initiates the Datsonian, can be widely correlated.
However, it is now likely that the Cambrian—Ordovician
boundary will be ratified internationally at a higher level,
close to the base of, or within the upper Datsonian (C3)
Zone of Cordylodus oklahomensis-C. lindstromi; i.e., as-
sociated with a slightly later event, either the appearance
of Cordylodus intermedius (within the C. oklahomensis
Subzone of Miller, 1984) or of C. lindstromi (C .lindstromi
Subzone of Miller, 1984).

2. The appearances of the scolopodids and chosonodinids,
marking the beginning of the Warendian.
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3. Although not adequately documented, but possibly of
importance, are the first appearances of Histiodella, am-
bonychiid bivalves, and the trilobite Carolinites. This
latter is known to occur in central and western Queensland
(Henderson, 1983; Fortey and Shergold, 1984), Tasmania
(Jell and Stait, 1985), central Australia (Laurie, work in
progress), northwestern Australia (Legg, 1976), and west-
ern New South Wales (Warris, 1969). Although more
work needs to be done, it appears that most of the species
of this genus are pandemic and will be useful for detailed
intra- and intercontinental correlation.

4. The trend to gigantism in the faunas apparently occurs
close to the ‘‘Arenig-Llanvirn’’ boundary. This is most
noticeable in the bivalves, nautiloids, and trilobites of the
middle Stairway Sandstone of the Amadeus Basin, and
the Mithaka Formation of the Georgina Basin (Shergold,
1986). However, possible ecological factors need to be
further assessed, as well as occurrences in other regions.

Unfortunately, the conodont faunas of central and north-
ern Australia are most closely related to North American
Midcontinent faunas, not to North Atlantic provincial types.
Consequently, the conodont zonation scheme developed in
the graptolite facies of Victoria will not be that easily appli-
cable to the Amadeus, Canning or Georgina basin succes-
sions.

APPLICABILITY OF OVERSEAS SERIES
NAMES IN AUSTRALASIA

The British series are the most widely used of the overseas
series schemes for correlation, particularly in the graptolite
facies. For instance, they can be used with varying levels of
ambiguity in the Victorian and New Zealand successions
(Table 1):

1. The base of the Tremadoc cannot be located because it
lies below the lowest planktic graptolites (Assemblage
La2) of the region.

2. Correlation of the base of the Arenig depends on defini-
tion of the Arenig in Britain. It is either at the base of the
Tetragraptus approximatus Zone La3, where it is gener-
ally taken (e.g., Skevington, 1963; Strachan, 1972; Moly-
neux and Rushton, 1988), or approximating the base of
the Bendigonian (Fortey, 1984; Fortey and Owens, 1987).

3. The base of the Llanvim has been defined recently at
Llanfallteg, near Whitland in South Wales (Fortey and
Owens, 1987), at the incoming of pendent didymograp-
tids. They are preceded in the uppermost Arenig by the
first biserial scandent forms, including Undulograptus
austrodentatus, which defines the base of the Darriwilian,
so the best correlation is probably with the base of the Da2
Zone (see also Skevington, 1963), although the base of
the Dal Zone has also been suggested (Cooper and Fortey,
1982, Figs. 2, 3).

4. The base of the Llandeilo is customarily taken at the base
of the Hustedograptus (= Glyptograptus) teretiusculus
Zone, that is, at the base of the Darriwilian Da4 Zone.
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5. The base of the Caradoc may correlate with the base of
the Gisbornian as redefined by Cas and VandenBerg
(1988) — however, the base of the Caradoc does not
coincide, apparently, with the appearance of N. gracilis in
British successions.

6. The improved correlation between the shelly and grapto-
lite facies in Britain now allows much more accurate
correlation of the Caradoc—Ashgill boundary with Victo-
ria. Whittington et al. (1984) place this within the Pleuro-
graptus linearis Zone. In Victoria the lowest occurrence
of P. linearis is in the Ea3 Zone of Dicranograptus hians
kirki. The Ea4 index fossil Dicellograptus gravis occurs
at Girvan (Scotland) in limestones with a mixture of
Pusgillian (lowermost Ashgill) shelly fossils and D. com-
planatus Zone graptolites. Clearly, the base of the Ashgill
correlates with a level within the Ea3 Zone of Victoria.

7. Traditionally the top of the Bolindian has been drawn
below the level of the Glyptograptus persculptus Zone.
However, now that the base of the Silurian (and base of
the Llandovery) is established internationally at the base
of the Akidograptus acuminatus Zone (Cocks, 1985), the
G. persculptus Zone may be included as the topmost
(Bo4) Zone of the Bolindian (VandenBerg and Webby,
1988).

The North American graptolite subdivisions established
by Berry (1960) and Riva (1974) can also be applied in
Victoria but unfortunately they cannot be correlated easily
with the standard North American series, which are based on
shelly faunas. Correlations with China and Scandinavia are
only of limited use because of endemism in the respective
graptolite faunas of these regions.

The British series are preferred in New South Wales, but
can only be applied easily where associated graptolites occur.
For instance, it is possible to establish the approximate posi-
tion of the Caradoc—Ashgill boundary in the graptolitic
Malongulli Formation of the Cliefden Caves area of central
New South Wales (Webby and Packham, 1982; Rigby and
Webby, 1988).

The North American series (and their subdivisions) are
the most useful means of establishing external correlation of
Tasmanian successions. Little direct correlation can be made
with British series subdivisions. The Tremadoc, and less
confidently, the Arenig and Ashgill can be used, but the
Llanvirn through Caradoc interval cannot be applied as yet.
This is mainly because none of the more useful trilobites and
brachiopods, and few graptolites and conodonts, are in com-
mon. The deeper slope Surprise Bay sequence in southern
Tasmania can be correlated, but it cannot be closely related
to other Tasmanian successions, which are of mainly shallow
water aspect.

The British series are also not applied so easily to platform
successions of northern Australia except where graptolites
provide a datum. The Canning Basin has the most continuous
graptolite record, through the Arenig to Llanvirn interval, but
the sequences are of limited accessibility, since they are
preserved mainly in the subsurface.



SUBSYSTEMIC DIVISIONS IN
AUSTRALASIA

A tripartite subdivision of the Ordovician has been widely
used, following Harris and Thomas (1938). It has restricted
the Middle Ordovician to the Darriwilian stage only, and
consequently has meant that the terms Lower, Middle and
Upper do not coincide with any of the several other subsys-
temic schemes in use around the world. The disparity in use
between these tripartite schemes has commonly led to confu-
sion and is most undesirable. VandenBerg (in Webby et al.,
1981, and ir Cas and VandenBerg, 1988) noted that prior to
Harris and Thomas’ (1938) subdivision, Middle Ordovician
was not used in Victoria, and he has recommended a reversion
to the former two-fold subdivision of Lower and Upper, the
boundary being placed at the base of the Gisbornian, that is,
at the base of the N. gracilis Zone (Tables 1, 2). This subdi-
vision is also recommended for New South Wales, Queens-
land, and New Zealand successions. It is important that the
subsystemic division of the Ordovician be standardized
around the world, and we recommend that this horizon and
subdivision be adopted globally.

Although it has been traditional to use a tripartite subdi-
vision in the platform sequences of northern Australia, the
usage has depended on what fossil groups were being em-
ployed as controls. It is now suggested that a two-fold subdi-
vision should also apply. At present the faunal record
suggests that only Lower Ordovician (formerly Lower and
Middle Ordovician) deposits are represented, although there
are, in some sections (e.g., in the Amadeus Basin, Shergold,
1986), substantial thicknesses of unfossiliferous beds above
the last age-diagnostic fossil assemblage, which may imply
that the sedimentary record continues partly into the Upper
Ordovician.

. In Tasmania, Lower, Middle, and Upper have been used
approximately as in North America, that is, the Lower =
Canadian (now Ibexian), the Middle = Champlainian (Whit-
erockian and Mohawkian), and the Upper = Cincinnatian.
This subdivision is therefore quite different from that em-
ployed in Victoria, and elsewhere in Australia and New
Zealand. It seems essential therefore that if an acceptable,
unified, bipartite subsystemic subdivision of the Ordovician
of Australasia is to be achieved, with its boundary at the base
of N. gracilis, then this level must be recognized also in
Tasmania. Perhaps this can be done 1) by establishing closer
zonal ties through the boundary interval, with other sequences
exhibiting mixed graptolite, shelly and coralline facies, like
those in central New South Wales, or 2) by recognizing links
between the Tasmanian conodont succession, especially
through the interval containing Tasmanognathus, and equiva-
lent mixed conodont and graptolite facies of North China.

LOCAL STAGES OR A SINGLE STAGE
CLASSIFICATION FOR AUSTRALASIA

A single stage classification is thought by most respondents
to be desirable but probably impractical because the cratonic
sequences have so little in common with the mainly graptolitic
successions of the Tasman Fold Belt, and New Zealand. One

contributor, however, argues that a single stage classification
is not desirable since it is likely to obscure geological events.
At this present stage of development of the Ordovician bios-
tratigraphy of Australasia, it is probably useful to establish a
number of local stage schemes in order to correlate the
various platformal, as well as basinal, successions. Local
conodont-based stages (the Datsonian and Warendian) have
been introduced in northern Australian platform areas, and
this scheme will probably be extended upward to cover
almost the entire Lower Ordovician (Tremadoc—Llanvirn)
interval. There is also a proposal by Burrett to introduce an
independent set of local stages, based on the Florentine Val-
ley sequence, for correlation of the ‘‘middle Tremadoc-Llan-
dovery’’ interval in Tasmania. It is to be hoped that the
definitions of these new local stages will be accompanied by
the fullest possible documentation of the contained biotas,
and that they will have more than local application.

If, alternatively, we choose only to maintain a single stage
classification, it would undoubtedly be based on the Victorian
graptolite scheme. However, this could not be seriously con-
templated unless we were able to establish many more faunal
ties to the shelly faunal and conodont-based platform
schemes, even if the Victorian scheme became adopted as the
international standard for the areas of the world exhibiting
graptolitic successions of Pacific provincial type.

SINGLE INTERNATIONAL OR LOCAL
SERIES CLASSIFICATION FOR
AUSTRALASIA

If the British series are more adequately defined than at
present, they may provide a workable subdivision for use in
Australasia. However, they must be designated within bound-
ary stratotypes in continuous sections, so that they can be
clearly and unambiguously applied, through the graptolite
facies, to successions in Australasia. It seems highly desirable
that a single series classification be adopted in Australasia,
and the British subdivisions are on balance probably the best
available. The only viable alternative could be to establish
new Australasian series.

PHYSICAL CRITERIA FOR
USE AS TIME MARKERS

There is little stratigraphically controlled geochronological
data presently available for the Australasian region. The K/Ar
age of 455 + 10 Ma on the Doubtful River Gabbro in the
Snowy Mountains area of southern New South Wales (Owen
and Wyborn, 1979) is one of the few useful determinations
(Table 2). This sill-like structure intruded the upper Darriwil-
ian-lower Gisbornian Temperance Formation prior to its
complete lithification. It is related to the overlying Nine Mile
Volcanics, which in its upper part has an upper Gisbornian
graptolite assemblage and a solitary rugose coral, establishing
its upper limits, and thus suggesting that the intrusive event
occurred about the middle of the Gisbornian. This is about
one graptolite zone younger than the level of the proposed
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Lower-Upper Ordovician subsystemic boundary. There is
currently no available magnetostratigraphic or chemostratig-
raphic data for the Australasian region.

GENERAL RECOMMENDATIONS

1. That .we need to formally designate the various stage
boundary stratotypes for the Victorian graptolite succes-
sion.

2. That we should focus immediate attention on the grapto-
lites and the conodonts, particularly their ranges in Aus-
tralasian successions.

3. That we should aim to establish precise ties between zonal
indices — between North Atlantic-type conodonts and
Pacific-type graptolites, and between North Atlantic and
North American Midcontinent province conodonts in
Australia and New Zealand, and secondarily to achieve
the closest possible conodont and graptolite ties with
China and other regions of central and southeastern Asia.

4. That we recommend establishing a two-fold subsystemic
division of the Ordovician, with the base of Nemagraptus
gracilis defining the base of the upper division.

5. Thatfollowing definition of stratotypes and establishment
of closest possible ties with conodont zonal indices, we
propose the Victorian succession as the international
standard for use in regions of the world exhibiting Pacific
provincial-type graptolites.

6. Thatinestablishing additional local stage schemes, for the
post-Warendian interval of. platform areas of northern
Australia, and possibly through the Ordovician of Tasma-
nia, we should aim at providing fullest possible documen-
tation of biotas, and of correlation with existing local stage
schemes.
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of the base of the Cincinnatian Series (Upper Ordovician)
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Abstract

Recent study of several drill cores and surface sections has produced significant new biostratigraphic
and lithostratigraphic data from the uppermost Middle Ordovician (Mohawkian Series) and lowermost
Upper Ordovician (Cincinnatian Series) in the Cincinnati region, the type area of the Cincinnatian Series.
A succession of diverse graptolite faunas recently discovered within the Sebree Trough permits correlation
with the New York-Quebec Utica Shale graptolite zonation. The base of the Cincinnatian lies within the
Climacograptus (Diplacanthograptus) spiniferus Zone, 23 to 26 m below the base of the superjacent
Geniculograptus pygmaeus Zone in sections along a 150 km traverse from eastern Indiana to southern
Ohio and northern Kentucky. The conodont biostratigraphy is in general agreement with that based on
graptolites.

Examination of temporal morphological trends exhibited by Geniculograptus typicalis and G. pygmaeus
through two sections provides supporting evidence for the proposed correlations. Detailed study of
geophysical logs suggests that it is possible to recognize, and trace across the Cincinnati region,
stratigraphic intervals as little as 5 to 10 m thick. These lithological correlations produce units that parallel
a series of K-bentonite beds and correlations based on graptolites and conodonts. Thus, the sequence
studied along much of our traverses has a ‘‘layer-cake’’ stratigraphy of considerable lateral uniformity,
particularly in the Kope Formation and the Lexington Limestone.

Résumé

De nouvelles données biostratigraphiques et lithostratigraphiques importantes sont tirées de
I"étude récente de plusieurs carottes de forage et coupes de surface provenant de la partie sommitale
de I'Ordovicien moyen (série du Mohawkien) et de la partie basale de I’Ordovicien supérieur (série
du Cincinnatien) prés de Cincinnati, région type de la série du Cincinnatien. Grdce a la découverte
récente d’une succession de faunes a graptolites variées dans la cuvette de Sebree, il est possible
d’ établir une corrélation avec la zonation des graptolites des schistes argileux d’ Utica dans I' Etat de
New York et la province de Québec. La base du Cincinnatien se situe dans la zone a Climacograptus
(Diplacanthograptus) spiniferus, soit 23 @ 26 m sous la base de la zone susjacente, a Geniculograptus
pygmaeus, dans des coupes le long d’une traverse de 150 km allant de la partie est de I Etat d’ Indiana
Jusque dans le sud de I’Ohio et le nord du Kentucky. La biostratigraphie des conodontes s’ accorde
généralement avec celle des graptolites.

L’ examen des tendances morphologiques temporelles que présentent Geniculograptus typicalis et G.
pygmaeus dans deux coupes, fournit des indices a I appui des corrélations proposées. L’ étude détaillée de
diagraphies géophysiques porte a croire qu’il est possible de reconnaitre des intervalles stratigraphiques

1 Department of Geology, State University of New York at Buffalo, Buffalo, New York 14260, U.S.A.
2 Department of Geological Sciences, The Ohio State University, Columbus, Ohio 43210, U.S.A.
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qui n’ont que 5 a 10 m d'épaisseur, et de les retracer a travers la région de Cincinnati, Ces corrélations
lithologiques produisent des unités qui sont paralléles a une série de lits de bentonite potassique et d’ unités
fondées sur des graprolites et des conodontes. La séquence étudiée sur une grande partie de nos traverses
présente donc une stratigraphie «étagée» qui a une grande uniformité latérale, notamment dans la

formation de Kope et le calcaire de Lexington.

INTRODUCTION

In recent years, considerable effort has been devoted to the
establishment of a set of global series for the Ordovician
System. Although some progress has been achieved, the
many problems associated with building a standard set of
divisions from a disparate group of regional series remain to
be solved. Providing precise definitions for bases of the
existing Ordovician series in terms of zonations useful for
intercontinental correlation is one of the fundamental steps
that must be taken. This step is particularly difficult in the
case of those series, such as the Cincinnatian Series, that are
defined in shallow water epicratonic sequences dominated by
largely endemic shelly fossil assemblages. This paper pre-
sents new data obtained in our efforts to integrate the Cincin-
natian Series, which is the North American standard for the
Upper Ordovician, with regionally recognizable graptolite
and conodont zonal units.

Although no formal stratotype has been designated for the
Cincinnatian Series, its base coincides with that of the Ede-
nian Stage. Traditionally, the base of the Edenian is placed at
the base of the Kope Formation (formerly known as the Eden
Shale) in the vicinity of the city of Cincinnati, Ohio. How-
ever, this lithostratigraphic boundary is not readily definable
in terms of shelly fossil zones useful for interregional corre-
lation. Furthermore, this level is no longer exposed in or near
Cincinnati. Nevertheless, work on conodonts and other fos-
sils is improving the situation. Sweet and Bergstrom (1971,
1976) and Sweet (1979, 1984, 1988) suggested, on the basis
of conodont studies, that the base of the Edenian Stage is
correlative with the base of the Cobourg Limestone, as devel-
oped in the Mohawk Valley of New York, the region of the
reference standard for the upper Middle Ordovician Trenton
Group and the Mohawkian Series. Riva (1969a, 1974) and
Rickard (1973) suggested that the base of the Climacograptus
(Diplacanthograptus) spiniferus Zone in the Utica Shale of
New York and Quebec also is probably coeval with the base
of the Cobourg Limestone in the Mohawk Valley. This con-
clusion is further supported by Cisne and Chandlee (1982),
based on tracing of bentonite beds between Trenton Falls and
the Mohawk Valley. In a recent regional subsurface study,
Bergstrom and Mitchell (1989) concluded that the base of the
Cincinnatian is coeval with a level in the basal 6.5 to 10 m of
the Cobourg Limestone of New York. Thus, the position of
the base of the Cincinnatian Series is still not precisely known
within the eastern North American graptolite succession. In
order to facilitate intercontinental correlation, we would pre-
ferto have amore direct biostratigraphic definition of the base
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Figure 1. Sketch-map showing location of drilling sites and
surface sections examined in the present study. Stippled
pattern denotes outcrop area of Ordovician rocks in the Cin-
cinnati region. Straight dotted lines between localities are
traverses illustrated in Figures 10 and 11. Localities are as
follows: NP, New Point well (Indiana Geological Survey Diill
Hole 124), Decatur Co., Indiana (Gray, 1972, Fig. 9; Sweet,
1979, p. G24); CF, Cook Farm well (Indiana Geological Survey
Drill Hole 57), Wayne Co., Indiana (Gray, 1972, Fig. 7);
B, Beiser well, Butler Co., Ohio (Stith, 1986, PI. 2 [Permit No.
2]); M, Middletown well, Butler Co, Ohio (Bergstrém and
Sweet, 1966; Sweet, 1979, p. G23; Stith, 1986, PI. 2 [Permit
No. 4]); Crosby well, Hamilton Co., Ohio (Ohio Geological
Survey, unpublished); BS, Brent section, Campbell Co., Ken-
tucky (Hoge, 1985); CO, Cominco American well, Mason Co.,
Kentucky (Sweet et al.,, 1974; Sweet, 1979, p. G24; Stith,
1986, Pl. 3); MA, Maysville section, Mason Co., Kentucky
(Carpenter and Ory, 1961; Evans, 1981; Bergstrom and
Mitchell, 1986); D, Dravo well, Alpha Portland Cement Com-
pany, Mason Co., Kentucky (Ohio Geological Survey, unpub-
lished); RS, section along Hwy 68 just northeast of Ripley,
Brown Co., Ohio (Rytel, 1982); P, Penn well, Highland Co.,
Ohio (Stith, 1986, Pl. 2, section D [Permit No. 41); W, Wash-
ington well, Warren Co., Ohio (Stith, 1986, PI. 2 [Permit No.
8]); CC, Clear Creek well, Warren Co., Ohio (Stith 1986, PI. 2
[Permit No. 7]). The Indiana cores are kept at the Indiana
Geological Survey, Bloomington, Indiana, and the Ohio cores
at the Ohio Division of the Geological Survey, Columbus,
Ohio. The Cominco core and one half of the New Point core
are stored at the Department of Geological Sciences, The
Ohio State University, Columbus, Ohio.



omit much detailed information now available. In addition,

of the Cincinnatian Series in its type area, particularly one
based on graptolites or other fossils with an intercontinental

distribution in this interval.

some of the conclusions presented here are preliminary. A
more detailed account, including descriptions of the grapto-

lite species encountered and a more rigorous statistical treat-

In the present paper we summarize new data obtained
from an ongoing study of graptolites and graptolite biostra-
tigraphy of the Cincinnatian and upper Mohawkian strata in

ment of their stratophenetic patterns, will be presented in a

planned monograph.

the Cincinnati region. Space limitations make it necessary to
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Figure 2. Sketch-map showing major paleogeographic features in east central United States

during late Middle Ordovician time (modified from Keith, 1985, Fig. 5). Note location of four

of our key sections relative to the Sebree Trough. Letter designations are as follows: N, New

Point well; C, Cook Farm well; M, Middietown well; B, Brent section.
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Figure 3. Schematic cross-section from the Cook Farm well to a composite of the Brent section and the
Pierce well, Clermont Co., Ohio (Sample 2080 of Stith, 1986, PI. 1). Note relations between the Sebree
Trough “Utica Shale” succession and the Lexington Limestone and Point Pleasant Formation. As indicated
in the figure, the distinctive depositional regime of the Sebree Trough was established in post-Blackriveran
time and disappeared in early Geniculograptus pygmaeus Zone time.
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Figure 4. Ranges of graptolites in the “Utica Shale”, Kope, and Dillsboro formations in the New Point well.
Note that the base of the Geniculograptus pygmaeus Zone is in the lower Kope Formation. Projected level
of the base of the Cincinnatian is according to Sweet (1979, pers. comm.). Conodont chronozones in
righthand column are those of Sweet (1984).
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GRAPTOLITES AND CONODONTS FROM
THE SEBREE TROUGH

We have discovered a series of varied and well preserved
graptolite faunas in a number of drill cores (Fig. 1) from the
Cincinnati region. Most of these graptolites occur in several
cores that penetrate the Sebree Trough (named the ‘‘Sebree
Valley’” by Schwalb, 1980, and referred to as the ‘‘Kope
Trough’’ by Keith, 1985). The Sebree Trough (Fig. 2) is a
narrow, and approximately linear, zone of dark shale located
in the subsurface on the northwest side of the present Cincin-
nati Arch. Through their regional lithofacies studies, Cress-
man (1973) and Keith (1985, 1989) concluded that this
feature was a topographic trough in which mud deposition
prevailed from early Mohawkian through late Edenian time.
At its peak expression in the late Shermanian and early
Edenian, the Sebree Trough extended in a northeast-south-
west direction through central Ohio, southeastern Indiana,
and western Kentucky to western Tennessee. It may have
connected with the Ouachita Geosyncline to the south and the

Appalachian Basin to the east (Keith, 1989). The origin of
this feature is uncertain and several different interpretations
have been proposed (e.g., Rooney, 1966; Schwalb, 1980).

Blackriveran age carbonates underlie the Sebree Trough
(Fig. 3). Contrary to Rooney’s (1966) suggestions, structure
contours on the top of the Black River Limestone in Indiana
do not exhibit evidence of significant structural offset (Keith,
1986). From these and other features, Keith (1985) inferred
that the development of the trough postdates the Blackriv-
eran. Pre-Kope Formation sediments of the Sebree Trough
are dominantly medium brown to dark grey, weakly to
strongly laminated, silty mudstone and shale with a few thin,
shelly layers, and dark, argillaceous limestone and siltstone
interbeds. Local drillers have long referred to these sediments
as the **Utica Shale’’, and this designation has been used by
several recent authors (e.g., Bergstrom and Sweet, 1966;
Cressman, 1973; Sweet, 1979). The most common shelly
fossils are smooth ostracodes and orbiculoid brachiopods,
which occur in abundance on occasional bedding planes
together with rare conodonts (mostly Phragmodus and Plec-
todina). With the exception of chitinous hydroids, and sparse
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Triarthrus and Cryptolithus trilobite fragments, benthic fossils
are nearly absent. Graptolites occur in moderate abundance
throughout the unit and in the lower part of the overlying
Kope Formation.

Southeastern Indiana

In most of southeastern Indiana, the ‘‘Utica Shale’’ overlies
the calcarenitic grainstones of the Trenton Limestone (see
Keith, 1985) with obvious disconformity. We have studied
the *‘Utica Shale’’ as well as both older and younger units in
two cores from the northwestern part of the Sebree Trough in
Indiana: the New Point and Cook Farm cores (Fig. 1).

Sweet (1979, locality 31) reported on conodonts from the
New Point core and, on the basis of fluctuations in the relative
abundance of a suite of conodont species, projected the base
of the Shermanian Stage to a level a few metres below the top
of the Trenton Limestone in this core. Sweet (1984, 1988)

also used this core as one of the reference sections to construct
the standard reference section (SRS) for his graphic correla-
tion network. Using Sweet’s (1979) projections of the base
of the Edenian and Maysvillian stages as a guide to the
correspondence between the New Point core and the compos-
ite SRS, we have calculated the projected levels of the Belod-
ina compressa and Oulodus velicuspis chronozones in the
New Point core. These are shown in the righthand column of
Figure 4. We have made additional conodont collections from
the Trenton Limestone in this section. On the basis of these
new collections, we place the base of the A. superbus Zone
about 0.6 m below the top of the Trenton Limestone. Thus,
the base of the ‘“Utica Shale’’ in this section is probably no
older than mid-Shermanian.

Graptolite collections from the ‘‘Utica Shale’” in the Cook
Farm and New Point cores (Figs. 4, 5) are taxonomically
diverse and specimens are moderately abundant. The lower
*“Utica Shale’” yields graptolites typical of the Climacograptus
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Figure 6. Vertical ranges of graptolite species in the “Utica Shale” and lower Kope Formation in the Beiser
and Middletown wells. Note that the base of the Geniculograptus pygmaeus Zone is well above the base of
the Kope Formation in these wells. Note added in proof: Re-examination of Climacograptus specimens in
light of VandenBerg (1990) indicates that of the specimens in the Middletown core only those at 43.6 m are
certainly C. (D.) spiniferus. Specimens from 6.1 m in the Middletown core are C. (D.) sp. ¢f C. (D.) spiniferus
and those at 9.9 mare C. (D.) sp. ¢f C. (D.) lanceolatus VandenBerg. The range of C. (D.) spiniferus in the
Beiser well is accurate as shown, but specimens of C. (D.) sp. ¢t C. (D.) lanceolatus occur at 758 feet

(231 my) in this core.
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(Diplacanthograptus) spiniferus Zone (Fig. 6) in New York
and Quebec, including C. (D.) spiniferus, Geniculograptus
typicalis, and Orthograptus quadrimucronatus. These spe-
cies continue upward into the upper ‘‘Utica Shale’’ and are
quickly joined by other typical C. (D.) spiniferus Zone ele-
ments, such as Orthoretiolites hami, Dicellograptus flexuo-
sus, and Dicranograptus nicholsoni.

In addition to the usual C. (D.) spiniferus Zone species,
this fauna also includes a few specimens of G. typicalis that
bear a prominent mesial spine on the first theca (Plate 1, figs.
36, 37). Specimens of the spine-bearing G. typicalis ssp. A
are restricted to the lower 19 m of shale. This interval also
yields specimens of Corynoides ultimus Ruedemann, which
ranges upward into the upper ‘‘Utica Shale’’ (Plate 1, figs.
18, 34). In the Mohawk Valley this species has been found
only in the Geniculograptus pygmaeus Zone (Ruedemann,
1925; Riva, 1974), but the Sebree Trough and other occur-
rences indicate that C. ultimus first appears in older rocks
outside New York (Mitchell, 1989).

In both the Cook Farm and New Point cores (Figs. 4, 5),
Geniculograptus pygmaeus makes its first appearance in the
upper part of the ‘“Utica’ interval. Geniculograptus pyg-
maeus makes its debut at 65 m above the top of the Trenton
Limestone in the New Point core, which equates to 24 m
above the base of the Cincinnatian Series as projected by
Sweet (1979, Fig. 2), or 1087 m above the base of Sweet’s
(1988) composite SRS. Geniculograptus pygmaeus and G.
typicalis range upward through an interval of gradational rock
types into the soft, fissile, grey-green shale and argillaceous
limestone of the Kope Formation. Although initially rare, G.
pygmaeus becomes abundant upward in the lower Kope
Formation. In the Sebree Trough sequence, as in the Utica
Shale of New York and Quebec (Riva, 1969a, p. 520), a
minute species with variably glyptograptid to climacograptid
thecae (Normalograptus sp. nov., Pl. 1, figs. 9-12; see discus-
sion of Normalograptus in Melchin and Mitchell, this vol-
ume) is present in an interval spanning the boundary between
the C. (D.) spiniferus and G. pygmaeus zones. Evans (1981)
discovered three-dimensional specimens of this species
(identified by him and listed by Bergstrom and Mitchell,
1986, as Orthograptus sp.) together with G. pygmaeus in the
upper Kope Formation at Maysville, Kentucky. Other note-
worthy elements of the G. pygmaeus fauna are Corynoides
ultimus, *‘Glyptograptus’’ lorrainensis (Pl. 1, figs. 7, 8), and
specimens of an Orthoretiolites species similar to those fig-
ured by Riva (1969a, Figs. 4k,1) from this zone in Quebec.

Southwestern Ohio

In southeastern Indiana, the Trenton Limestone thins rapidly
to the southeast, and in the centre of the trough shale may rest
directly on Blackriveran strata (Fig. 3). On the east side of the
trough, in extreme southeastern Indiana and southwestern
Ohio, the “‘Utica Shale’’ interfingers with dark argillaceous
wackestone of the Lexington Limestone (Fig. 10). This rela-
tionship is displayed well in two cores that we have studied:
the Beiser and Middletown cores (Fig. 6). Conodonts from
the Middletown core were described by Bergstrom and Sweet
(1966). On the basis of projections of the Cincinnatian stages

into this section supplied to us by Sweet, we have calculated
the position of the base of the Belodina confluens and Ou-
lodus velicuspis chronozones in the Middletown core, and
indicated these in Figure 6.

Graptolites occur less frequently in the Middletown and
Beiser cores than in the Indiana cores and represent fewer
species. Stratigraphically useful faunas are present, however.
The middle and upper Kope Formation contains a Genicu-
lograptus pygmaeus Zone fauna dominated by the same
species as in the more westerly cores discussed above. The
first appearance of G. pygmaeus in the Middletown core is 62
m above the top of the Lexington Limestone, and 23 m above
the projected base of the Cincinnatian Series, or 1086 m
above the base of the composite SRS. Thus, the difference in
level of first appearance of G. pygmaeus in the New Point and
Middletown cores (1 m) is substantially less than the present
resolution (W = 6 m) of Sweet’s graphic correlation network
(Sweet, 1984, 1988), and these two occurtences, therefore,
are effectively isochronous.

The lower Kope Formation and ‘“Utica Shale’’ yield a sparse
fauna indicative of the Climacograptus (Diplacanthograptus)
spiniferus Zone (Fig. 6). Near the base of the brown shale
interval, and well below Cincinnatian rocks, we find Genicu-
lograptus typicalis typicalis and C. (D.) spiniferus in the Beiser
core, and Climacograptus (Diplacanthograptus) sp. cf. C. (D.)
spiniferus in the Middletown core together with numerous speci-
mens of Orthograptus ruedemanni (Pl. 1, figs. 29, 30, 39). We
have also discovered specimens in this interval of the Middle-
town and Beiser cores that resemble Climacograptus (Diplacan-
thograptus) lanceolatus VandenBerg, a member of the C. (D.)
spiniferus lineage recently recognized in Australia (Vanden-
Berg, 1990, see P1 1, fig. 43).

The graptolite zonal correlation of these lowest *‘Utica
Shale’’ beds is problematic. The Orthograptus ruedemanni
and Climacograptus (Diplacanthograptus) spiniferus zones,
as defined by Riva (1969a, 1974), are assemblage zones. At
numerous localities in the New York-Quebec region, ranges
of characteristic elements of the O. ruedemanni Zone, such
as O. ruedemanni and Normalograptus mohawkensis, signifi-
cantly overlap those of several elements of the lower C. (D.)
spiniferus Zone (e.g., C. (D.) spiniferus, Dicranograptus
nicholsoni, and Amplexograptus praetypicalis) (Ruedemann,
1912, 1925; Riva, 1969a,b, 1972). Riva (1969a,b) placed the
base of the C. (D.) spiniferus Zone within this zone of overlap,
essentially at the base of the ranges of D. nicholsoni and
Dicranograptus ramosus. The sequence developed in the
Beiser core (Fig. 6) is similar to that seen in the Utica Shale,
so we have tentatively identified the presence of the O.
ruedemanni Zone in this and the nearby Middletown core.
However, Geniculograptus typicalis typicalis, which in New
York and Quebec is reported only from the middle and upper
portions of the C. (D.) spiniferus Zone, first appears in the
Beiser core within the possible O. ruedemanni Zone.

Limestone interbedded with the lower ‘“Utica Shale’” of
the Middletown core yields amorphognathid conodonts.
These indicate that the base of the range of C. (D.) spiniferus
(and possibly also that of Geniculograptus typicalis typicalis)
lies within the upper part of the A. tvaerensis Zone.
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establish the temporal equivalents of the Sebree Trough suc-
cession in the shelly facies of the Cincinnati Arch, we have
collected additional data in southwestern Ohio and northern
Kentucky from both outcrop sections and drill cores.

Well exposed sections through the entire Kope Formation
are rare. The early Edenian Fulton Shale, undoubtedly a
tongue of the Sebree Trough ‘‘Utica Shale’’, is no longer
exposed (see Bergstrom and Mitchell, 1986, p. 248, 249). One
of the best Kope Formation outcrops near Cincinnati occurs
in two adjacent and overlapping road cuts near Brent, Ken-
tucky, approximately 13 km southeast of the centre of the city
(Fig. 1). Some 60 m of Kope Formation are exposed although,
as usual, the lower 8 to 12 m of the unit are covered (Fig. 7).
Exact correlation between the base of the upper section and
a level in the lower section is difficult to establish, but the O
m level in the upper section corresponds approximately to the
33 m level in the lower section. Hoge (1985) studied the
distribution of conodonts and brachiopods in this section,
provided a detailed description of the lithological succession,
and discussed its graphic correlation with Sweet’s (1984)
composite SRS.

So far, we have found only two graptolite species in the
Kope shale and limestone at the Brent sections. Genicu-
lograptus typicalis typicalis occurs at 0.9 m above the base

Figure 7. Vertical ranges of graptolite species in the Kope
Formation at the Brent section. The correlation between the
two partial sections is based on leveling and comparison of
the lithological succession. Cm-figures refer to thickness of
the 5cm thick limestone beds, and the letters “t” and “p”
indicate occurrences of Geniculograptus typicalis and G. pyg-
maeus, respectively.

Orthograptus ruedemanni continues upward to 16 m above
the base of the A, superbus Zone in this core. Thus, C. (D.)
spiniferus and G. typicalis typicalis, which are characteristic
of the C. (D.) spiniferus Zone, make their debut in the Sebree
Trough succession in rocks that appear to be substantially
older than the portion of the Utica Shale in which they first
appear in the New York-Quebec region. Finney (1986) has
described a similar situation in the Lexington Limestone from
Kentucky and the lower Viola Springs Formation in Okla-
homa, although Riva and Malo (1988) dispute his interpreta-
tions. We examine these problems further in our discussion
of the correlation of the Sebree Trough succession with that
of the Mohawk Valley.

GRAPTOLITES FROM THE KOPE
FORMATION NEAR BRENT, KENTUCKY

Bergstrom and Mitchell (1986) reviewed the data available
at that time on the graptolite succession in the Upper Ordovi-
cian outcrop belt of the Cincinnati region. In order to try to
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and at several widely spaced horizons up to 35 m. Genicu-
lograptus pygmaeus appears at 33 m above the base of the
section, which corresponds to a level 43 m above the base of
the Cincinnatian, or 1106 m in the composite SRS. The
species occurs profusely in several collections from just
above this level in both sections. Much of the interval be-
tween 20 and 31.5 m in the lower section is exposed only in
a steep, not easily accessible slope and we have not yet carried
out bed by bed collecting from these strata. Given the infre-
quent occurrence of graptolites in much of the Brent section,
it is likely that further work will extend the range of
G. pygmaeus downward at this locale.

CORRELATION AMONG CINCINNATI
REGION SECTIONS

In the sections and cores that we have studied between the
Middletown well in Butler County, Ohio and the sections at
Maysville, Kentucky (see Fig. 1), the Kope Formation main-
tains a consistent thickness of about 76 m. Likewise, the first
appearance of Geniculograptus pygmaeus occurs consis-
tently at a horizon about 50 m below the top of the Kope
Formation along a traverse from the Beiser well on the east
flank of the Sebree Trough to the Cominco well near Minerva,
Kentucky and sections near Ripley, Ohio and Maysville,
Kentucky — a distance of some 125 km.

In the Brent sections, however, Geniculograptus pyg-
maeus appears 30 m below the top of the Kope Formation,
which is about 20 m higher than expected. This occurrence is
also about 20 m higher than expected based on its projected
level in the composite SRS (1106 m versus 1086 m from the
New Point and Middletown cores). This deviation may
represent no more than incomplete collecting, or, alterna-
tively, it might indicate either a delayed immigration of G.
pygmaeus to this locality or a time-transgressive pattern of
deposition for the Kope and Fairview formations. On the
basis of the relative abundance patterns of several conodont
species, Sweet (1979, Fig. 3) suggested that these units are
indeed diachronous within the Cincinnati region. However,
the uniformity in thickness of the Kope Formation and in the
location of the first appearance of G. pygmaeus relative to the
top of the formation indicate that this diachroneity may be
less than some authors have suggested. For instance, Tobin
and Pryor (1981), in an attempt to explain the occurrence of
cyclical sedimentation patterns within the Cincinnatian Se-
ries, consider the Kope and Fairview formations and the
Bellevue Limestone to be a set of contemporaneously depos-
ited facies. To further examine this question, we have taken
two different and independent approaches: 1) study of the
stratophenetic pattern exhibited by the Geniculograptus spe-
cies, and 2) study of the relationship between K-bentonite
lithochronostratigraphy and lithostratigraphic patterns re-
vealed by correlation of geophysical logs.

Stratophenetic correlation

We have gathered data on the length of the sicula and the first
theca of some 410 graptolite specimens from the New Point
core and the Brent sections. Because early growth stages are
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Figure 9. Comparison of stratophenetic variation patterns of
measured morphological characters of Geniculograptus pyg-
maeus and G. typicalis in the New Point well (dots and
squares) and the Brent section (stars). Note that based on
estimated best fit, the first appearance of G. pygmaeusin the
Brent section corresponds to a level well above the base of
the G. pygmaeus zone in the New Point well.

much more common than large rhabdosomes in our core
samples, we have used these in our morphometric study.
Previous studies (Mitchell, 1986) indicate that the early
growth stages of Geniculograptus typicalis and G. pygmaeus
differ significantly in several features. Of these features, we
chose to use only length because it is affected less by flatten-
ing than width is; cylinders and cones become wider rather
than longer when flattened. The sketch inset in Figure 8
shows the location of the variables measured. Figures 8 and
9 present sample means and standard deviations for the two
variables plotted against their position in the stratigraphic
section at the Brent locality and in the New Point core. To
provide a common scale, we projected the sampled levels into
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a traverse from the New Point well to the Brent section. Logs lacking shale percent scale are geophysical logs
(only the upper 275 feet [83.8 m] of the Middletown well is represented by a shale percentage log). For traverse
location, see Figure 1. As in Figure 11, the gamma ray-neutron logs of the Middletown well are projected from
the Permit No. 4 well (cf. Stith, 1986, PI. 2). The latter was drilled at Middletown very close to the site of the Permit
No. 1 well (the Middletown well of Bergstrom and Sweet, 1966) and has a virtually identical rock succession. Left
footages on the Middletown well column refer to Permit No. 1, right to Permit No. 4. Left footages of the Beiser
well refer to the Ohio Geological Survey Core No. 2537 (company hole No. 09-2082) examined by us, right
footages and geophysical logs are from Permit No. 2 well, which was drilled 0.85 miles (1.37 km) from the No.
2537 well (cf. Stith, 1986, PI. 2) and has a closely similar rock succession. Note facies relations between the
Sebree Trough “Utica Shale”, Kope Formation, Lexington Limestone, and Point Pleasant Formation. Part of the

diagram is after Stith (1986, PI. 2).

Sweet’s (1984, 1988) composite SRS based on information
provided in Sweet (1979) and Hoge (1985). Both G. typicalis
and G. pygmaeus exhibit changes in the length of the sicula
and first theca. In G. typicalis, there was an initial decrease
in size, most of which was later reversed. During the latter,
reversal phase, G. pygmaeus appeared. It too underwent an
increase in these lengths, but was markedly smaller in size
(among other differences — see Riva, 1974; Mitchell, 1986)
than G. typicalis throughout its range.

Figure 9 also depicts our estimated best fit between the
stratophenetic patterns exhibited by the two species in the
Brent and New Point successions. We must emphasize that
this is only fit by eye; we plan additional quantitative work
on this problem. Although a number of alternative alignments
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are possible, these do not differ greatly. The pattern illustrated
here suggests that the first appearance of Geniculograptus
pygmaeus at Brent is stratigraphically above (by about 15 m)
and hence temporally later than, its appearance in the New
Point core. This figure is in close agreement with the relative
position of the base of the range of G. pygmaeus vis-a-vis the
base of the Fairview Formation and its projected level in the
composite SRS. Accordingly, we interpret the general uni-
formity of level of first occurrence of G. pygmaeus across the
Sebree Trough and at least into the western edge of the
Lexington Shelf in the Cincinnati region as an indication of
a similar uniformity in age for this horizon, i.e., for the base
of the G. pygmaeus Zone. On the basis of the stratophenetic
pattern, we project the base of this zone to a level about 18 m
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above the base of the lower Brent section and about 26 m
above the base of the Edenian Stage and Cincinnatian Series
in their type area.

Lithostratigraphic correlation

Despite the general agreement between the stratophenetic
pattern exhibited by the Geniculograptus species and the
level of first appearance of G. pygmaeus relative to the top of
the Kope Formation and the projected level of its debut in the
composite SRS, it is still conceivable that the lithological
units, the morphological changes in the graptolites, and the
lines of correlation produced within Sweet’s (1979) conodont
relative abundance log network are time transgressive, and
that they are time transgressive in a similar way. This situation
might arise if all were reflecting a slowly shifting pattern of
marine environments. To assess this possibility, we have
sought another means of judging the synchroneity of the
Kope Formation and associated lithostratigraphic units and
the base of the G. pygmaeus Zone across the region.

The Black River and Trenton groups in the Cincinnati
region, as in most of eastern North America (Fetzer, 1973;
Rickard, 1973; Bergstrém, 1989; Bergstrom and Mitchell,

1989), contain several prominent K-bentonite beds.
Individual beds often can be traced over wide areas. K-ben-
tonites are easily identifiable in cores and on geophysical
logs. Those in this area can be correlated among numerous
logged sections with considerable confidence (Stith, 1986;
Schumacher and Carlton, 1989). Figure 10 presents a lithos-
tratigraphic correlation between the New Point core and the
Brent sections based on features of the logs. This diagram
shows that the tops of the Black River Limestone, Lexington
Limestone, and the Kope Formation are, by and large, parallel
to the isochronous K-bentonites. Thus, these surfaces are
likely to be correspondingly isochronous. It is also evident
that the base of the Geniculograptus pygmaeus Zone parallels
the bentonites as well — both from the New Point to the
Middletown wells (in both of which the base of the zone is
well controlled) and beyond to its projected level in the Brent
composite. Figure 11 shows a similar pattern of parallelism
for an additional set of localities from the Middletown well
to the Cominco well, including several intervening wells. In
fact, close inspection of logs from these and other wells
throughout the region convinces us that surprisingly thin units
(some as little as 8 m or less in thickness) can be traced across
the region (Bergstrom and Mitchell, 1989). This unexpect-
edly layer-cake-like lithostratigraphic pattern further
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supports the conclusion that the base of the G. pygmaeus Zone
does approximate an isochronous surface and that the unusu-
ally high appearance of this species in the Brent section is
probably an artifact of sampling or preservation.

CORRELATION WITH THE TRENTON
GROUP, MOHAWK VALLEY, NEW YORK

Any discussion of the definition and correlation of the base
of the Upper Ordovician Cincinnatian Series should also
consider its relationship to the Middle Ordovician Mo-
hawkian Series as it is developed in its reference area in the
Mohawk Valley, New York. At the classic Trenton Falls
section, the Denmark and Cobourg limestones of the Trenton
Group contain no graptolites useful for precise correlation.
These rocks do yield conodonts, however (Schopf, 1966;
Sweet, 1984). The Utica Shale, 40 to 60 km to the east,
contains four graptolite zones: the Corynoides americanus,
Orthograptus ruedemanni, Climacograptus (Diplacan-
thograptus) spiniferus, and Geniculograptus pygmaeus zones
(Riva, 1969a,b, 1974; Rickard, 1973; Fisher, 1977). Correla-
tion from this shale facies into the shelly facies is difficult,
but Riva (1969a), Rickard (1973), and Bergstrém and
Mitchell (1989) suggested that the base of the C. (D.) spinif-
erus Zone is likely to approximate the base of the Cobourg
Limestone northwest of the Mohawk Valley (Fig. 12). Ben-
tonite bed tracing by Cisne and coworkers (Cisne and Rabe,
1978; Cisne and Chandlee, 1982) supported this correlation.
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On the basis of conodont studies, Sweet and Bergstrom
(1971) and Sweet (1984, 1988) suggested that the latter level,
in turn, corresponds to the base of the Cincinnatian. As an
additional link between these regions, the level of the late
Mohawkian Amorphognathus tvaerensis-A. superbus zonal
boundary within the lower Denmark Limestone can be cor-
related with the same boundary within the Lexington Lime-
stone in the Middletown core and elsewhere in the Cincinnati
region.

The first appearance of Climacograptus (Diplacan-
thograptus) spiniferus and Geniculograptus typicalis typi-
calis in the Beiser Core falls within strata that are probably
correlative with the upper A. tvaerensis Zone (cf. Figs. 6, 10).
Accordingly, these strata may be early Shermanian in age
and, hence, considerably older than the basal Cobourg of New
York. If the co-occurrence of these graptolites is taken as
being indicative of the middle to upper C. (D.) spiniferus
Zone, as has been the case in New York-Quebec (Riva,
1969a,b, 1987; Riva and Malo, 1988), then the base of the
Cincinnatian in its type area must lie well above the base of
the C. (D.) spiniferus Zone. Thus, correlation of the base of
the Cincinnatian with the base of the Cobourg Limestone
creates a marked contradiction between the present interpre-
tations of the available graptolite and conodont evidence.

There are several factors that probably contribute to the
present contradiction between conodont and graptolite-based
correlations. First, it is likely that the geochronological scope
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Limestone in the Trenton Falls section.

of the Climacograptus (Diplacanthograptus) spiniferus Zone
is not the same in New York and the Cincinnati region. In the
latter, the C. (D.) spiniferus Zone may include strata coeval
not only with the C. (D.) spiniferus Zone in New York, but
also the Orthograptus ruedemanni Zone (see Bergstrom and
Mitchell, 1986, p. 253). Finney (1986) has also suggested that
C. (D.) spiniferus and Geniculograptus typicalis appeared
earlier in the Cincinnati region than in New York. This
interpretation is supported by the fact that C. (D.) spiniferus
and Geniculograptus typicalis occur within the upper Amor-
phognathus tvaerensis Zone in the Sebree Trough succession,
whereas correlations between Trenton Falls and the Mohawk
Valley in New York (Rickard, 1973; Cisne and Chandlee,
1982; Cisne et al., 1982) suggest that the base of the C. (D.)
spiniferus Zone falls well above the top of the A. tvaerensis
Zone in that region. This latter level appears, instead, to
correspond to a level in the lower O. ruedemanni Zone based
on our re-examination of Cisne and coauthors’ graptolite

collections and bentonite correlations (cf. the facies interpre-
tation presented recently by Hay and Cisne, 1989, Fig. 2;
Fig. 12).

A second factor possibly contributing to the lack of agree-
ment between conodont and graptolite correlations of the
Sebree Trough sequence with that of New York may be that
the unconformity postulated by Rickard (1973) to be present
at the base of the Cobourg Limestone has cut out equivalents
of the lower C. (D.) spiniferus interval present in the pre-Cin-
cinnatian strata of the Sebree Trough. This possibility is
difficult to evaluate but it should be noted that Titus (1989)
and other recent authors do not recognize an unconformity at
this contact. Further, such an unconformity would not explain
the differences in the pattern of graptolite first occurrences in
the Sebree Trough succession and the Utica Shale — particu-
larly the association of Geniculograptus typicalis with
Orthograptus ruedemanni, and Corynoides ultimus with a
C. (D.) spiniferus Zone assemblage.
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It is also possible that the base of the Cincinnatian Series
is not precisely coeval with the base of the Cobourg Lime-
stone, but rather corresponds to a somewhat higher level
within this formation. On the basis of tracing markers in
geophysical logs, Bergstrdm and Mitchell (1989) suggested
that the base of the Cincinnatian correlates with a level some
6.5 to 10 m above the base of the Cobourg Limestone. The
magnitude of this revision of the accepted correlation be-
tween these units'is not substantially more than the stated
precision in Sweet’s (1984) conodont-based graphic correla-
tion. This interpretation accounts for the presence of a C. (D.)
spiniferus Zone fauna below the base of the Cincinnatian in
the Sebree Trough, but again does not directly address the
problem posed by the occurrence of C. (D.) spiniferus Zone
graptolites in the A. tvaerensis Zone.

All three of these alternatives are possible and others are
conceivable as well. Nevertheless, we consider a combination
of the first and third of the above-mentioned interpretations
to provide the most likely explanation for the observations
discussed here. If this is correct, it implies that the charac-
teristic elements of the C. (D.) spiniferus Zone immigrated
into the Appalachian Foreland Basin in New York and Que-
bec later than they appeared elsewhere. Several additional
lines of evidence that support this inference include:

1. Phylogenetic studies of the species of Climacograptus
indicate that C. (Diplacanthograptus) spiniferus is closely
allied to C. (Climacograptus) bicornis (Riva, 1976;
Mitchell, 1987). Indeed, VandenBerg (1990) has discov-
ered a succession of species that link C. (C.) bicornis and
C.(D.) spiniferus within the Pacific Province grapto-
lite facies of Australia, including a new species Cli-
macograptus (Diplacanthograptus) lanceolatus
VandenBerg. Yet in New York-Quebec, C. (C.) bicornis
and C. (D.) spiniferus are separated by an interval corre-
sponding to the Corynoides americanus and Orthograp-
tus ruedemanni zones (Riva, 1976; Bergstrom and
Mitchell, 1986). Climacograptus (Diplacanthograptus)
lanceolatus is not yet known from the Utica Shale but
specimens of this species do occur in the Exploits Group,
central Newfoundland (see Erdtmann, 1976, Pl. 7, figs.
B/3a, B/6a, B/6b, and B/6c) within the Corynoides ameri-
canus Zone. We have also recovered a single specimen
that may be referable to C. (D.) lanceolatus from the
Amorphognathus tvaerensis Zone, at 9.9 m in the Middle-
town core (Pl 1., fig. 43; Fig. 6), which is above the first
occurrence of C. (D.) spiniferus. VandenBerg (1990)
reports only a short interval of overlap between these two
graptolites, and this occurs in the lowermost C. (C.?7)
baragwanathi Zone. VandenBerg and Stewart (1983, Ta-
ble 1) equate the base of this Victorian zone with the base
of the O. ruedemanni Zone in New York-Quebec.

2. The Orthograptus ruedemanni Zone of the Utica Shale in
the Mohawk Valley yields a depauperate fauna of low
species diversity. Orthograptus ruedemanni and Nor-
malograptus mohawkensis are the only species that occur
commonly throughout the interval and these two occur in
great profusion on many bedding planes. The other five
or six species known to occur in this zone occur sporadi-
cally in small numbers, and nearly all are more common
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in the underlying strata. Several of the species that are
common in the Corynoides americanus Zone reappear
toward the top of the O. ruedemanni Zone or in the
succeeding C. (D.) spiniferus Zone (e.g., Dicranograptus
nicholsoni, Climacograptus (Climacograptus) caudatus,
and Orthograptus quadrimucronatus ssp.; see Riva,
1969b). Corynoides americanus also disappears in the
lower O. ruedemanni Zone and a representative of the
genus (C. ultimus) only reappears within the Genicu-
lograptus pygmaeus Zone in the upper Utica Shale
(Ruedemann, 1925; Riva, 1974; Mitchell, 1989). In con-
trast, C. ultimus appears within the lower portion of the
range of C. (D.) spiniferus in the Sebree Trough.

The pattern of occurrence of graptolites within the Utica
Shale in the Mohawk Valley suggests that the O. ruedemanni
Zone may reflect the establishment of unusual ecological
conditions in this region, producing a taxonomically impov-
erished and geographically restricted assemblage. These ob-
servations, taken together with the biogeographic and
phylogenetic data outlined above, suggest that the evolution-
ary origin of Climacograptus (Diplacanthograptus) spinif-
erus, Geniculograptus typicalis, and Corynoides ultimus may
have taken place during this interval and that the subsequent
gradual appearance of the C. (D.) spiniferus zonal assemblage
in the Mohawk Valley represents immigration controlled by
the progressive return to conditions more favourable to a
broad array of graptolite species.

One further issue regarding graptolite correlation between
the Cincinnatian Series and the strata of the Mohawk Valley
deserves comment here. The appearance of Geniculograptus
pygmaeus in shales above the top of the Cobourg Limestone
in New York (Rickard, 1973) is unlikely to be coeval with the
base of this zone in the Cincinnati region. According to
conodont data, the base of the G. pygmaeus Zone is likely to
correspond to a level in the middle part of the Cobourg
Limestone. Hence, as suggested by Hay and Cisne (1989, Fig.
2) and Bergstrom and Mitchell (1989), the non-graptolite-
bearing, upper portion of the Cobourg Limestone may be an
equivalent to the G. pygmaeus Zone rather than to the C. (D.)
spiniferus Zone as indicated by Riva (1972) and Rickard
(1973). However, at the present time we have no decisive
biostratigraphic data with which to evaluate the isochroneity
of this boundary between the two regions. In any event, the
resolution of this issue only indirectly affects the correlation
of the base the Cincinnatian Series with the New York
succession.

CONCLUSIONS

The *‘Utica Shale’” and Kope Formation of the Sebree
Trough yield a diverse assemblage of graptolites that can be
directly correlated with the classic facies of the Cincinnatian
Series. The base of the series lies within the Climacograptus
(Diplacanthograptus) spiniferus Zone as developed in this
region, about 23 m below the base of the Geniculograptus
pygmaeus Zone. We are uncertain whether the base of the C.
(D.) spiniferus Zone in the Sebree Trough sections is actually
isochronous with the base of the C. (D.) spiniferus Zone in
the Utica Shale of the Mohawk Valley. However, on the basis



of the data available, we suspect that it is not; that outside the
region of the Appalachian Basin, C. (D.) spiniferus and at least
some of the other species of this zonal assemblage (such as
Geniculograptus typicalis) range downward into rocks synchro-
nous with the older Orthograptus ruedemanni Zone in New
York. This observation, if it is confirmed, will have important
implications for the biostratigraphy, biogeography, and phylog-
eny of graptolites in this interval. Discussion of these implica-
tions, however, is beyond the scope of the present paper.

As the base of the Cincinnatian Series in its reference area
does not coincide with a graptolite or conodont zonal bound-
ary, or with any other known biostratigraphic zonal boundary,
the base of the series cannot be defined precisely on the basis
of these traditional and regionally useful zonations. In view
of this, the Cincinnatian Series in its present scope is unlikely
to be a suitable global chronostratigraphic unit. Nevertheless,
the designation of a boundary stratotype is needed to provide
a stable and definable horizon as a basis for correlation with
other regions and series. There are several alternatives, which
are as follows:

1. Define the base of the series in terms of Sweet’s (1984)
graphic correlation network as the horizon within the SRS
that corresponds to the traditional base of the series at the
base of the Kope Formation in the city of Cincinnati. This
level could then be projected to a specific section where
the boundary could be permanently fixed and accessible
to earth scientists. Recently, Sweet (1988) did this and
suggested that the Cominco Core is a suitable reference
section. However, the small diameter of this core and its
poor condition (it has already been sampled for several
different studies) make it less useful as a reference stand-
ard than a well exposed surface section. More generally,
this choice might also limit the range of correlation tech-
niques that subsequently could be used for precise corre-
lation of the Cincinnatian boundary stratotype with other
sections. There is no guarantee that any future biostratig-
raphic, magnetostratigraphic, or other time-significant
boundary will prove to be coincident with the age of the
base of the Kope Formation in Cincinnati.

2. Move the boundary slightly to coincide with the base of
a more traditional biozone such as at the base of the
Geniculograptus pygmaeus Zone or the Amorphognathus
superbus Zone. Both of these options also have disadvan-
tages in addition to their obvious advantages. The most
serious of these is that at the present time no surface
section within the region is known to expose either zonal
boundary within a continuously fossiliferous succession,
and again, we do not favour use of a core as a boundary
stratotype. Thus, we believe that selection of a boundary
stratotype for the base of the Cincinnatian Series must
await further research on the fossils and strata of its
classical reference area.
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NOTE ADDED IN PROOF

Since the completion of this paper in 1988, additional infor-
mation has become available concerning the graptolite corre-
lation of the base of the Cincinnatian Series in its type area.
In a recently drilled core (Ohio Geological Survey core No.
3020) from a site at Galbraith Road about 15 km north of the
centre of Cincinnati, Geniculograptus pygmaeus appears
about 20 m above the base of the Kope Formation (= the base
of the Cincinnatian Series). This supports our conclusion that
the known first appearance of this species in the Brent section
is well above the base of the G. pygmaeus Zone in this region.
Additional data on the graptolite correlation of the base of the
Cincinnatian Series, including the position of this level in
terms of the Australian standard graptolite succession, have
been presented by us in a recently published paper (Journal
of Paleontology, v. 64, p. 992-997).
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PLATE1

Representative graptolite specimens from the Orthograpius ruedemanni, Climacograptus spiniferus,

and Geniculograptus pygmaeus zones of the ‘“Utica Shale’” and Kope Formation in the Cook Farm, New
Point, Beiser, and Middletown cores. Locality designations as in Figure 1; stratigraphic horizon given in
meires above the top of the Trenton or Lexington limestones (e.g., ‘‘M43.5”’ indicates a specimen from
43.5 m above the top of the Lexington Limestone in the Middletown core).

Geniculograptus pygmaeus Zone

Figure 1.
Figures 2-4.
Figure 5.
Figure 6.
Figures 7, 8.

Figures 9-12.

Geniculograptus typicalis typicalis
(Hall), CF68.8, x8

Geniculograptus pygmaeus (Ruede-
mann), NP70.0, NP64.0, NP69.9, re-
spectively, x8

Dicellograptus sp. CF84.8, x8

Climacograptus (Diplacanthograptus)
spiniferus Ruedemann, CF79.4, x8

“Glyptograptus’® lorrainensis (Ruede-
mann), NP71.6, x§

Normalograptus sp. nov., figs. 9-11
from NP67.9, fig. 12 from CF88.5.

Climacograptus (Diplacanthograptus) spiniferus

Zone

Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 18.
Figure 19.

Figure 20.

Figure 21.

Figure 22.
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Dicranograptus sp. cf. D. nicholsoni
Hopkinson, NP47.5, x5

Dicellograptus flexuosus Lapworth,
NP48.7, x5

Dicellograptus sp. cf. D. patulosus Lap-
worth, NP 38.7, x5

Orthoretiolites hami Whittington,
CF39.4, x8

Corynoides ultimus Ruedemann,
CF57.7, x8

Orthograptus quadrimucronatus
(Hall), CF33.3, x5

Climacograptus (Diplacanthograptus)
sp. cf. C. (D.) spiniferus Ruedemann,
NP56.4, x8

Climacograptus (Climacograptus) sp.
cf. C. (C.) caudatus Lapworth, NP46.7,
x14

Normalograptus sp. nov., NP56.4, x5

Figure 23. Cryptograptus insectiformis Ruede-
mann, NP49.4, x5

Figure 24. Orthoretiolites sp., NP43.6, x8

Figure 25. Climacograptus (Diplacanthograptus)
spiniferus Ruedemann, CF37.8, x5

Figure 26. Amplexograptus sp. aff. A. tardus (T.S.
Hall), NP38.7, x5

Figure 27. Geniculograptus typicalis typicalis

(Hall), CF64.4, X5.
Orthograptus ruedemanni? Zone

Figure 28. Corynoides ultimus Ruedemann,
NP15.0, x8

Figures 29, 30, 39. Orthograptus ruedemanni (Gurley),
figs. 29 and 30 from M31.2 and fig. 39
from M30.2, x5

Figure 31. Dicranograptus sp. cf. D. nicholsoni
Hopkinson, CF26.7, x5

Figure 32. Dicranograptus sp. cf. D. kirki Ruede-
mann, CF7.3, x5

Figure 33. Orthograptus sp. aff. O. calcaratus
basilicus Lapworth, M33.3, x5

Figure 34. Normalograptus sp. cf. N. mohawkensis
(Ruedemann), NP26.9, x14

Figure 35. Orthograptus quadrimucronatus
(Hall), CF34.0, x5

Figures 36, 37. Geniculograptus typicalis

Figure 40. Cryptograptus insectiformis Ruede-
mann, NP26.8, x5

Figure 41. Orthograptus amplexicaulis (Hall),
NP36.5, x5

Figure 42. Climacograptus (Diplacanthograptus)
sp. cf. C. (D.) spiniferus, NP 13.2, x8

Figure 43. Climacograptus (Diplacanthograptus)
sp. ¢f. C. (D.) lanceolatus VandenBerg,
M9.9, x5.
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Contributions of 19th century Canadian geologists to
the adoption of the Ordovician System

Ellis L. Yochelson1

Yochelson, E L., Contributions of 19th century Canadian geologists to the adoption of the Ordovician
System, in Advances in Ordovician Geology, C.R. Barnes and S.H. Williams (ed.), Geological Survey of
Canada, Paper 90-9, p. 79-84, 1991.

Abstract

Ever since Billings established the correct stratigraphic position of the Quebec Group, Ordovician
rocks have been important to Canadian geologists. The first usage of the term Ordovician in the New World
was by Hunt in 1883. In several of his papers, he publicized this new division of the geological column.
Although there was no international consensus on the usage, the Geological Survey of Canada recognized
the time interval in about 1888, it was designated as Cambro-Silurian. In 1891, Sir William Dawson was
the first to use the term Ordovician in an American textbook. These actions by Canadian geologists
collectively influenced general acceptance of that new system.

Résumé

Depuis I établissement, par Billings, de la position stratigraphique correcte du groupe de Québec, les
roches ordoviciennes revétent une importances pour les géologues canadiens. Hunt est le premier d utiliser
le mot «Ordovicien» dans le Nouveau Monde en 1883. Il mentionne cette nouvelle division de I'échelle
stratigraphique dans plusieurs de ses rapports. Malgré I absence de consensus international sur I usage,
la Commission géologique du Canada reconnait cet intervalle de temps, appelé « Cambro-Silurien», vers
1888. En 1891, sir William Dawson est le premier a se servir du mot Ordovicien dans un manuel américain.
Ces mesures prises collectivement par les géologues canadiens incitent a I’acceptation générale de ce

nouveau systéme.

INTRODUCTION

The important contributions made by Canadian geologists to
acceptance of the Ordovician System, proposed by Charles
Lapworth in 1879, have not been summarized. By almost any
measure one can apply, these workers were quicker to recog-
nize the merits of this new system and to use it than were their
far more numerous colleagues south of the border. It is not
evident why this should be. One may speculate that during
the last half of the 19th century, Canadian geologists were
more preoccupied with the eastern part of their country than
were their counterparts in the United States. Thus, they were
more influenced by the rocks which eventually came to be
designated as Ordovician in age, but it seems almost too facile
an explanation.

THE SIGNIFICANCE OF BILLINGS
(1820-1878)

Elkanah Billings has never received proper recognition for
his insight in stratigraphic paleontology. He was the equal of
James Hall in this regard, and in one important event was right
when Hall was wrong. In the history of American geology,
the age of the Quebec Group forms an important episode
(Merrill, 1924, p. 412). Although these Quebec rocks were
“‘Silurian’’ in the 1860s, the sequence was intimately in-
volved in the arguments over the validity of the Taconic
System. Sir William Logan, originally Provincial Geologist
and subsequently the first Director of the Geological Survey
of Canada, had established a sequence of rocks along the St.
Lawrence River. However, after carefully studying the fossils

I' Department of Paleobiology, National Museum of Natural History, Washington DC 20560 U.S.A.
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which had been collected, Billings, paleontologist of the
Survey, concluded that the sequence, as given by Logan, was
in error. Billings worked with a small number of fossils, a
paucity of literature, and the still limited knowledge of the
European succession; his conclusion was brilliant.

Logan was swayed by the paleontological evidence that
Billings had marshalled. As a result, he produced a structural
solution to explain an inverted sequence (Eagan, 1987). This
episode was one of the first in the New World whereby
paleontological data was critical in identifying a major tec-
tonic feature. Logan’s Line stems directly from biostratig-
raphic investigation of Ordovician fossils. The problem of the
age of the Quebec Group indicated the importance of corre-
lation of relatively small divisions of geological time. A
generation earlier, this structure would have passed unnoticed
within the thick mass of enigmatic ‘‘transition’’ rocks.

Although Billings died a year before the term Ordovician
was introduced, his investigations had laid a strong founda-
tion for that systemic division. In spite of the complexities of
the Quebec Group problem, it soon became evident that rocks
of Murchison’s “‘Lower Silurian’’ were widespread and com-
monly quite fossiliferous in Canada. Both in quantity and
what might be called quality, they outshadowed the outcrop
areas of Great Britain and the Continent.

THE ROLE OF HUNT (1826-1892)

T. Sterry Hunt, geochemist and synthesizer, wrote exten-
sively, both in his particular specialty and in many other
aspects of geology; by the same token, reams could be written
about him. Hunt began his professional life in 1847 as a
chemist and mineralogist with the Geological Survey of
Canada, remaining with the organization for a quarter of a
century (Boyle, 1971). He had an illustrious career as the first
geochemist in Canada, though a bit of the lustre he cast has
faded. Hunt was a leading light in the new Royal Society of
Canada when it was formed, and presented a long paper on
May 23, 1883, which was printed the same year. A small part
is quoted below.

““The name of Ordovician (sometimes contracted to Or-
dovian) which we have introduced in this table was proposed
by Lapworth in 1879 to designate the group of paleozoic
rocks found in Wales between the base of the Lower Llan-
dovery and the base of the Lower Arenig ... This new
division is convenient in American geology from the fact that
itincludes the group of strata between the base of the Silurian
(Oneida) sandstone and the base of the Chazy limestone; the
latter together with the Trenton, Utica and Loraine divisions
being equivalent to the Ordovician’’ (Hunt, 1883, p. 223). In
the table mentioned in the quotation, Ordovician is listed with
(Upper Cambrian) in smaller letters below it, presumably
indicating use as a synonym. Cambrian is below Ordovician
and Taconian is below that (see Table 1).

For some years, the annual reports of the Smithsonian
Institution included accounts of the latest developments in
various fields of science. Hunt was asked to prepare the
summary on geology for both 1882 and 1883. In his first
summary for the Smithsonian, Hunt also used the term
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Ordovician. After discussing Lapworth’s work briefly and
the application of his new term in Europe, Hunt (1884, p. 334)
noted, ‘‘The base of the Ordovician, as thus defined, is
marked by a great stratigraphical break, attendant on conti-
nental movements, in eastern North America.... Similar strata
of Ordovician age, as long since pointed out, are found in
eastern Canada, apparently dipping beneath the older Cam-
brian (Quebec group), in which they were by Logan included
.... Researchers in Canada and in Vermont have long since
shown that in this greatly disturbed and involved belt are
included fossiliferous strata, holding all three of the great
lower Paleozoic faunas, Cambrian, Ordovician, and Silu-
rian.”’

In the second Smithsonian report, Hunt (1885, p. 451)
wrote: ‘‘While in the Adirondack area there is a break, both
paleontological and stratigraphical, between the Cambrian
and the Ordovician, which begins in some places with the
Chazy and in other with the Trenton, we have, according to
the late studies of Walcott in Nevada, a gradual passage from
the Cambrian to the Ordovician (Lower Silurian or second
fauna of Barrande).”” He then went on to quote one of
Walcott’s statements, preliminary to Walcott’s Eureka [Ne-
vada] Monograph of 1884. This part of Hunt’s suwrvey is
followed by atext centre heading of *‘Silurian, Cambrian, and
Taconian,”” and within that section of the paper, the term
Ordovician is used in the same table published in 1883.

Four years after his first use of the term Ordovician, Hunt
(1887) referred to his original table and stated: ‘‘In the tabular
view above noticed the writer attempted to introduce for the
first time into American geology the term Ordovician pro-
posed by Lapworth in 1879 for the group of strata between
the proper Silurian of Murchison and the undisputed Cam-
brian of Sedgwick, which, though by the latter named Upper
Cambrian, has been alternately called by others Lower Silu-
rian, Siluro-Cambrian, and Cambro-Silurian, and includes
the Chazy, Trenton, Utica, and Loraine subdivisions of the
New York system. The name of Ordovician has since been
adopted by many British and European geologists, and is now
used by Mr. Charles D. Walcott, of the United States Geo-
logical Survey.”

Had it not been for the traditional delay of the United
States Government Printing Office, the Smithsonian Annual
Report might have come out before the Transactions of the
Royal Society of Canada. However, whether it was in 1883
or 1884, or whether it was published in Canada or the United
States that Ordovician was first used in America, are small
matters; the credit for first usage of the term Ordovician in
the New World without question goes to T. Sterry Hunt.

Employment of the general term Ordovician in the litera-
ture and the boundaries that were associated with this new
unit are necessarily interrelated, but are two distinct issues.
For Hunt, the upper boundary of the system was not generally
different from that recognized today. However, the Calcifer-
ous, loosely the Early Ordovician of current usage, was
considered part of the Cambrian. Hunt suggested adoption of
the term Ordovician at first on the notion of a major stratig-
raphic discontinuity in the eastern United States; almost
immediately more continuous sections were noted in the



Table 1. Table showing the stratigraphical relations of the taconic rocks

Eaton’s Nomenclature (1832.) Later Names.
Corniferous Lime-rocK........coouevverervennns Upper Helderberg............... Devonian.
3.
{ Geodiferous LIme-rock........ceosmicrenens [T 1c: HO——
g
“E |2 Millstone-git.. } Second Oneida — Medina............. Silurian.
T
1. Graywacke-siate J Graywacke.
Utica — Loraine.......o....
_
MEtallferous Lime-rOCK......rervrveer Chazy — Trenton............ Ordovician.
3. (Upper Cambrian)
Sparry Lime-rock. Calcifer. Sand-rock.
=G Millstone-grit... First Upper Taconic. Cambrian.
8 2. G K {Middle and Lower Cambrian)
= Graywacke-slale raywacke. Quebec Group)
1. LN 111 R
3. Granular Lime 100K .o Lower Taconic. Taconian.
=
_§ 2. Granular Quanz-rocK.......c...uveveees tacolumic Graup)
= g 1 Gneiss and other Crystalline Rocks.........
g { Huronian. Montalban.
|
Laurentian. Norian. Arvonian.
Modified from Hunt (1883)

western United States, but the new data did not cause him to
abandon the concept of this system. He continued to use the
term Ordovician as appropriate in his writings, and his advo-
cacy must have had a strong effect on the geological commu-
nity. The boundaries that Hunt originally indicated seem to
have been those that prevailed when the term Ordovician
came into general use; only later was the lower boundary
moved downward, and that mainly was because the Upper
Cambrian faunas became better known.

THE INACTION OF THE CONGRES
GEOLOGIQUE INTERNATIONAL

The first international assembly of geologists stemmed di-
rectly from a meeting at the American Association for the
Advancement of Science in 1876; Hunt formally introduced
the motion for an international congress. As a member of the
American Committee, he served as a ‘‘sparkplug,’” in pro-
moting the 1878 Congress in Paris. The success of this
original international gathering of scientists served as an

inspiration for international meetings in other disciplines and
provided a model for their organization. Ordovician rocks
were not of particular interest to Hunt, and it might have been
his exposure to European and British geologists at the ses-
sions of the Congress and his aim to be known as an interna-
tionalist which led to his use of the term in his 1883
monograph.

From its inception, the Congress was concerned with
divisions of the geological column and their appropriate
nomenclature (Hughes, 1891). As is so common with many
bodies, the Congress appointed a Commission to consider
and report later. At the second Congress, in Bologna in 1881,
it was decided that a geological map of Europe should be
compiled and there was general agreement on the stand-
ardization of map colors to use for certain rocks. At the Berlin
Congress of 1885, considerable discussion ensued concern-
ing the units to be recognized on the European map. The term
Ordovician was discussed, but it was finally agreed that for
this map, Silurian in a broad sense was the most appropriate
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term. If various other views that were presented in 1884 had
prevailed, the oldest parts of the Paleozoic geological column
might have been named Taconic, Cambrian, and Bohemian.

At the 1888 London Congress, one of the three principal
topics of discussion was the issue of classification of the
Lower Paleozoic. The deaths of both Sedgwick and Mur-
chison had not clarified the situation as much as one might
have expected. There was extended discussion, but ultimately
President J. Preswick (1891, p. 53) summed it up by indicat-
ing that the status quo of Cambrian, Lower Silurian and Upper
Silurian would be maintained. The Congress also continued
its international commission on nomenclature; it was early
recognized by the Congress that the principle should be one
vote per country. Robert Bell was the representative for
Canada, but seemingly took no part in the discussions con-
cerning the lower Paleozoic.

The fifth session of the Congress was in 1891 in Wash-
ington. The word Ordovician does not appear in the Compte
Rendu. Perhaps even more interesting than this official ac-
count is a local guide for the Congress visitors — later
republished in the proceedings — which included a section
on geology of the region (McGee, 1891); in that, Lower
Silurian is used. In fact, it was not until the Copenhagen
meeting of 1960 that the International Geological Congress
finally adopted the term Ordovician as it is used today. The
various working groups and subcommissions of the present-
day Commission on Stratigraphy move slowly, but one hopes
not that slowly!

THE ACTION OF THE GEOLOGICAL
SURVEY OF CANADA

One important development may have stemmed from the
1888 Congress. Although Alfred R.C. Selwyn, who since
1869 had been the second Director of the Geological Survey
of Canada, was not present, he might have been indirectly
influenced by its action, or rather its lack of resolution, in the
stratigraphic deliberations. So far as one can determine, there
was tacit recognition among many of the geologists present
in London, though not necessarily the most outspoken ones,
that division of Murchison’s Silurian into the Upper and
Lower was not the most appropriate or convenient terminol-
ogy. One serious problem was the lack of consensus at the
Congress that adoption of Lapworth’s terminology was in-
deed the most satisfactory solution to the nomenclature issue.

Some time shortly after the London Congress, the Geo-
logical Survey of Canada used the term Cambro-Silurian in
its publications. This was not a term lumping the Lower
Paleozoic, but was the formal designation for a middle divi-
sion between Cambrian and Silurian. The term was not
unique to Canada and had been used earlier. Nevertheless,
organizational usage may carry more weight than mention in
a paper. Now, it 1s a truism that an organization does what the
head of it desires, or at least it does not do what the head is
opposed to. Any way the problem is approached, Selwyn
deserves credit for allowing publication of the term. The term
Cambro-Silurian was in use in official Canadian publications
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at least until after the death of George Mercer Dawson who
succeeded Selwyn; Zazlow (1975, p. 200 C) provides an
interesting example in Quebec of its usage on a map.

At precisely what date the term Cambro-Silurian came
into the official glossary is difficult to determine, for the
Geological Survey of Canada had no special committee to
render and formalize stratigraphic decisions. This term was
certainly used and well known a decade or less after Lap-
worth’s proposal. James Dwight Dana was aware of the need
for greater precision in the geological column, but he was
much torn on the issue of ‘‘justice’” to Sedgwick and to
Murchison and seemingly approved of Selwyn’s approach.
“With regard to the Lower Silurian, the term Cambro-Silu-
rian, which is used already by the Canadian Survey, might
serve, supposing another name needed, if its signification
accorded with geological usage. It means, as employed in
Canada, a formation that is neither Cambrian nor Silurian, but
which lies between the Cambrian and Silurian formations’’
(Dana, 1890, p. 235). However, for some reason, Dana judged
the term to be out of harmony with other compound period
words then in usage. That he added this note to a paper already
published shows that it was no later than 1890 when Selwyn
authorized use of the term.

A particularly important Geological Survey publication
during this interval was that of Ells (1888). It included a
reconsideration of the Quebec Group and further focused
attention on a classic American area of Ordovician rocks and
fossils. This probably was the first Canadian work to use the
term Cambro-Silurian and it may have been the one which
caused the Director to make a decision on nomenclature. In
a review of this report, Walcott, (1890, p. 102) equated the
Cambro-Silurian with the Ordovician. [When Walcott
touched on this term in his own writings during the 1880s and
early 1890s, he rendered it as ‘‘Lower Silurian (Ordovi-
cian).”’]

One may contrast the approach of the Geological Survey
of Canada under Alfred Selwyn with that of the United States
Geological Survey under John Wesley Powell. On several
occasions, there were efforts in Washington to standardize
the use of stratigraphic nomenclature. In the spring of 1888,
among other dicta issued on stratigraphy, was the note that
Cambrian was to be followed by Silurian. The Ordovician
System was not accepted by the U.S. Geological Survey until
1903, a year after it was adopted by the Geological Survey of
Great Britain.

THE INFLUENCE OF DAWSON (1820-1899)

If Dana is one of the patriarchs of geology in the United
States, especially in the academic field, John William Daw-
son has to be accorded the same role in Canada. Like Dana,
Sir William wrote a major text which also went through four
editions. Technically, Dawson’s book really went through
two editions; the third included new data in an appendix of
about 100 pages and the fourth, with a minor change in title,
added another shorter appendix to the first. In the second



edition this work could be said to be comparable to Dana’s
Manual of Geology, but it was rather more of a compendium
than a classroom book.

The large size of Canada and the few geologists in the
country might lead one to expect that investigations would
have lagged behind those of Great Britain. This is not correct,
for by the time of his second edition in 1868, Dawson already
had a fossiliferous base to his geological column, consisting
of the rocks in Newfoundland and their presumed unfossilif-
erous equivalents in New Brunswick. In the next edition, in
1878, Dawson used the heading ‘“Cambrian’’ in an even more
modern sense, whereas Dana (1879) placed the Cambrian as
a subdivision of the Lower Silurian.

Dawson also made interesting comments under the head-
ing of “‘Lower Silurian.”” *‘In the second edition of Acadian
Geology, following, though under protest, the Murchisonian
nomenclature, then current in both England and America, and
adopted by the Canadian Geological Survey, lincluded under
this head all the fossiliferous rock older than the Upper
Silurian. If, however, we restrict the term Lower Silurian to
that geologic group of which the great Trenton formation in
America and the Bala in England are the main and typical
members, and which contain what Barrande has called the
‘second fauna,” then we have as yet no certainly determined
fossiliferous group of this age in Acadia; and there seems
little doubt that the great Lower Silurian fossiliferous lime-
stones are absent, as they appear also to be in Newfoundland’’
(Dawson, 1878, p. 78 appendix). At least, this gives both a
clear idea of the correlations of the time in Canada and an
indication that the second fauna of Barrande marked a distinct
interval.

Dawson, like Dana, could keep up with the times, though
his viewpoint was different. In his supplement, Dawson
(1891, p. 24) follows a summary of ‘“The Silurian’’ by two
pages on ‘‘The Cambro-Silurian, or Ordovician’’ and this in
turn is followed by ‘‘The Cambrian.”” Lapworth is not men-
tioned, and what reason there is for the change in nomencla-
ture is given in two sentences. ‘“With the incoming of this
age, a more marked distinction occurs in America between
the marginal and plateau-deposits. This had previously ap-
peared in the Cambrian, and became more distinct in the Erian
[Devonian] and Carboniferous, but it is somewhat peculiar as
between the marginal and submarginal area and those inland
in the period on which we now enter.”’ In a table of Acadian
rocks and correlations to England, Dawson (1891, p. 36) uses
Ordovician as a centre heading, with Silurian above and
Cambrian below. For this, he should receive credit as the first
in the New World to introduce Lapworth’s term into a geo-
logical textbook. In the final edition of his textbook, publish-
ed the year after his death, Dana (1895) still did not use the
term Ordovician in the stratigraphic column.

DISCUSSION

One searches in vain through the journal literature of the
1890s in North America for any extended discussions either
championing or rejecting the concept of Ordovician. A few
United States geologists indicated they saw no need for it, but

in the main, the term was ignored. It is nearly as fruitless to
look for its use in a stratigraphic paper. The first decade of
the Bulletin of the Geological Society of America indexes this
term only three times. The Journal of Geology records it little
more during the same interval. None of these usages are for
rocks in Canada. The American Geologist was even later than
these two journals to publish an article using the term Ordo-
vician in the text.

During the 1880s, geologists in North America devoted a
great deal of discussion to the issue of acceptance or rejection
of the Taconic System. It seems to have worn out the subject
of stratigraphic nomenclature for some time. That might
explain why, during the 1890s, there was a dearth of argument
as to the merits or disadvantages of utilizing the term Ordo-
vician. The absence of any public discussion or strong pro-
ponent during this time casts a veil over the process of
acceptance of this term. In North America, acceptance of the
term Ordovician ‘‘just happened.’” This lack of even a basis
for speculation regarding the process of acceptance is exceed-
ingly frustrating, for all later proposals to significantly mod-
ify the geological column have been unsuccessful. It would
be interesting to know if there was any logical process as to
why it was accepted and why Erian, Ozarkian, and a host of
other proposed systems have been generally rejected by the
profession.

The term Ordovician was not so much a new scientific
idea, in the same way that plate tectonics might be judged a
new idea, as it was a change in general terminology. Lower
Silurian rocks were distinct and were well known in North
America long before the term Ordovician appeared. In a
sense, with that geological basis, it required only a bit of extra
attention to raise these rocks to the prominence they deserved
as a separate system. If there were any persons who should
be singled out to deserve our appreciation for leading this
effort, they are Hunt and Dawson.
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Abstract

The determination of accurate and precise U-Pb zircon ages for Ordovician felsic igneous rocks has
been difficult due to the presence of invisible cores of inherited Proterozoic zircon in newly grown magmatic
zircon. Techniques pioneered at the Royal Ontario Museum, including hand picking of each zircon to be
analyzed, low Pb-blank chemistry to permit a significant reduction in sample size, and abrasion to minimize
or eliminate secondary Pb-loss have been invaluable in dealing with multiple age zircon populations. U-Pb
zircon ages for rhyolites of 473 +3/-2 Ma for the Buchans Group (with latest Arenig-earliest Llanvirn
conodonts), 473 +1-2 Ma for the Roberts Arm Group and 469 +5/-3 Ma for the Cutwell Group (with early
to middle Llanvirn conodonts) have been obtained. These demonstrate age correlation of the groups and
the potential for isotopic-fossil age correlation in volcanic arc sequences.

Tonalite of a major batholith in southwestern Newfoundland is 456 +/-3 Ma old, exactly coeval with
isotopic ages of early Caradoc bentonites in Sweden and Kentucky. The La Poile Group, a major felsic
volcanic sequence, is of Silurian age (420 +8/-2 Ma), and contains inherited Proterozoic zircon. It is not
Ordovician in age as previously reported.

Résumé

La datation exacte et précise par la méthode U-Pb sur zircons de roches ignées felsiques ordoviciennes
s’ est avérée difficile en raison de la présence de zircons protérozoiques hérités sous forme de noyaux
invisibles dans le zircon magmatique a croissance récente. Les nouvelles techniques mises en oeuvre au
Musée royal de I’ Ontario, notamment le prélévement manuel de chaque zircon & analyser, une réduction
importante des échantillons rendue possible par le faible nombre de blancs de Pb et I'abrasion pour
minimiser ou éliminer la perte secondaire de Pb, se sont révélées inestimables pour traiter les populations
de zircon d' dges multiples. On a daté par la méthode U-Pb sur zircons des rhyolites de 473 +3/-2 Ma du
groupe de Buchans (avec des conodontes de la toute fin de I’ Arénigien et du tout début du Llanvirnien),
des rhyolites de 473 +/-2 Ma du groupe de Roberts Arm et des rhyolites de 469 +5/-3 Ma du groupe de
Cutwell (avec des conodontes du Llanvirnien inférieur a moyen). Ces datations permettent de corréler ces
groupes et d’établir la possibilité de corrélations de datations isotopiques dans les séquences d arc
volcanique.

La tonalite d’ un important batholite dans le sud-ouest de Terre-Neuve date de 456 +/-3 Ma; elle est
donc exactement contemporaine avec les bentonites du Caradocien inférieur en Suéde et au Kentucky. Le
groupe de La Poile, une importante séquence volcanique felsique, remonte au Silurien (420 +8/-2 Ma)
avec du zircon protérozoique hérité, et non pas a I’ Ordovicien comme on I’a précédemment indiqué.

1 R(le%agr)n(lgnt of Earth Sciences, Memorial University of Newfoundland, St. John's, Newfoundland
2 Department of Geology, Royal Ontario Museum, 100 Queen’s Park, Toronto, Ontario M5S 2C6
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INTRODUCTION

Calibration of the geological time scale by isotopic dating of
igneous units interstratified with fossiliferous sedimentary
rocks is of fundamental importance to the earth sciences. In
the assessment of orogenic processes operative in the history
of the Appalachian-Caledonian Mountain Belt, it is critical
that the age of igneous and metamorphic rock units can be
compared directly to the stratigraphic age of sedimentary
rocks.

Rb-Sr age determinations have in general been unreliable,
likely due to the migration of Sr and Rb in late magmatic or
alteration fluids. The resulting ‘‘mixichrons’’ can be as much
as 50 or 100 m.y. older or younger than the true age of
crystallization, based on a comparison of results from rocks
in Newfoundland, Nova Scotia, Scotland, and Norway (e.g.,
Dunning et al., 1987, 1990). Ar-Ar ages record the age at
which the analyzed mineral cooled through its blocking tem-
perature and thus may be significantly younger than the age
of crystallization in plutonic rocks. These provide valuable
data on the cooling history of an intrusion or metamorphic
assemblage, but not the primary age. Recently reported Ar-Ar
(sanidine, biotite) results from bentonite beds in Kentucky
and Sweden are in agreement with concordant zircon ages
from the same beds (Kunk et al., 1988) and it is clear that
Ar-Ar data provide reliable ages where suitable fresh miner-
als are preserved in eruptive units.

U-Pb ZIRCON GEOCHRONOLOGY

The U-Pb zircon geochronological technique has several
advantages over other methods used to date crystallization of
igneous rocks, and has become the standard against which
results from other dating techniques are judged. These advan-
tages include the resistance of the mineral zircon to alteration
and metamorphism and the fact that, during crystallization,
U is accepted into the crystal lattice but Pb is not. This means
that the zircon is an ‘‘empty box’” at the time of setting of the
isotopic clock, and the Pb content measured in high quality
zircon is virtually entirely radiogenic; the ideal case for
geochronology. A further advantage is the existence of two
independent chronometers; 235U - 207pb and 238U - 206pp,
The resulting ages can be compared and, if they differ (are
discordant), a determination of the degree of Pb-loss or dis-
turbance of the system can be made.

The accuracy and precision of a U-Pb age determination
are dependent upon:

1. The accuracy and precision of the measurement of the
isotopic ratios. Accuracy is assessed by repeated measure-
ment of standards; precision is a function of the amount
of the element present, the stability of the ion beam, and
other physical factors. It is assessed by calculations of
means, standard deviations, and reproducibility through-
out a determination,

2. The ratio of radiogenic Pb to common Pb. A high ratio
minimizes the uncertainty in the correction for contami-
nant common Pb in the analysis. This common Pb occurs
in altered domains, inclusions and on the surfaces of the
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zircon grains, and as common Pb contributed through the
laboratory procedures, especially in reagents. Measure-
ment and laboratory procedures will not be covered in this
paper except as the latter directly relate to the determina-
tion of reliable ages for the Ordovician rocks discussed
below.

3. The distribution of data points on the concordia diagram.
The distribution is a function of several properties of the
zircons analyzed, and the interpretation of many data sets
is not straightforward.

Interpretation of U-Pb data arrays

In the simplest case of high quality zircon that has not
undergone Pb-loss since crystallization, data points will fall
on the concordia curve (Fig. 1; example A), the locus of all
concordant ages on the common concordia diagram (Faure,
1986). This simple result is rarely attained from the analysis
of large fractions. Improved techniques for the selection of
the highest quality grains using a magnetic pin under the
microscope (Krogh, 1982a), and abrasion of these grains,
which might have undergone Pb-loss, to remove outer sur-
faces and altered domains (Krogh, 1982b), have resulted in a
larger proportion of concordant analyses.

To obtain an analysis of the smaller amount (about 0.20
to 0.05 mg at Ordovician age) of high quality zircon obtained
with these procedures, improvements have been made in
chemistry and measurement techniques. Laboratory Pb
blanks have been reduced to the 2-5 picogram (pg = 107!2g)
range so that high ratios of radiogenic Pb:common Pb are
maintained despite the analysis of smaller amounts of sample

206 Pb

/ 207Pb
235U

Figure 1. Generalized concordia diagram showing three types
of data arrays that yield valid ages. A. duplicated concordant
points; B. simple discordia or “Pb-loss” line; C. mixing line.
See text for discussion.




Pb. At the same time, the development of commercial mass
spectrometers with extended geometry has led to a four- or
five-fold increase in ion transmission. This has, to a certain
degree, counterbalanced the decrease in the amount of sample
Pb measured so that an acceptable measurement precision is
maintained.

Analyses from a single age igneous zircon population in
some cases yield a linear array defining a Pb-loss trajectory
(Fig. 1, example B). The upper intercept of this discordia line
with the concordia curve indicates the age of crystallization.
In these cases, the uncertainty regarding the age is related to
the measurement uncertainty of each analysis, because these
propagate through to uncertainty on the slope of the line. A
discordia line without a point near concordia will yield a
larger uncertainty on the upper intercept age. A fraction of
highest quality abraded zircon is always analyzed to provide
adata point as close to concordia as possible in order to reduce
the uncertainty that results from projection to the concordia
curve, This has been carried out in all the examples presented
below.

Because of the refractory nature of zircon, many magmas
produced by partial melting of continental crust or sediment
contain an inherited zircon component. In many Ordovician
rocks of the Appalachian-Caledonian Mountain Belt, a com-
ponent of inherited Proterozoic zircon is present as discrete
rounded cores enclosed in newly grown euhedral magmatic
zircon. These must be recognized and properly dealt with if
a valid crystallization age is to be obtained. It is now clear
that, because of the failure to recognize inherited zircon,
many published U-Pb zircon ages of Paleozoic rocks are
invalid. If core material is present, it is critical that all frac-
tions analyzed be of highest quality zircon, with no cracks or
inclusions, that has been strongly abraded to minimize or
eliminate secondary Pb-loss. The data points will define a
mixing line (Fig. 1, example C) between the average age of
inherited zircon at the upper intercept with concordia, and the
age of magmatic overgrowths at the lower intercept. If un-
abraded zircon or poor quality grains are included in the
analysis, they may cause the data point to fall below the
correct line as a result of secondary Pb-loss. If included in the
linear regression, an invalid lower intercept age would result.
Where inheritance is present in a sample, it may be possible
to select needle-like zircon free of inherited cores for separate
analysis. As an alternative, magmatic monazite or titanite can
be analyzed, and these should plot on concordia at the lower
intercept of the mixing line. However, it must be considered
that under certain geological conditions these minerals could
yield ages truly younger than the correct zircon age. Whatever
the complexity of the zircon population in an igneous rock, it
should be possible to determine an accurate and precise age
of crystallization by paying attention to the details of mor-
phology and selecting for analysis only the highest quality
zircon.

U-Pb zircon ages of Ordovician rocks:
Newfoundland Appalachians

Determination of the ages of stage boundaries in the Ordovi-
cian is hampered by the fact that the most complete fossilif-
erous sections in sedimentary basins have few interstratified
volcanic horizons, while the volcanic arc sequences only
rarely preserve strata containing diagnostic fossil assem-
blages. As part of a program of U-Pb zircon age determina-
tions of volcanic and plutonic rocks from allochthonous
remnants of the Iapetus Ocean, ophiolites and volcanic rocks
that are interbedded or associated with fossiliferous strata
were dated. These data provide some information to constrain
the Ordovician time scale.

Analytical procedures

The results presented below are all relevant to a discussion of
the Ordovician System. Some have been presented pre-
viously, along with details of procedures. Our analytical
techniques have improved significantly since 1982 and this
section presents only a generalized discussion that applies to
all results. Further details of our present procedures can be
found in Corfu and Ayres (1984) and Dunning and Pedersen
(1988). Zircons were separated under clean conditions using
standard techniques of crushing and mineral separation with
a Wilfley table, Frantz isodynamic separator, and heavy
liquids. They were then processed into magnetic and size
fractions for which the nomenclature is explained in Table 1.
Zircons were dissolved and the Pb and U separated by the
method of Krogh (1973), with modifications. A mixed 2V5Pb-
235y isotopic tracer (Krogh and Davis, 1975) was introduced
into the Teflon capsules with the zircon and 0.5-1.0 mi HF
and 5 drops 6N HNO; for dissolution, which was accom-
plished in an oven at 220°C in five days. U and Pb were
separated on standard (1982-1984) or miniaturized ion ex-
change columns (one-tenth of previous resin and reagent
volumes) using standard procedures, and loaded on Re fila-
ments using H;PO, and silica gel. Analyses were performed
on a MM 30 or VG 354 mass spectrometer with ratios
measured in the temperature range 1400 to 1600°C. A single
Faraday cup was used for larger samples, except for the
207pp-204pb ratio. However, for several small samples, a Daly
detector was used for all measurements.

For the Cutwell and La Poile group analyses, uncertainties
in the isotopic ratios were calculated using the error propaga-
tion procedure of Ludwig (1980). The other analyses were
performed in 1982-1984 and were assigned uncertainties
based on estimated overall reproducibility. The discordia
lines, intercept ages and uncertainties (95% confidence inter-
val) were calculated using the program of Davis (1982).
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Betts Cove Complex-Snooks Arm Group

Zircons separated from gabbro of the Betts Cove ophiolite
complex (Fig. 2) were clear, coarse, dark to light brown
anhedral fragments. Four fractions analyzed defined a short
colinear array, with the best abraded fraction only 1% discor-
dant (Fig 3A; Table 1) and yielded an age of 489 +3/-2 Ma
(Dunning and Krogh, 1985). Immediately overlying the com-
plex are tuffs, lavas, and sedimentary rocks of the Snooks
Arm Group, from which a limited graptolite fauna was ob-
tained that indicates a middle Arenig age (Snelgrove, 1931).
This age was challenged as being based on ‘‘slight’” paleon-
tological evidence (Ross et al., 1978) in a paper that reviewed
evidence that could constrain the Ordovician time scale. A

new collection of material from this sample locality (Wil-
liams, 1989) has yielded a graptolite fauna characteristic of
the lower part of the D. bifidus Zone of Williams and Stevens
(1988). Although these lower middle Arenig strata must be
slightly younger than the dated underlying gabbro of the
ophiolite, it is considered that they are close in age.

Buchans-Roberts Arm-Cutwell groups

These three stratigraphic packages of volcanic rocks with
interbedded sedimentary rocks occur from central to north-
central Newfoundland and are allochthonous and structurally
imbricated remnants of an island arc of the Iapetus Ocean.
The Buchans, Roberts Arm, and Cutwell groups were considered

.

* La Poile
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Figure 2. Map of Newfoundland showing distribution of the units discussed in the text and sample locations.
Inset map shows area of Newfoundland covered in main map.
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Figure 3A. Concordia diagram for the Betts Cove gabbro.
B. Concordia diagram for the Buchans Group rhyolite.
C. Concordia diagram for the Roberts Arm Group felsic tuff.
D. Concordia diagram for the Cutwell Group rhyolite.
E. Concordia diagram for the Southwest Brook batholith to-
nalite showing mixing line with concordant titanite. Error ellip-
ses are smaller than the symbols shown. F. Concordia
diagram for the La Poile Group felsic tuff. Analyses 14 1m and
14 mm were reported by Chorlton and Dallmeyer (1986) for
the same outcrop.

to be of Late Ordovician or Silurian age (Strong, 1977; Kean
et al., 1981) based on regional correlation and the require-
ments of tectonic models. The Cutwell Group was cited as
the best example of a post-Caradoc arc sequence because
rocks of the group were interpreted as unconformably over-
lying a dated Caradoc black shale (Dean, 1978). Nowlan and
Thurlow (1984) obtained a late Arenig-early Llanvirn age
from conodonts in limestone blocks in a breccia within the
Buchans Group and suggested that it, and the correlative
Roberts Arm Group, were therefore of that age.

Zircons from a rhyolite of the Buchans Group are sparse
euhdral to subhedral fine grains. Three fractions analyzed
(Fig. 3B; Table 1) show a limited range of discordance from
about 1.8 to 4% discordant and yield an upper intercept age
of 473 +3/-2 Ma (Dunning et al., 1987). Zircons from a
thyolitic tuff from the upper section of the Roberts Arm

Group are abundant, coarse, euhedral grains and the three
high quality abraded fractions plot 1.1 to 1.2% discordant.
These, together with an unabraded fraction of fine grains,
9.4% discordant, define a line with an upper intercept age of
473 +/-2 Ma (Fig. 3C). These U-Pb zircon ages of rhyolites
from the Buchans and Roberts Arm groups confirm their
correlation and age. As well, the proximity of the zircon and
conodont samples within the sequence at Buchans means that
they can be considered coeval (Dunning et al., 1987), so that
473 +3/-2 Ma is a latest Arenig or earliest Llanvirn age.

Resampling of the sedimentary sequence that is overlain
by rhyolite of the Cutwell Group was undertaken to check the
paleontological age (Dean, 1978), and a U-Pb zircon age was
determined for the rhyolite from the same outcrop on the Oil
Islands (Fig. 2; locality D). A sparse conodont fauna indicates
an early to middle Llanvirn age of deposition (Meyer et al.,
1988), refuting the Caradoc age reported earlier.

Zircons separated from the Cutwell Group rhyolite are
abundant, coarse euhedral grains. Two abraded and one un-
abraded fraction analyzed define a line with a 31% prob-
ability of fit and yield an upper intercept age of 469 +5/-3 Ma
(Fig. 3D; Table 1). This line is anchored on concordia with a
concordant point (analysis 12). Graptolites collected from
shales of the Cutwell Group at other localities and further
collections of conodont samples from limestone lenses in the
volcanic rocks have yielded latest Arenig or earliest Llanvimn
ages (Williams, 1988, 1989; O’Brien and Szybinski, 1988).
These clearly demonstrate that this group is of early Ordovi-
cian age everywhere.

The general lithological correlation, overlapping U-Pb
zircon ages of rhyolites, and close similarities of the conodont
faunas (O’Brien and Szybinski, 1988) strongly support the
correlation of the Buchans, Roberts Arm, and Cutwell groups.
All three are late Arenig and/or early Llanvirn sequences,
based on the available faunal and U-Pb age data; there is no
evidence for the presence of a post-Caradocian submarine
volcanic arc sequence in the Newfoundland Appalachians.
Indeed, it is only because of an artifact of the scale of mapping
(1:50,000) and previous invalid radiometric and fossil age
determinations that these rocks were assigned to different
groups.

Southwest Brook Complex, Newfoundland

A major element of the geology of southwestern Newfound-
land is an early Paleozoic batholith with plutons that vary in
composition from hornblende gabbro and diorite to tonalite,
monzonite, and granodiorite. Components of this batholith
include the Cape Ray Granite, the Southwest Brook Com-
plex, Hungry Mountain Complex, Burlington Granodiorite,
and other smaller units correlated with them (Dunning and
Chorlton, 1985; Dunning et al.,, 1989). Hornblende and
biotite-bearing tonalite plutons make up the largest propor-
tion of the batholith. These rocks intrude and locally engulf
mafic ophiolitic rocks throughout southwestern Newfound-
land. Coarse clastic sedimentary rocks, correlated with the
Eocambrian-Cambrian continental margin sequence of the
Fleur de Lys Supergroup, also occur as xenoliths and large
rafts in the batholith. A biotite and hornblende-bearing
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Table 1. U-Pb data

FRACTIONS CONCENTRATIONS MEASUREDb ATOMIC RATIOS CORRECTED AGE
FOR BLANK AND COMMON Pb® [Ma]
We. U Ph 2065y, 2085, 206p), 207py, 207py, 207y,
rad
No. Properties [mg]? (ppm] 204py,  206py, 238y 235y 206py,  206p),
A BETTS COVE COMPLEX GABBRO
1 NO -100 clear Abr 21.20 129 10.3 7652 125 .0782 .6137 .05693 489
2 NO -100 bulk Abr 11,61 128 10.2 5337 .133 ,0779 .6104 .05687 486
3 NO ~70 white frosted Abr 2,55 48 3.8 839 .109 .0777 .6093 .05688 487
4 M3 -70 brown cracked frags 2.57 131 10.2 640 143 .0757 .5923 .05676 482
B BUCHANS GROUP RHYOLITE
5 N10 =100 clear Abr 0.09 605 58.8 4136 443 L0751 .5854 .05651 472
6 NI10 -200 equant clear Abr 0.09 196 16.7 1078 271 .0745 .5803 .05650 472
7 N10 -200 clear prisms Abr 0.02 204 16.9 482 .248 .0739 5764 .05660 476
C ROBERTS ARM GROUP FELSIC TUFF
8 NO -70 clear Abr 0.28 408 33.6 5046 214 L0753 .5872 .05654 473
9 NO -100 clear Abr 0.14 400 34.3 13429 .265 L0753 .5867 .05653 473
10 NO -100 clear subhed Abr 0,30 412 35.2 4482 .262 .0753 .5868 .05649 472
11 M2 -200 cracks subhed 0.45 539 44,6 2156 .329 .0692 .5390 .05648 471
D CUTWELL GROUP RHYOLITE
12 Ml -100 clear euhed Abr 0.20 263 21.0 13017 .176 L0754 .5865 .05644 470
13 Ml -100 clear euhed Abr 0.07 262 20.7 6497 175 .0748 .5813 .05633 466
14 MO -100 clear equant 0.67 291 22,8 1063 .195 .0727 .5656 .05645 470
E SOUTHWEST BROOK COMPLEX TONALITE
15 NO =70 clear Abr 2,38 231 22.8 5666 .433 .0939 .8643 .06673 829
16 NO —100 clear Abr 3.11 266 25.3 10943 .389 .0897 .8036 .06498 774
17 NO =325 bulk Abr 0.39 563 46,3 8925 .270 .0750 .5924 .05725 501
18 Titanite brown Abr 4,63 389 28,3 743 .526 .0734 .5685 .05618 459
F LA POILE GROUP FELSIC TUFF
19 NO -100 Abr 0.27 204 15.8 15285 .218 .0706 .5577 .05727 502
20 NO -100 euhed Abr 0,50 173 13.4 20002 .247 L0691 .5377 05641 468
21 Ml =325 bulk Abr 0.24 363 27.7 4583 .237 .0687 5317 .05614 458
22 NO -70 7 euhed grains Abr 0.03 140 10.9 1204 .259 .0686 .5307 .05616 459
23 Ml -325 needles Abr 0,05 340 25,5 4071 —-—— .0687 .5286 .05580 444
24 MO -100 prism tips Abr 0.10 169 12.9 4882 .249 .0676 .5163 .05539 428
25 M1l =325 euhed needles 0.22 417 30.5 1270 .223 .0664 .5096 .05566 439
Notes: NO, Ml = non-magnetic, magnetic fractions; 0 and 1 indicate degrees of tilt on a Frantz isodynamic
separator; =100 = grain size between 100 and 200 mesh; see Krogh (1982) for details of sample prep.
8 Error in weight +/- 0,005 mg (1 sigma).
b Corrected for fractionation and common Pb in the spike
€ Corrected for fractionation, common Pb in the spike, 5 to 20 pg Pb blank and common Pb at the age
of the sample calculated from the model of Stacey and Kramers (1975) and 2 pg U.

tonalite was dated from the Southwest Brook Complex in
southwestern Newfoundland (Fig. 2). Three fractions of clear
euhedral abraded zircon define a mixing line that is anchored
on concordia by an abraded titanite fraction (analysis 18). The
line through all points has a 95% probability of fit and yields
a lower intercept age of crystallization of 456 +/-3 Ma with
an average age of inherited zircon cores of 1430 +18/-17 Ma
(Fig. 3E). This age is earliest Caradocian and identical to that
reported for the “‘Big Bed’” at Kinnekulle, Sweden (Kunk et
al., 1988) and correlative units in Kentucky and elsewhere. It
is suggested that plutons of this batholith, others of which
have yielded ages of 463 +/-6 Ma (Burlington Granodiorite;
Mattinson, 1975) and 467 +/-8 Ma (Hungry Mountain Com-
plex; Whalen et al., 1987), may have been the magma sources
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for eruptive units now preserved in the Ordovician sections
in North America. Another batholith of similar age and with
a similar range of rock types is present in the Smola-Hitra
Terrane of the western Trondheim district, Norway (R.D.
Tucker, pers. comm., 1988), near the Swedish sections,

La Poile Group

The La Poile Group is a subaerial volcano-sedimentary com-
plex that is exposed in the western part of southwestern
Newfoundland (Fig. 2). In most areas its northern boundary
is the Bay d’Est Fault; it is bounded to the south by either the
Burgeo intrusive suite or, as is the case in the La Poile Bay
type area, by mylonite.



Cooper (1954) established a tripartite division in the La
Poile Bay area that included a basal conglomerate, an inter-
mediate, mainly sedimentary unit, and an upper widespread
unit of subaerial ash-flow tuff, rhyolite, lahar, and associated
finer grained epiclastic rocks (Chorlton, 1980; S. O’Brien,
1983; B. O’Brien, 1987). Cooper (1954) originally assigned
these rocks to the Devonian, based on a lithological correla-
tion with fossiliferous Devonian strata to the west, whereas
Chorlton (1980) subsequently assigned an Ordovician age to
the La Poile Group. Chorlton and Dallmeyer (1986) reported
a U-Pb age of 452 +51/-13 Ma for the La Poile Group, based
on analysis of bulk zircon fractions from two different tuff
horizons.

A quartz and feldspar-phyric tuff collected from the east
side of La Poile Bay at locality 14 of Chorlton and Dallmeyer
(1986)(Fig. 2; locality F) yielded abundant clear, euhedral
grains. Eight fractions with differing grain size and magnetic
properties were analyzed (Table 1), including six abraded
fractions that define a linear trend (Fig. 3F) from analysis 24,
closest to concordia, to analysis 19. The lower intercept of
420 +8/-2 Ma (probability of fit 12%) is taken as the age of
eruption of this rhyolite (= Silurian). The abraded tips of
euhedral prismatic zircons (24) contain the least amount of
inherited core material because cores typically occur cen-
trally in the grain. The upper intercept of 1376 +/-120 Ma is
the average age of the cores, but these could have actual ages
of 1 and 1.6 Ga for example. Analyses 5 and 6, comprising
cracked or very fine grains, have undergone significant sec-
ondary Pb-loss and approximately duplicate bulk analyses
(14-mm, 14- 1m) reported for the same outcrop by Chorlton
and Dallmeyer (1986). These authors grouped their two data
points with two from another sample of the La Poile Group
collected 7 km away (loc. 18; Chorlton and Dallmeyer, 1986)
and fitted a discordia line to all four points to determine an
age of 452 +51/-13 Ma, noting that three of four fractions give
similar 207Pb/206Pb ages of 448 to 455 Ma (each +/-7 m.y.)
as additional justification for their age. However, they failed
to recognize that this sample contained a mixed-age zircon
population.

This is a clear-cut example emphasizing the need for
careful selection of the highest quality zircons, followed by
abrasion to eliminate altered portions of grains, prior to
analysis. In a sample with inherited zircon, it is only such
fractions that define a valid mixing line projecting to the true
age of crystallization. Analyses of large fractions or poor
quality zircon yield no valid age information.

DISCUSSION

The U-Pb zircon ages presented here demonstrate different types
of data sets in rocks of Ordovician or, in the case of the La Poile
Group, previously interpreted Ordovician age. The importance
of selection of the highest quality grains for analysis is empha-
sized in all cases, as these yield less discordant, or truly concor-
dant, data points, which provide more accurate and precise ages.
The potential for matching isotopic and fossil ages is demon-
strated with the Buchans and Cutwell group examples and
further U-Pb work is currently underway on other fossiliferous
Ordovician strata. The previously reported U-Pb zircon age for

the La Poile volcanics is typical of many in the literature,
where large zircon fractions were analyzed without attention
being paid to the complexity or quality of the zircon popula-
tion. The data points can appear consistent (and colinear)
because the large sample weights of zircon analyzed lead to
an averaging of the mixed magmatic and inherited component
in each fraction. In such a case it would not be possible to get
a concordant fraction, but because concordant points are not
commonly obtained without careful sample selection and
abrasion, this might not arouse the suspicions of the analyst.
The result is then published and believed because of the high
degree of confidence placed in zircon ages in general. Al-
though both of the present authors are enthusiastic U-Pb
geochronologists, they hope to have made the point here that
all zircon ages are not created equal. Many published ages are
invalid as a result of the analysts’ failure to recognize the
complexity of some zircon populations and deal with them
effectively (see examples in Rogers et al., 1989; Rogers and
Dunning, in press). It is important that geologists become
aware of possible pitfalls as well as the inherent advantages
of the U-Pb geochronological technique. They can then criti-
cally assess U-Pb data sets and judge the quality and validity
of the ages reported. Most credence should be attached to
U-Pb ages based on concordant data points and on analyses
with a high ratio of radiogenic Pb to common Pb. Discordia
or mixing lines involving three or more analyses of carefully
selected, high quality fractions, including abraded fractions,
are the most reliable. In the final analysis, consistency, repro-
ducibility and compatibility with clear field relationships are
important tests of any .isotopic age determination.
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Abstract

The fossil record for the early evolution of vertebrates consists of the remains of Agnatha (jawless
vertebrates) from the Ordovician of Australia, North America, and Bolivia. Although vertebrate fragments
have been reported from the Upper Cambrian and Lower Ordovician, none can be conclusively identified
as vertebrate and their status remains uncertain at present. The oldest agreed vertebrates occur in the
Stairway Sandstone of central Australia (Arandaspis, Porophoraspis) of early Llanvirn age, whereas
slightly younger remains occur in the Harding Sandstone and equivalents of the U.S.A. and Canada
(Astraspis, Eriptychius) and the Anzaldo Formation of Bolivia (Sacabambaspis) of early Caradoc age. All
occur in very nearshore, intertidal to subtidal, marine environments. Present knowledge of the anatomy of
these animals shows that the Australian and Bolivian forms are more closely related to each other than to
the North American genera. Although the Ordovician vertebrates had previously been classified with the
Heterostraci because of their external armour of bony plates formed of aspidin, it has now been shown that
they possess primitive features such as numerous branchial openings and superficial sensory grooves that
would exclude them from that group. Understanding of relationships with later vertebrates is hampered by
a gap in the fossil record between the Caradoc and the upper Llandovery that correlates with Late
Ordovician glaciation.

Résumé

Les premiéres traces fossiles de ['évolution des vertébrés sont des poissons fossiles sans mdchoires
(“‘Agnathes’’ ) récoltés dans les roches ordoviciennes d’ Australie, d' Amérique du Nord, et de Bolivie. Bien
que des microfragments de tissue phosphaté du Cambrien supérieur ou de I' Ordovicien inférieur aient été
signalés, il n’ existe aucune certitude permettant de désigner ces restes comme appartenant a des vertébrés.
Les plus vieux vertébrés reconnus sont donc ceux des grés de Stairway du centre de I’ Australie (Arandaspis
et Porophoraspis, du Llanvirn inférieur), des grés de Harding et de leurs équivalents américains et
canadiens (Astraspis et Eriptychius) ainsi que de la formation Anzaldo de Bolivie (Sacabambaspis du
Caradoc inférieur). Tous les gisements appartiennent & un milieu marin de type intertidal a infratidal.
L’ étude des relations de parenté des divers taxons permet de rapprocher le genre bolivien Sacabambaspis
du genre australien Arandaspis, les genres nord-américains étant phylogénétiquement plus éloignés. Par
ailleurs, les vertébrés ordoviciens éraient, jusqu’d présent, classés parmi les Hétérostracés du fait de leur
armure osseuse externe formée d’ os acellulaires (apidine) cependant des caractéres primitifs découverts
sur les spécimens boliviens, telle que la présence de plusieurs ouvertures branchiales et de sillons sensoriels
superficiels, les excluent de ce groupe a moins d’ en modifier la définition. La compréhension des relations
phylogénétiques entre les premiers vertébrés et les formes plus tardives est rendue difficile par I' absence
de fossiles entre le Caradoc et le Llandovery supérieur, un intervalle de temps qui est en corrélation avec
la glaciation qui eut lieu au cours de I' Ordovicien supérieur.
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2 Université des Sciences et Techmques de Lille Flandres Artois, Sciences de la Terre, URA 1365 du
CNRS, F-59655, Villeneuve d’ Ascquedex France
3 Museum National d’Histoire Naturelle, Institut de Paléontologie, 8 rue Buffon, 75005 Paris, France
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INTRODUCTION

For many years there has been considerable interest in the
earliest vertebrates due to the light that they might shed on
questions of early vertebrate relationships, and the environ-
ment in which the earliest vertebrates developed (Romer,
1946; Denison, 1956; Boucot and Janis, 1983). Although for
many years there was little information on vertebrates below
the Silurian (Walcott, 1892), in recent years there has been a
sudden increase in our knowledge of these forms due to new
material being available (Ritchie and Gilbert-Tomlinson,
1977; Gagnier et al., 1986) or new interpretations being made
(Elliott, 1987). In addition, the search for the earliest verte-
brates has resulted in a number of Upper Cambrian and Lower
Ordovician occurrences of supposed vertebrate material that
are of doubtful significance (Bockelie and Fortey, 1976;
Repetski, 1978).

In this paper we attempt to distinguish the earliest verte-
brates and review what is known of their relationships, ecol-
ogy, and distribution.

WHAT ARE THE EARLIEST
VERTEBRATES?

During the last 130 years, a number of Cambrian and Ordo-
vician phosphatic fossils have been identified as vertebrate.
However, not all of these determinations have been accurate
and it is now clear that many of these fossils do not show
vertebrate morphology or histology. Most of the earlier des-
ignations have now been corrected. For instance, Pander
(1856) considered that Ordovician and Silurian conodonts
were fish teeth. Though there have been many different
opinions about its affinity, nothing has been known about the
gross morphology of the conodont animal until recently,
when a well preserved specimen was described (Briggs et al.,
1983). Though opinion seems to be divided as to whether
conodonts are chordates (Aldridge et al., 1986; Briggs and
Clarkson, 1987) or members of an invertebrate group such as
the aplacophoran molluscs (Tillier and Cuif, 1986; Briggs et
al., 1987; Janvier, 1988), it is at least clear that they are not
vertebrates. Other fragments such as Archeognathus (Culli-
son, 1938; Miller et al., 1947) also have affinities with cono-
donts (Klapper and Bergstrom, 1984).

The main feature that distinguishes lower Paleozoic ver-
tebrates from conodonts is the histology of the hard tissues.
In conodonts this is basically lamellar, whereas in vertebrates
it is typically a honeycomb or reticulated structure of the
cancellous layer of the dermal bone. This means that cono-
dont-bearing animals or other described enigmatica cannot be
considered vertebrate.

In 1976, Bockelie and Fortey named a new taxon,
Anatolepis heintzi, from phosphatic fragments found in
the Valhallfonna Formation of Spitsbergen. The frag-
ments were dated as Arenig or possibly early Llanvirn
age, and were interpreted as the earliest vertebrates
known at that time. Anatolepis has since been reported
from the Upper Cambrian and Lower Ordovician of the
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U.S.A. (Wyoming, Montana, Oklahoma, Washington,
Alaska, Nevada, Arkansas, New York, Utah, Texas), Green-
land, and northern Germany (Peel and Higgins, 1977; Repet-
ski, 1978, 1980; Boucot and Janis, 1983; Schallreuter, 1983).
However, there is as yet no definite proof that these fragments
are from vertebrates. Though they appear to be composed of
hydroxyapatite as in vertebrates, this is not in itself proof of
a vertebrate origin. The surface is ornamented with scale-like
tubercles, unlike surface structures seen in accepted early
vertebrates. In addition, the fragments are extremely small
and thin (70-100 pm thick) so that nothing is known of the
gross morphology of the animal. Though Bockelie and Fortey
(1976) and Repetski (1978) state that their fragments show a
microstructure similar to that found in vertebrates from the
Silurian and Devonian, their illustrations are not convincing
and they did not show any of the features that would identify
the tissues as acellular bone (aspidin), a tissue characteristic
of the earliest vertebrates. Peel and Higgins (1977) have
suggested that the material actually consists of fragments
from a merostome arthropod, some of which have a phos-
phatic, three-layered shield with a scaled surface ornament.
This has been refuted by Briggs and Fortey (1982). There is
clearly insufficient evidence at present to designate Anatole-
pis as a vertebrate (see also Peel, 1979).

Other phosphatic microremains have been designated as
possible vertebrates in recent years (e.g. Hadimopanella
[Bengtson, 1977; Gedik, 1977; Harper, 1979; see also Mirss,
1988]) but as yet it has not been shown conclusively that any
of them have vertebrate characteristics.

In addition, Repetski (1981, p. 399) has suggested a close
similarity between Hadimopanella and Utaphospha Miiller
and Miller (1976) (see also Peel and Larsen, 1984), however,
Bendix-Almgreen and Peel (1988) have suggested that both
genera represent the sclerites of urochordates, a group that is
known down to the Lower Cambrian (Miiller, 1977, Zhang,
1985; Bendix-Almgreen and Peel, 1988).

It should be pointed out here that most papers describing
phosphatic microremains feature SEM photographs of exter-
nal surfaces (often weathered) of hard tissues. This is insuf-
ficient to distinguish typical vertebrate or nonvertebrate
histology, however, and thin sections of good material are an
absolute necessity.

Remains that could be conclusively designated vertebrate
were first described from the Ordovician by Walcott (1892),
who reported three new species from the Harding Sandstone
of Colorado. The first two of these, Astraspis desiderata and
Eriptychius americanus, consisted of numerous fragments of
bony elements and scales that covered the animals with a
flexible armour. Study of the histology of the individual
elements and gross morphology of the few partially articu-
lated specimens proves conclusively that these animals were
vertebrates. The third of Walcott’s species, Dictyorhabdus
priscus, was described as the notochordal sheath of a chi-
maeroid fish. Although it has subsequently been assigned to
various invertebrate groups, both Denison (1967) and Spjeld-
naes (1979) have pointed out that it cannot be unequivocally
assigned at present to any known group.



In 1977, Ritchie and Gilbert-Tomlinson described verte-
brate fragments from the Stairway Sandstone (Jate Arenig or
early Llanvirn age) of central Australia. Of the two species
described, Arandaspis prionotolepis is represented by a num-
ber of shield fragments and scales preserved as external
moulds. As no original material is present, the microstructure
and composition of the hard tissues is unknown. Despite that,
and the incompletely known morphology of the animal, it was
identified as a heterostracan, a diverse group of Paleozoic
agnathans, and placed within its own family, the Arandaspidi-
dae. The second species, Porophoraspis crenulata, is known
only from a few fragments and is assumed to be an agnathan
similar to Arandaspis.

Most recently, a new agnathan was described from the
Anzaldo Formation of Bolivia (Gagnier et al., 1986). Named
Sacabambaspis janvieri, this animal comes from rocks of
early Caradoc age and almost complete specimens are known
(Gagnier, 1989). The gross morphology of Sacabambaspis is
known and its microstructure is compatible with that of other
vertebrates.

It seems, therefore, that though a number of occurrences
of vertebrates have been reported from the lower Paleozoic,
only some of them have been substantiated by details of their
gross morphology and histology. These are: 1) Astraspis and
Eriptychius from the lower and middle Caradoc of North
America; 2) Arandaspis and Porophoraspis from the upper
Arenig or lower Llanvirn of Australia; 3) Sacabambaspis
from the early Caradoc of central Bolivia.

ORDOVICIAN VERTEBRATES

North American vertebrates

Vertebrates from the Ordovician were first described by
Walcott (1892). More detailed descriptions were provided by
Bryant (1936). Walcott described two taxa still accepted as
vertebrate, Astraspis desiderata and Eriptychius americanus,
mostly from fragmentary remains. Since then, these same
vertebrates have been reported from a large number of locali-
ties of similar age in the U.S.A. and Canada (Ross, 1957;
Grvig, 1958; Sinclair, 1958; Sawin, 1959; Denison, 1967,
Eliuk, 1973; Lehtola, 1973, 1983; Nitecki et al., 1975; Ossian
and Halseth, 1976; Darby, 1982).

Astraspis desiderata (Figs. 1B; 2A; 3A) is normally found
as isolated tesserae ornamented with small stellate tubercles.
The histology of these tesserae has been discussed by Denison
(1967), who has shown that they are three-layered. A basal
laminated layer of acellular bone (aspidin) is succeeded by a
middle layer, which consists of a complex meshwork of
canals surrounded by concentrically laminated aspidin. The
surface layer of each tubercle consists of a pulp cavity sur-
rounded by orthodentine through which minute tubules radi-
ate, and a clear capping of durodentine.

Two articulated specimens are known. The first of these
is the external mould of an articulated head shield, first
described by Eastman (1917) though Walcott mentioned it in
a footnote to his 1892 paper. Jrvig (1958) identified the
position of the lateral line canals and showed that the rostral

area of the shield was lacking. The shield is composed of a
large number of interlocking tesserae bearing small tubercles;
as larger tubercles are common on isolated tesserae, it may
be that this specimen represents a young individual. A central
ridge is flanked by a pair of median ridges and further ridge
plates form the lateral margin of the shield. There is no
indication of the position of the orbits; a group of high-
crowned tubercles in an anterior median position may indi-
cate the position of the pineal body.

The second specimen was collected in 1968 and consists
of most of the body and tail of one individual, together with
a partial headshield. It was originally described as a poorly
preserved mass of scales (Lehtola, 1983), but subsequent
work (Elliott, 1987) has shown that the margin of the head-
shield is preserved and that the orbit and a series of eight
branchial openings are present. This specimen also shows an
entire caudal fin, which consists of a clump of large triangular
scales. No internal structures are present with either speci-
men, but pieces of globular calcified cartilage present in
collections of fragmentary Astraspis material probably repre-
sent part of the calcified endoskeleton.

@rvig (1958) described Pycnaspis splendens from the
Bighorn Mountains of Wyoming. He distinguished it from
Astraspis on the basis of large mushroom-shaped tubercles
present in the adult, though in immature specimens the omna-
mentation was similar to that in Astraspis. Denison (1967)
referred Pycnaspis splendens to Astraspis, arguing that a size
difference was apparent in the Wyoming specimens when
compared to the original material from Colorado, but that it
was of specific significance only.

The other Harding Sandstone vertebrate, Eriptychius
americanus (Fig. 3B) is similarly found normally as disarticu-
lated tesserae and scales. These are ornamented with coarse
ridges and are thus easily distinguishable from those of As-
traspis. The histology of the plates and scales differs from
that found in Astraspis by the presence of large ascending
canals in the basal layer of aspidin, and the presence of
elongated pulp canals beneath the dentine ridges. Denison
(1967) has also reported the presence of an enameloid layer
on the surface of some of the ridges.

Only one partially articulated specimen is known. This
shows part of the rostral area of the shield, and Denison
(1967) was able to show that a number of pieces of globular
calcified cartilage were present. As the plates were applied
closely to the surface of the cartilage, these clearly were part
of the internal skeleton of Eriptychius and presumably repre-
sent the rostral and orbital cartilages. Isolated pieces of globu-
lar calcified cartilage from localities yielding Eriptychius
plates do show a consistent morphology, but as yet no attempt
has been made to identify the position of these endoskeletal
elements. Prvig (1958) described a perforated plate of Erip-
tychius that might be a branchial plate; but without further
articulated material it is not possible to say if Eriptychius had
a branchial structure similar to that of Astraspis or not.
Denison (1967) raised an additional species, E. orvigi, for
plates from Wyoming that were thicker and showed coarser
ornament than those of E. americanus.
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Although it has not been possible to reconstruct Erip- appearance of the body scales may indicate that the relation-

tychius, it has been assumed that it was a similar animal to ship is a more distant one. Some cellular bone fragments have
Astraspis and probably closely related to it. However, differ- been figured from the Harding Sandstone (Denison, 1967),
ences in the histology of the bone and in the shape and but for now they cannot be referred to any known group.
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Figure 1. Reconstructions of Ordovician vertebrates. A. Arandaspis prionotolepis (after Ritchie and
Gilbert-Tomlinson, 1977). B. Astraspis desiderata. C. Sacabambaspis janvieri. Scale bars = 5 cm.
Abbreviations: Bo, branchial opening; Ds, dorsal shield; Fs, flank scale; Mp, marginal plate; Or, oral
area; Sc, sensory canal; Vs, ventral shield.



Figure 2. Shields of Ordovician vertebrates. A. Astraspis desiderata, dorsal shield, USNM8121. B. Aran-
daspis prionotolepis, shield fragment with isolated scale, CPC15469a. C. Sacabambaspis janvieri, dorsal
shield, YPFB PAL 6221. Scale bars =1 cm.

Figure 3. SEM photographs of tesserae of Astraspis (A) and Eriptychius (B). Scale bars = 0.5 mm.
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Australian vertebrates

Vertebrates were first described from the Ordovician of Aus-
tralia in 1977 (Ritchie and Gilbert-Tomlinson). The material
comes from the Stairway Sandstone in the Amadeus Basin,
Northern Territories, and consists of moulds of plates and
body scales. No bone is present so no details of the histology
or composition are known. One species, Arandaspis priono-
tolepis (Figs. 1A; 2B), is the most common, and though no
complete specimens are present, enough partially articulated
material is known to enable a reconstruction to be made
(Ritchie, 1985). Large dorsal and ventral median plates were
separated by a slanting row of square (possibly branchial)
plates. No branchial openings can be discerned, however. The
ornamentation consists of closely packed oval or rhomboidal
tubercles. Dorsal shields show a parallel pair of longitudinal
grooves, bordered by regularly arranged denticles, which are
probably the sensory canal grooves.

It has recently been shown (Ritchie, 1985) that there is a
double opening anteriorly in the midline of the dorsal shield
that may represent the position of a pineal-parapineal struc-
ture. No specimen shows the rostral part of the animal,
however, and so nothing is known about the position or
structure of the oral and orbital areas.

The trunk appears to have been covered by a series of long
thin scales with parallel rows of ornamentation. These were
arranged in two slanting rows on each side of the body. No
details of the tail structure are known.

The second species from the Stairway Sandstone, Poro-
phoraspis crenulata, is only known from a few plate frag-
ments, but its very distinctive ornament of low-rounded
tubercles with crenulate margins indicate that it is generically
distinct.

Bolivian vertebrates

The most recent discovery of Ordovician vertebrates was
made in the Anzaldo Formation of Bolivia (Gagnier et al.,
1986). One new species, Sacabambaspis janvieri, has been
described, initially from fragments, but more complete mate-
rial is now known (Gagnier, 1989). This new agnathan shows
many points of similarity with Arandaspis, although the
ornamentation is ‘‘oak-leaf’’ rather than rhomboidal in shape.
Median dorsal and ventral plates are separated by a slanting
row of twenty square plates that are probably branchial,
though no branchial openings can be seen (Figs. 1C; 2C). On
the dorsal shield, the sensory canal system consists of two
rows of short, paired grooves in an en echelon pattern in the
midline of the shield. Anteriorly, a double median pineal-
parapineal opening is present as in Arandaspis. The anterior
margin is embayed and delimits an elliptical space that con-
tains the orbits and (possibly) olfactory capsules. The anterior
margin of the ventral shield has a series of small square
platelets in rows, which form an exoskeletal mouth apparatus.
Though no details are available as yet, it is reported that the
hard tissues of Sacabambaspis are composed of aspidin, and
itis also probable that the shields are formed of small tesserae
that have fused (Gagnier, 1989).
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The body is covered by rows of thin elongated scales
ornamented with ‘‘oak-leaf’’ tubercles. The scales are organ-
ized in two main rows arranged in a chevron pattern down
each side of the body and separated dorsally and ventrally by
rows of median ridge scales. The tail is incomplete but it is
covered by small scales and seems to have a long chordal
extension.

RELATIONSHIPS OF ORDOVICIAN
VERTEBRATES

The first Ordovician vertebrates to be described, Astraspis
and Eriptychius, were considered to be placoderm fishes
(Walcott, 1892), though this was challenged by Cope (1893)
who pointed out that they were more likely to be Agnatha.
This view has been accepted and these forms have tradition-
ally been attributed to the Heterostraci, and even in some
schemes (Obruchev, 1964) placed in separate orders, the
Astraspidida and Eriptychidida. Workers on the histology of
their hard tissues (@rvig, 1958; Denison, 1967) have demon-
strated an apparent similarity to the structures seen in typical
heterostracans. Due to this initial designation it was assumed
that Arandaspis and Porophoraspis were also heterostracans
(Ritchie and Gilbert-Tomlinson, 1977), although their histol-
ogy was unknown and the major morphological characters
could not be demonstrated.

A similar assumption has been made by Gagnier et al.
(1986) in relating Sacabambaspis to the heterostracans on the
basis of the presence of two large shields and the gross
histology of the hard tissue.

In order to decide if these forms are heterostracans, it is
first necessary to assess the characters of that group. The
Heterostraci are a group of jawless vertebrates that were
separated from the Osteostraci by Lankester (1868-70) on the
basis of the external ornamentation and histological structure
of the bony plates that were composed of acellular bone or
aspidin. A further diagnostic feature described on all well
preserved heterostracans is the presence of one common,
external branchial opening on each side of the dorsal shield.
Both these features are considered to be synapomorphies
(shared derived characters) of the heterostracans and a further
apomorphy (derived character) may be the presence of a
single median growing plate above and below the head (Jan-
vier and Blieck, 1979; Janvier, 1981; Forey, 1984). However,
though these characters can be demonstrated in the better
known groups of heterostracans, there are a number of poorly
known groups whose designation as heterostracans relies on
somewhat limited evidence. This problem has recently been
discussed (Blieck et al., in press) and it has been concluded
that a considerable amount of work is needed before many of
the groups can be adequately defined and included within a
phylogenetic scheme.

This is particularly true of the tessellated forms in which
the shields are formed of small tesserae or platelets. As the
armour tends to disintegrate on death, little is known of the
gross morphology of these organisms and their attribution to



the Heterostraci has rested almost entirely on the histology of
the plates (see Elliott and Loeffler, 1990, for a discussion of
this problem).

Recent work on Astraspis (Elliott, 1987) has demon-
strated that this animal possessed a series of eight external
branchial openings, despite having a histology apparently
similar to that found in heterostracans. Clearly Astraspis and
probably also Eriptychius cannot be considered heterostra-
cans sensu stricto as they now only possess the synapomorphy
of hard tissues composed of aspidin. It also seems that Aran-
daspis and Sacabambaspis cannot be considered heterostra-
cans as, although they apparently possessed aspidin, they also
appear to have a series of external branchial ducts.

What characters are available to assess the phylogenetic
position of the Ordovician forms if they are not heterostra-
cans? Clearly both Arandaspis and Sacabambaspis are very
similar organisms that form a distinct group. They share a
suite of distinctive characters including the presence of a
slanting row of branchial plates, shields formed of small fused
tesserae, sensory canals in open grooves on the surface,
double anterior dorsal openings in the shield, and elongated
scales arranged in a chevron pattern.

The North American forms are quite distinct, however.
Astraspis and Eriptychius are forms in which the shields are
formed of tesserae that fuse in some areas only; the branchial
ducts are open, eight in number and form a horizontal row
(known only for Astraspis). No pineal opening is visible,
scales are thick and polygonal in Astraspis, and more elon-
gated in Eriptychius.

These two groups are clearly distinct. The only characters
that relate them to each other are the presence of numerous
branchial ducts, sensory canals borne in open surface
grooves, and hard tissues composed of aspidin. The first two
characters are almost certainly primitive for vertebrates and
differ in detail in the two groups. Branchial ducts are slanting,
closed, and twenty in number in the Arandaspis-Sacabam-
baspis group; open, horizontal and eight in number in the
Astraspis-Eriptychius group (in so far as this is known).
Sensory canals are borne in continuous grooves in the Aran-
daspis-Sacabambaspis group, and in occasional short
grooves between tubercles in the Astraspis-Eriptychius

group.

As the hard tissue of Sacabambaspis is aspidin, it appears
that it shares this character with Astraspis, Eriptychius, and
the heterostracans. However, acellular bone is also present in
anaspids, another agnathan group. This may indicate that
acellular bone is primitive among agnathans and among
vertebrates; however, the acellular bone of anaspids is lamel-
lar and without a cancellous layer (Gross, 1958), which might
suggest that acellular bone has developed more than once.
The acellular bone present in some osteostracans, acanthodi-
ans, and teleost actinopterygians is certainly considered to be
secondary (@rvig, 1967). If this is the case, then its presence
cannot be used as a character linking these early groups. It
has been suggested (Blieck et al., in press) that the presence
of long thin flank scales arranged in a chevron, and a slanting
row of branchial ducts might be characters that could indicate
a relationship between Sacabambaspis and anaspids.

However, this raises other problems of relationship with
osteostracans, and it is probable that these similarities are not
significant.

At present, therefore, though at least two distinct groups
of Ordovician vertebrates can be distinguished, it is difficult
to determine their relationship to each other or to the later
agnathan groups. This difficulty is mostly due to the lack of
agnathan specimens through the Upper Ordovician and
Lower Silurian, which means that there are no known inter-
mediates between the early forms and the more numerous and
diverse later groups.

ENVIRONMENT AND ECOLOGY

The environment in which the early vertebrates lived has been
the subject of some dispute over the years due to its bearing
on the environment in which the vertebrates originated.
Romer (1946) used the then freshwater interpretation of the
Harding Sandstone in combination with ideas on the way in
which the glomerular kidney had developed (Smith, 1932;
Romer and Grove, 1935) to support the view that vertebrates
had developed in fresh water. These ideas were questioned
later, however (Denison, 1956; Robertson, 1957, 1963;
Darby, 1982) in the light of new paleontological and sedimen-
tological evidence and new approaches to physiology. It is
now generally accepted that the earliest vertebrates originated
in the marine realm and invaded freshwater later (Thomson,
1971; Halstead, 1973; Blieck, 1985).

Of course, direct evidence from the Ordovician verte-
brates attests only to the environment that they were living in
at that time and not to the environment that their ancestors
inhabited. It is interesting to hote, however, that the Ordovi-
cian localities represent very similar environments. The west-
ermn North American Harding Sandstone, though originally
considered to be a freshwater deposit, is now thought to
represent sediment laid down in shallow, nearshore condi-
tions (Denison, 1956; Fischer, 1978; Darby, 1982). Spjeld-
naes (1967, 1979) concluded that restricted marine conditions
may have been present, with salinity as the restricting factor,
and that changes occurred from brackish to normal marine in
a lagoon-like or estuarine-deltaic habitat. Certainly the pres-
ence of Cruziana and other trace fossils indicates a shallow,
nearshore environment and the presence of conodonts and
other marine organisms points toward a marine habitat.

Boucot and Janis (1983) concluded that the North Ameri-
can Ordovician vertebrate localities correspond to their ma-
rine benthic assemblages BA1 (marine intertidal), BA2 or
BA3 (shallow subtidal).

The environment in which the Australian vertebrates
Arandaspis and Porophoraspis lived seems to have been very
similar to that postulated for the Harding Sandstone. The
Stairway Sandstone was deposited as part of a transgressive
event, not far from shore (Ritchie and Gilbert-Tomlinson,
1977), and there may have been specialized local conditions
as shown by an unusual invertebrate fauna in some areas. The
relationship with Cruziana once again points to a nearshore,
shallow marine habitat (benthic assemblage BA2 of Boucot
and Janis, 1983). A similar habitat is inferred for the Bolivian
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Figure 4 (opposite). Ordovician vertebrate localities of North
America (A), Bolivia (B), and Australia (C). Abbreviations: BC,
British Columbia; ON, Ontario; QU, Quebec; NS, Nova Scotia;
MO, Montana; WY, Wyoming; CO, Colorado; OK, Oklahoma;
SD, South Dakota; MN, Minnesota; MI, Michigan; AR, Argen-
tina; SA, South Australia.

Localities: 1. a) Harding Sandstone Quarry, near Cafion City,
Harding Sandstone Formation type locality (Walcott, 1892;
Eastman, 1917; Bryant, 1936; @rvig, 1965; Spjeldnaes, 1967,
1979; Yochelson, 1983; Lehtola, 1983; Elliott, 1987); b) Stur-
baum Quarries, north of a, west of Cafion City, Harding
Sandstone Formation (Denison, 1967); c) other localities in
the Harding Sandstone Formation inciude St. John's Quarry,
the Cripple Creek Shelf Road location, both in the vicinity of
Carion City, the west side of Sawatch Range, a locality near
Taylor Park, the Indian Springs Ranch in Phantom Canon, a
locality in Helena Cafion (Bryant, 1936; Sawin, 1959; Fischer,
1978; Spjeldnaes, 1979). Astraspis desiderata, Astraspis sp.,
Eriptychius americanus, vertebrate indet. A. 2. a) South fork
of Rock Creek section, Bighorn Mountains, Harding Sand-
stone equivalent (Eastman, 1917; Qrvig, 1958; Denison,
1967): Astraspis splendens, Astraspis? sp., Eriptychius orvigi,
undet. fragments; b) other localities in the same formation
include the north fork of Crazy Woman Creek, the south fork
of Piney Creek, Little Tongue River, Tongue River, Bear
Rocks, all on the eastern slope of Bighorn Mountains (Deni-
son, 1967). 3. Dease River region, “Middle Ordovician beds”
(Sinclair, 1958): “Astraspis sp.” 4. Sheep Mountain, in the
Bear Lodge Mountains, top of Icebox Shale (Denison, 1967):
“Astraspis”, " Eriptychius.’ 5. Whitewood Creek section, Black
Hills, Icebox Shale (Eastman, 1917; @rvig, 1958; Denison,
1967): Eriptychius sp., " Pycnaspis sp.”, Astraspis sp., undet.
fragments. 6. Shell Pine Unit No. 1 core, Williston Basin,
Winnipeg Formation (@rvig, 1958): Eriptychius sp., Astraspis
sp., “Pycnaspis sp.”, Eriptychiidaindet. 7. Interstate Highway
35, Arbuckle Mountains, north of Ardmore, near the Viola-Bro-
mide formations boundary (Ossian and Halseth, 1976): Erip-
tychius sp. 8. ?, Glenwood Formation (Stauffer, in Darby,
1982): “Eriptychius.” 9. Near Escanaba, Black River Group
(Hussey, in Lehtola, 1973): supposed vertebrate fragments.
10. Near Shingleton, Black River Group equivalent (Darby,
1982): “Astraspis.” 11. a) East coast of St. Joseph Island, Gull
River Formation (Lehtola, 1973): Astraspis desiderata; b)
north coast of St. Joseph Island, Swift Current Formation
(Darby, 1982): Astraspis, Eriptychius? 12. Quareau River
section, upper Pamelia Formation (Eliuk, 1973): Astraspis
desiderata. 13. Pont-Rouge section, Lowville and Leary for-
mations (Eliuk, 1973); Astraspis desiderata. 14. Near La Mal-
baie, basal Trenton beds (Sinclair, 1958), “Astraspis sp.” 15.
Cape George, quartzite blocks in a fault zone, ¢f. School Brook
Cove beds (@rvig, in Boucot et al., 1959): undet. fish frag-
ments. 16. a) Challaque River, Sacabamba, upper Anzaldo
Formation (Gagnier et al., 1986; Gagnier, 1987): Sacabam-
baspis janvieri; b) Sacabambilla, north of a. 17. a) Mt. Watt,
southeastern Amadeus Basin, Stairway Sandstone Forma-
tion: Arandaspis prionotolepis, Porophoraspis crenulata, un-
described taxon; b) Mt. Charlotte, north of a, Stairway
Sandstone: A. prionololepis; c) localities in the same area,
Carmichael Formation: vertebrate fragments (Ritchie and Gil-
bert-Tomlinson, 1977; Ritchie, 1979).

vertebrate Sacabambaspis (Gagnier et al., 1986). The An-
zaldo Formation contains a variety of shallow marine inver-
tebrates and the vertebrates are again associated with the trace
fossil Cruziana.

Ordovician vertebrates normally occur as fragments,
however, and because so little work has been carried out on
fish taphonomy (Elder and Smith, 1984) little can be inferred
from them. It has been suggested that Astraspis and Erip-
tychius fragments might have been carried into the Harding
Sandstone depositional site by streams, but the great lateral
extent of the formation with its ubiquitous marine inverte-
brates makes this unlikely. The carcasses were probably
disarticulated by scavengers and then distributed across the
current-swept nearshore environment (Boucot and Janis,
1983). Darby (1982) has shown that in the Gull River Forma-
tion of Ontario, Canada, a limestone that is age equivalent to
the Harding Sandstone, a correlation can be seen between the
presence of sand in the limestone and the presence of verte-
brate fragments. A study on the equivalent to underlying
Pamelia Formation (Eliuk, 1973) showed a similar correla-
tion and it might be inferred from this that both sand and
vertebrate material were transported from elsewhere. Never-
theless, the distribution of well preserved vertebrate material
was used (Eliuk, 1973) to propose a carbonate tidal flat
habitat for the vertebrates. Darby (1982) has used this data to
suggest that the vertebrates preferentially inhabited sandy
sediments and filter fed from the interstitial waters. This
mode of life is similar to that of the modern cephalochordate
amphioxus (Branchiostoma), which is restricted to nearshore
marine environments where the substrate is a coarse sand or
shell gravel. They are unable to live in sandy sediment if the
silt content is over 1.5% (Webb and Hill, 1958). Although the
North American Harding Sandstone and Australian verte-
brate-bearing beds are sandstones and the Quebec and On-
tario localities are limestones with some sand, the Anzaldo
Formation is reported as being a lutite and it is interesting to
note that this is the only horizon at which complete animals
have been found. It has been suggested (Gagnier, 1989) that
the vertebrates may have been killed by an influx of fresh
water. Possibly an influx of finer sediment may also have
contributed to the mass mortality of Sacabambaspis.

There is little direct evidence of the mode of life of these
animals. Though the trace fossil Agnathichnus has been
named from the Harding Sandstone (Fischer, 1978) there is
no evidence to support its designation as a vertebrate feeding
trace. Mouthparts are known for Sacabambaspis only and
appear to consist of a ventral series of flexible elongated
structures (Fig. 1B) attached to each other by connective
tissue (Gagnier, 1989). A structure of this type could have
formed a suctorial mouth adapted for removing small parti-
cles from the sediment. It has been proposed (Mallatt, 1984)
that, based on protochordates and extant fish, the earliest
Paleozoic fish were microphagous suspension feeding ani-
mals. If that were the case then, like modern ammocoete
larvae, they would have required highly concentrated suspen-
sions of a type present in benthonic aquatic environments but
not in open-water habitats. It therefore seems probable that
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these early vertebrates were chiefly benthonic deposit feed-
ers, though it is unlikely that they actually lived in the sedi-
ment,

AGE AND DISTRIBUTION OF
ORDOVICIAN VERTEBRATES

The stratigraphic and geographic record of Ordovician verte-
brates is rather restricted. They are known from either near
the Lower/Middle Ordovician boundary in Australia, or from
the middle Middle Ordovician of North America and Bolivia.

Australia

Vertebrates have been collected from near the southeastern
extremity of the Amadeus Basin, Northern Territory, mainly
in two localities, Mt. Watt and Mt. Charlotte (Fig. 4, locality
17). Arandaspis prionotolepis has been recorded from both
localities, Porophoraspis crenulata from Mt. Watt only. Both
species have been collected in the lower Stairway Sandstone
Formation (Ritchie and Gilbert-Tomlinson, 1977). A third
taxon at least is present in Mt. Watt material (Ritchie, 1985)
but has not yet been described. The age of the vertebrate
horizons is stated to be earliest Middle Ordovician (i.e.,
probably early Llanvim) by Ritchie and Gilbert-Tomlinson
(1977), which makes these the earliest vertebrate records yet
available. A few fragmentary skeletal plates have been re-
ported from the younger, upper Llanvirn, Carmichael Forma-
tion of the same area (Ritchie and Gilbert-Tomlinson, 1977).

Bolivia

Sacabambaspis janvieri was originally described from frag-
mentary plates from the upper Anzaldo Formation at Sa-
cabamba on the Challaque River, department of
Cochabamba, in central Bolivia (Gagnier et al., 1986; Gag-
nier, 1987) (Fig. 4, locality 16). The horizon was dated as
earliest Caradoc (Gagnier et al., 1986). Subsequently, a sec-
ond vertebrate locality was discovered at Sacabambilla, prov-
ince of Punata and north of Sacabamba. This is also in the
Anzaldo Formation (Gagnier, 1989; Acefiolaza and Baldis,
1987).

North American

Ordovician vertebrates are classically known from the Cor-
dilleran region; however, the numerous reports of their occur-
rence also include localities in the Great Plains, the Arbuckle
Mountains of Oklahoma, the Great Lakes region of the U.S.A.
and Canada, the St. Lawrence Lowlands of Quebec, as well
as Nova Scotia and as far north as northern British Columbia.
Nevertheless, only three localities have been studied in detail:

1. The original type locality of the Harding Sandstone For-
mation; the Harding Sandstone Quarry (= Old Harding
Quarry), near Cafion City, southwest of Colorado Springs,
Colorado (Fig. 4, locality 1a) (Walcott, 1892; Vaillant,
1902; Eastman, 1917; Stetson, 1931; Bryant, 1936; @rvig
in Stensio, 1958, 1964; Foss, 1960; @rvig, 1965; Spjeldnaes,
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1967, 1979; Yochelson, 1983; Lehtola, 1983; Elliott,
1987). The vertebrate faunal assemblage includes As-
traspis desiderata Walcott, Eriptychius americanus Wal-
cott, and perhaps other as yet undescribed taxa (plus
Dictyorhabdus priscus Walcott, whose vertebrate affini-
ties have not yet been demonstrated). From its associated
conodonts the Harding Sandstone is now correlated with
the middle Trenton Limestone, Kirkfieldian Stage of the
Mohawkian Series, Zone of Orthograptus truncatus in-
termedius. This correlates with the Climacograptus wil-
soni Zone in the British succession (Lehtola, 1973; Finney
in Ross et al., 1982).

2. The Sturbaum quarries, north of the Harding Quarry, west
of Cafion City, Colorado (Fig. 4, locality 1b) (Denison,
1967). The vertebrate assemblage comprises A. desider-
ata, E. americanus and vertebrate indet. A Denison. It
comes from the Harding Sandstone (correlated with the
middle Trenton Limestone [see above], not the Black
River Group as indicated by Denison, 1967, p. 132).

3. The south fork of the Rock Creek section, Johnson
County, east slope of the Bighorn Mountains, northwest
of Buffalo, near Lake DeSmet, north-central Wyoming
(Eastman, 1917; @rvig, 1958; Denison, 1967) (Fig. 4,
locality 2a). The fauna consists of Astraspis splendens
(Drvig), Astraspis? sp., Eriptychius orvigi Denison and
undetermined fragments. The sedimentary sequence they
come from is considered to be a Harding Sandstone
equivalent (below the Bighorn Dolomite, not above it as
indicated by @rvig, 1958) and distinct from the Lander
Sandstone at the base of the Bighorn Dolomite (discussion
in Denison, 1967; see Ross et al., 1982, log 28).

All the other records (Fig. 4) have not been adequately
described or are based on fragmentary material whose deter-
mination has not been reviewed. The assemblages in Colo-
rado and northern Wyoming are specifically distinct, with A.
desiderata and E. americanus to the south and A. splendens
and E. orvigi to the north. Most of the other localities are
either considered to be Harding Sandstone equivalents (mid-
dle Trenton age, middle Caradoc) or older (Black River age,
lower Caradoc, for the Great Lakes and St. Lawrence low-
lands localities) (Barnes et al., 1981; Ross et al., 1982)
(Fig. 4, localities 9-14).

DISCUSSION

From the foregoing record it seems that Ordovician verte-
brates in the Americas disappear before the end of the Cara-
doc and, therefore, before most of the invertebrate groups
whose diversity decreases at the beginning of the Ashgill
(crinoids, brachiopods, graptolites, conodonts, corals, trilo-
bites, bryozoans, acritarchs). This event can now be corre-
lated with eustatic changes, in relation to the cooling of the
climate during the Ashgill as a whole. Its acme was reached
with the Tamadjert glacial epoch in the upper Ashgill (Hir-
nantian; see reviews in Hambrey, 1985; Barnes, 1986; Shee-
han in Scotese and McKerrow, eds., 1988). We propose,
therefore, that there is evidence for the Ordovician vertebrates
suffering the effects of the Ashgill cooling. However, as



concluded by Spjeldnaes (1979, Fig. 10), North American
Ordovician vertebrates were restricted to regions close to the
Ordovician paleoequator; this also seems to be the case with
the Australian record (Figs. 4, 5). However, this does not
seem to be applicable to the Nova Scotia locality (though this
is based on doubtful vertebrate remains; @rvig in Boucot et

VERTEBRATES
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al., 1959) nor to the Bolivian one (Figs. 4, 5, localities 15, 16).
South America and Nova Scotia were indeed in southern high
latitudes in Middle and Late Ordovician times. Nova Scotia
drifted from the North Gondwanan margin toward the southwest
corner of Baltica (e.g., Scotese, 1986). Nova Scotia and
Newfoundland suffered the Gander Bay glacial event during
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Figure 5. Interpretation of Ordovician vertebrate distribution. A. Hypothetical phylogenetic relationships of
Ordovician vertebrates with the deduced C-B-A area cladogram, in relation to the presently known Late
Ordovician-Early Silurian glacial epochs (Hambrey, 1985, Table I). | = craniate conditions - phosphatic,
three-layered dermal bone with a spongy median layer of aspidin - sensory lines in open grooves; Il = slanting
row of numerous branchial platelets - shields formed of fused small tesserae - elongated, thin, serrated flank
scales; Il = eight branchial openings in a horizontal row on both sides of the cephalic carapace - shields
formed of wider, partially fused tesserae - thick, polygonal or slightly elongated flank scales. B. Ordovician
vertebrate localities 1-17 (same as in Fig. 4) on the Llandeilo-Caradoc paleocontinental reconstruction of
Scotese (1986), with a supposed migratory route (arrow).
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the Late Ordovician (Caradoc-Ashgill), and another glacial
event took place in South America in ?Late Ordovician-Early
Silurian times (Zapla-Cancaiiiri glacial epoch; Hambrey,
1985). This hypothesis does not explain why in Australia, far
away from any glacial evidence, vertebrates are restricted to
lower Llanvirn localities and it is probable that we still have
vertebrate-bearing sites to discover.

Finally, from the morphological data available at present,
itis clear that the Ordovician vertebrate genera are much more
closely related to each other than to any other vertebrate
group; it is also probable that the Bolivian genus Sacabam-
baspis is more closely related to the Australian genus Aran-
daspis than to the North American genera Astraspis and
Eriptychius. It is difficult, however, to explain these phylo-
genetic relationships in relation to the present paleogeog-
raphic reconstructions in which Australia, Bolivia, and North
America are widely separated (Fig. 5). It is possible to look
at this problem from a migratory point of view or to use a
vicariant scheme. Under a migratory model it is necessary to
propose a migration from the older, Llanvirn, Australian
block to the younger, Caradoc, Bolivian locality, and then (7)
to the North American block (Fig. 5B). However, Ordovician
vertebrates appear to have been restricted to subtidal, marine
environments and may not have been capable of transoceanic
migrations. It is thus necessary for this hypothesis to bring
Australia, Bolivia, and North America closer together, or to
find intermediate fossil sites.

Under a vicariant scheme it would be necessary to have a
pre-Llanvim pattern in which the ancestors of Ordovician
vertebrates had a generalized trackway on a joined Austra-
lian-Bolivian-North American supercontinent (Fig. 5). Un-
fortunately, neither of these hypotheses can be fitted to the
presently available paleogeographic reconstructions for pre-
Ordovician and Ordovician times (e.g., Scotese, 1986;
Scotese and McKerrow, 1988).
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Upper Cambrian and Lower Ordovician conodont
associations from open ocean paleoenvironments, illustrated
by Batyrbay and Sarykum sections in Kazakhstan

Svetlana V. Dubininal

Dubinina, S.V., Upper Cambrian and Lower Ordovician conodont associations from open ocean paleoen-
vironments, illustrated by Batyrbay and Sarykum sections in Kazakhstan, in Advances in Ordovician
Geology, C.R. Barnes and S.H. Williams (ed.), Geological Survey of Canada, Paper 90-9,p. 107-124, 1991.

Abstract

Upper Cambrian and Lower Ordovician conodont associations are reported from the carbonate facies
of the Batyrbay section, Malyi Karatau, south Kazakhstan and siliceous-carbonate facies of the complete
Sarykum section, central Kazakhstan. Different paleoenvironments at Batyrbay and Sarykum affected the
composition of conodont associations. They are compared with associations from other regions of the world
Sor specific time intervals (as chronological equivalents of conodont zones) using the Cambrian-Ordovician
zonal scale at Batyrbay as the example.

These data distinguish (from the total warm and cold faunal realms of J.F. Miller) a so-called
transitional (T) faunal realm. The extent and faunal characteristics of the T realm are considered. The
significance of contemporaneously redeposited warm water euconodont elements is noted to compare
different warm and T faunal realms.

The evolutionary zonal subdivisions at Batyrbay are recognized by: the earliest evolutionary stage of
the Hirsutodontus lineage of the Upper Cambrian;, the lineages from Eoconodontus (E.) notchpeakensis to
E.(E.) alisoneae and from E.(E.) notchpeakensis to Cordylodus primitivus in the uppermost Cambrian; and
Jrom Prioniodus (P.) deltatus longibasis o P.(P.) elegans in the lower Arenig.

The beginning of J.F. Miller’s Lange Ranch Eustatic Event at the Cambrian-Ordovician boundary
has been given a more precise definition, i.e., from the second phase of the Cordylodus primitivus time
of the latest Cambrian.

Résumé

Les associations de conodontes du Cambrien supérieur et de I' Ordovicien inférieur ont été localisées dans
le faciés carbonaté au profil Batyrbay (Malyi Karatau, Kazakhstan du Sud) et dans le faciés siliceux-carbonaté
de tout le profil Sarykum (Kazakhstan central). Différents paléo-environnements a Batyrbay et Sarykum ont
affecté la composition des associations de conodontes. Elles sont comparées a des associations d’ autres régions
dans le monde pour des intervalles de temps spécifiques (comme équivalents chronologiques des zones a
conodontes) en appliquant, a titre d’ exemple, I' échelle zonale cambrienne-ordovicienne a Batyrbay.

Ces données font ressortir (basé sur les domaines fauniques chauds et froids totaux de J.E. Miller) un
domaine faunique de transition (T). L’étendue et les caractéristiques fauniques du domaine T sont
analysées. L’ importance des éléments d’ euconodontes d’eau chaude redéposés contemporainement est
retenue pour la comparaison des différents domaines fauniques chauds et T.

Les sous-divisions zonales évolutives a Batyrbay se distinguent par : le stade évolutif précoce de la
lignée de Hirsutodontus du Cambrien supérieur; les lignées de Eoconodontus (E.) notchpeakensis @ E.(E.)
alisonae et de E.(E.) notchpeakensis & Cordylodus primitivus dans le sommet du Cambrien, et de Prioniodus
(P.) deltatus longibasis a P.(P.) elegans dans I' Arénigien inférieur.

1 Geological Institute, U.S.S.R. Academy of Sciences, Pyzhevski per. 7, Moscow, 109017, U.S.S.R.
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Le début de I’ événement eustatique du chatnon Lange de J.F. Miller a la limite du systéme cambrien-
ordovicien a été défini avec plus de précision, ¢’ est-a-dire a partir de la deuxiéme phase de I époque de

Cordylodus primitivus du Cambrien terminal.

INTRODUCTION

The Upper Cambrian and Lower Ordovician conodont asso-
ciations are known from carbonate and siliceous-carbonate
facies in Kazakhstan (Fig. 1). The Batyrbay section of the
Malyi Karatau in south Kazakhstan*belongs to the carbonate
facies (Fig. 2). The section has been described in numerous
papers (Apollonov, Chugaeva, and Dubinina, 1981, 1984;
Apollonov and Chugaeva, 1982, 1983; Chugaeva and Apol-
lonov, 1982; Dubinina, 1982; Apollonov et al., 1985, 1988,
Zhemchuzhnikov, 1986, 1987; Apollonov and Zhemchuzh-
nikov, 1988; Chugaeva et al., 1989) and embraces a continu-
ous carbonate succession from the Upper Cambrian up to the
lower Arenig, inclusive. The accumulation of these sediments
took place in an open basin, in environments varying from
the Upper Cambrian lower slope and basin to the carbonate
shelf in the Arenig (Fig. 2). The recent detailed sedimen-
tological study carried out by V. Zhemchuzhnikov (pers.
comm., 1988) and completed by H. Cook (pers. comm., 1988)
suggests that the Malyi Karatau in the early Paleozoic repre-
sented a carbonate seamount not connected to a continental
massif. Thus, the basin had permanent and free access to the
open ocean. It was also influenced by a certain system of
oceanic currents. Such a paleoenvironment affected the com-
position of conodont associations at Batyrbay (located, as the
adjacent Kyrshabakty section, on the northeastern margin of
the seamount).

The Sarykum section in central Kazakhstan represents the
second (siliceous-carbonate) type of deposit (Zhemchuzh-
nikov, 1987). The complete section consists of three parts
(Fig. 3). The continuous succession of siliceous-carbonate
sediments was deposited in an environment that increased in
depth from Late Cambrian to early Arenig time. Thus, the
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Figure 1. The Batyrbay and Sarykum sections in
Kazakhstan.
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deposits of the upper part of the Sarykum Formation (upper-
most Cambrian; Fig. 4, beds 3-5), where the carbonates of
submarine fans prevailed over cherts, probably accumulated
near the lower slope of the carbonate platform. The lower
member of the Chazhagay Formation (from the uppermost
Cambrian to the Tremadoc; Fig. 4, beds 7-13; Fig. 3), with a
lower carbonate content and prevailing chert, was formed in
a hemipelagic environment. The upper member of this for-
mation (lower Arenig; Fig. 4, bed 14; Fig. 3), represented by
black chert with no carbonate component, was formed in a
pelagic environment.

The Batyrbay and complete Sarykum sections fortunately
supplement each other, as the continuous succession of
boundary deposits is traced herein in different facies appear-
ing at various bathymetric levels. Thirteen conodont zonal
subdivisions were established at Batyrbay, whereas at
Sarykum there are six (Fig. 5). The succession of conodont
assemblages distinguished in both sections does not differ in
principle. The main purpose of this paper is to determine the
specific features of conodont associations of Kazakhstan for
certain time periods from the Late Cambrian to the Early
Ordovician. This task is accomplished by comparing data
from different regions of the world. This approach leads to a
generalized, but far from perfect, pattern of the distribution
of conodont associations from various paleoenvironments.
The pattern includes the results of the previous studies by
Sweet and Bergstrom (1974), Lindstréom (1976), Landing
(1983), Ethington and Repetski (1984), and Miller (1984),
concerning paleogeographic distribution of conodonts of
these time intervals.

Distinct from the warm and cold faunal realms of Miller
(1984), a so-called transitional faunal realm is proposed (Figs.
6, 6a). Herein, the cold (C) faunal realm includes various
paleoenvironments of ancient seas and oceans in relatively
high paleolatitudes (northwestern Europe) as well as the
deepest paleoenvironments in middie paleolatitudes (central
Kazakhstan). The warm (W) faunal realm includes ancient
shallow water seas (excluding the outermost open shelves) in
low to middle paleolatitudes, i.e., ancient epicontinental seas
of North America, north China, and Australia, with restricted
access to the open ocean. This W realm is confined to stable
cratons and continental massifs in low to middle paleolati-
tudes. Finally, the transitional (T) faunal realm includes an-
cient open seas and oceans in low to middle paleolatitudes. It
embraces outermost continental shelf with unrestricted ac-
cess to the open ocean, continental slope, basinal
(hemipelagic), i.e., any carbonate continental or seamount
margins and can be illustrated by sections in south Kazakh-
stan (this paper), western Mackenzie Mountains, Canada
(Landing et al., 1980), central Nevada (Taylor and Cook,
1976; Taylor, 1977; Cook et al., 1989), northwestern Ver-
mont (Landing, 1983), western Newfoundland (Barnes,
1988; Pohler et al., 1987), and in the future it might be
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Figure 2. Stratigraphic column, conodont and trilobite zonal
subdivisions in the Batyrbay section, South Kazakhstan. 1. thin
and medium bedded calcarenite and calcisiltite with graded and
laminated bedding; 2. dark, wavy bedded and nodular limestone
{fine grain calcarenite, calcisiltite, calcilutite, and pelloidal lime-
stone); 3. thickbedded calcarenite and calcrudite; 4. thick bedded
dolarenite and dolorudite; 5. dolomite; 6. thin bedded, light grey,
wavy bedded, pelloidal imestone and lime mudstone; 7. thick
bedded, light lime mudstone, wackestone, and algal limestone;
8. medium bedded, fine grained calcarenite with micrograding
fabric; 9. graded bedded calcarenite and calcirudite, with injection
and flame structures; 10. graded bedded dolarenite and doloru-
dite, with injection and flame structures (bird's eye); 11. fine
grained calcarenite with fenestral structures; 12. fine grained
calcarenite with ripple marks; 13. flat-pebble breccia (gravity flow
deposits with graded bedding); 14. breccia with rounded or
irregularly shaped clasts; 15. coarse breccia with boulders of
algal limestone; 16. algal bioherm.

observed in southeastern China. Thus, the T faunal realm is
established mainly from the cold, and only partially from the
warm, faunal realms of Miller (1984).

COMPARISON OF COEVAL CONODONT
ASSOCIATIONS FROM VARIOUS
ENVIRONMENTS

Pie diagrams illustrating the relationship of the main compo-
nents of conodont associations from different paleoenviron-
ments in certain time intervals are shown in Figures 7-10. The
term ‘‘time’’ is used herein as a chronological equivalent of
zones. The conodont zonal scale presented here is elaborated
for the transitional faunal realm using the Batyrbay section.
The lower part of this section contains various types of
carbonate accumulated at the seamount base-of-slope, and in
lower and upper slope environments (Fig. 2). The conodont
samples in this part of Batyrbay were taken only from thinly
bedded calcisiltite turbidites and from in situ calcisiltites and
calcilutites. It is interesting that the conodont associations of
thin-bedded turbidites and in situ calcisiltites are similar.
Proto- and paraconodonts predominate in both of them, but
the thin turbidite associations usually differ from those in situ
by the relatively small euconodont component. The latter is
considered to have been redeposited synchronously by tur-
bidity currents from the adjacent shallow water environment.
Such a pattern is noted in Batyrbay beginning with the ap-
pearance of the first primitive euconodonts at the lowest
Batyrbay Stage of the Upper Cambrian. The similarity in the
ratio of the main conodont components in thin turbidite and
in situ associations suggests a low density of turbidity cur-
rents at Batyrbay. In fact, thin turbidites contain a small
percentage of euconodonts redeposited from shallower habi-
tats, and abundant indigenous oceanic (in situ) protocono-
donts and paraconodonts. After notchpeakensis time (Fig. 7),
relatively abundant cosmopolitan and indigenous oceanic
euconodonts were transported by turbidity currents from the
underlying unconsolidated sediment. In the pie diagram, the
lower part of the Batyrbay section is represented only by thin
turbidite conodont associations, the nature of which depends
on the relative abundance of the rare redeposited enconodont
elements.

Other examples of conodont faunas related to the transi-
tional faunal realm are known from western Newfoundland,
northwestern Vermont, central Nevada, and western Mack-
enzie Mountains. In western Newfoundland, the succession
of Cambrian-Ordovician boundary conodonts has been re-
covered from the Cow Head Group deposited at the base of
the continental slope along the northern margin of the ancient
Iapetus Ocean (Barnes, 1988). The Cow Head Group has
been illustrated by six key boundary sections representing
proximal to distal facies accumulated at the toe of the slope.
Each of these sections has yielded abundant collections of
conodonts, which were subjected to numerical analysis (i.e.,
quantitative analysis of specimens of each species in every
conodont sample). Conodont associations in distal sections
(e.g., Martin Point, Green Point) connected with the pelagic,
thinly bedded lime mudstone, as well as the associations in
intermediate (more proximal) sections (e.g., Broom Point)
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Figure 3. Three sections (A, B, C) representing the complete Sarykum section, central Kazakhstan. 1. fine
grained, muddy and marly limestone; 2. breccia with limestone clasts; 3. chert interbedded with limy, cherty
shale and limestone (calcarenite); 4. alevrolite chert, spongolite, radiolarite; 5. chert, cherty shale, and black

carbon-rich chert; 6. conodont localities.

derived from the pelagic sediments and thin turbidites, were
taken into account while comparing them with thin turbidite
and in situ conodont associations at Batyrbay. In the pie
diagrams, the ratios of the main components in conodont
associations recovered from these facies are approximate,
giving only a general relationship of the biofacies compo-
nents. The conodont components of associations of western
Newfoundland are separated from each other by dotted lines.
The elements redeposited from the epicontinental shallow
water habitats are marked by a special symbol (Figs. 7-10).

The illustrations (Figs. 7-10) show that the thinnest slope
facies in western Newfoundland and in Batyrbay usually
contain abundant in situ (indigenous) oceanic specimens and
relatively rare elements redeposited from a shallow water
environment. The oceanic (indigenous) specimens could
have been incorporated by low density turbidity currents from
underlying nonlithified carbonate sediment and transported
downslope. Thus, the redeposition not only of platform ele-
ments, but also of oceanic (in situ) ones, is a natural process
for an open ocean (slope) environment. Thin turbidites belong
to the numerous slope facies that could have contained faunas
derived from different habitats (i.e., mixed faunas). The oce-
anic elements (in thin turbidites) are abundant, but platform
specimens are relatively rare. The ratio of elements (or main
components) in an open ocean conodont association can help
to understand the origin of elements (i.e., in situ or alloch-
thonous origin) on one hand, and to define more exactly the
peculiarities of the lithofacies containing these associations
on the other. However, rare platform elements can be found
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in open ocean in situ associations. These elements (W’ in Fig.
6), having a restricted access to the open ocean, could have
been carried oceanward (by surface, wind driven currents or
due to the influence of upwelling) and later fallen to the
bottom. In such cases, the in situ and thin turbidite associa-
tions are similar to each other.

The probability of occurrence of platform elements in the
oceanic in situ sediments seems appropriate for both the
continental slope (western Newfoundland) and the seamount
slope (lower part of Batyrbay) environments. Upper Cam-
brian and Lower Ordovician deposits in the Hot Creek Range
of central Nevada are thought to represent a submarine fan
toward the uppermost slope complex formed at the margin of
the proto-Pacific Ocean (Taylor and Cook, 1976; Cook et al.,
1989). The detailed analysis of conodont associations from
various lithofacies in the Hot Creek Range is now in progress
by J.F. Miller (in Cook et al., 1989). Redeposition of platform
specimens together with in situ ones (as discrete elements or
in small clasts), leading to a mixing of faunas of different
habitats (and ages), is noted by Miller for continental slope
facies, in particular, in central Nevada. These data of Miller,
and previous studies of conodonts by Landing (1983) in
continental slope facies of northwestern Vermont and in low
angle slope or outermost shelf facies of western Mackenzie
Mountains (Landing et al., 1980), are considered to be in
agreement with the above-mentioned data from western
Newfoundland and Kazakhstan. Currently, this is the only
information available about the T faunal realm; not complete
but sufficient to provide a general view.



D )
lojgg-8] L g Litho Cono.ont (and trilobite) localities
- c\io Q| -~ i 10
Q. = g laal © gy
N ECE s X — e
33 -1';_‘.:'
= U S
< JI s
o - e IT T
» —] 297 e
29 =
o
O —=
A B ‘_--/ﬁ_Cordylodus lindstromi Druce and Jones
— ="
< 1 25.9 - m—
=3
= Cordylodus lindstromi Druce and Jones
o . cordylodus proavus Miller, s. ey
=0 Cordylodus prion Lindstrom, s.f.,
a < Eoconodontus (Z.) notchpeakensis (Miller),
o Teridontus nakamurai (Nogami) .
- «© Prosagittodontus aff. eureka zMuller).
S Phakelodus tenuis (Miller), ) )
© o Foconodontus (E.) notchpeakensis (Miller),
Jordylodus nroavus Miller.
o3
< 15.9 " Foconoiontus (E.) notchpeakensis (Miller),
] Dianhanodus Spee
= ®
—1 144
©
o 7 Lotaznostus hedini (Troedsson).
—12.8
= 6 -
< | |
IR
“la| B =
9
H m S DD Casrae o
=) —
T, 4 [ 75+ 613044 Lotagnostus hedini (Troedsson)
< T\ Foconodontus (F.) notchpeakensis (Miller),
m AoT.oa] | Prooneotodus rotundatus (Druce and Jones),
e [ > 5441 \ Phakelodus tenuis (Miller).
= - 48470130 T Totagnostus hedini (Troedsson), [T—T—
< 3 lbed \ L. asiaticus Lu, oD i |
« - 3 ;;'I'F Charchaqia sp.
m
» i T . A ===
o 20, LAl 0 ] 3 4 L=-=15
1] A T
==L
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The contrast between T (transitional) and W (warm) fau-
nal realms is obvious. The T realm has the allochthonous
faunal component redeposited from the W realm. The re-es-
tablishing of the main faunal components in conodont asso-
ciations of the W faunal realm (and the relationship of their
components) in specific Cambrian-Ordovician time intervals
is not difficult now with the data from North America (Miller
et al., 1982; Ethington and Repetski, 1984; Miller, 1984),
north and northeastern China (An, 1982; Anetal., 1983; Chen
and Gong, 1986), and Australia (Druce et al., 1982). The
reverse relationship of coeval faunal components is typical
for the W and T realm associations and can be explained by
the differences of T and W conodont ecology. The absence
of several T taxa is true for the W realm as well. The data
concerning the W faunal realm associations are conditionally
reflected in the pie diagrams, where faunal components are
separated from each other by dotted lines (Figs. 7-10). The
general information about C (cold) faunal realm associations
was obtained from earlier studies by Miiller (1959), Bednarc-
zyk (1979), from the recent data of Kaljo et al. (1986), and
from this paper (central Kazakhstan). The line between the T
and C realms (Fig. 6) is tentative at this stage.

The pattern of realms develops in the Late Cambrian, at
the end of the Aksay Epoch, the Westergaardodina ampli-
cava time. This is the time of abundant proto- and paracono-
donts (Fig. 7). Maximum taxonomic diversity of these
conodont groups occurs in the W and T associations of central
Asia (sections of northern China, as well as Batyrbay and
Kyrshabakty in Kazakhstan). Medium and minimum taxo-
nomic diversity is found in the cold water associations in
northwestern Europe (Kaljo et al., 1986) and warm water
associations of North America (Miller et al., 1981), respec-
tively. The central Asia, Kazakhstan-China, region may have
been the centre of origination and migration of the proto- and
paraconodont fauna.

The first euconodonts occur in the beginning of the Batyr-
bay Epoch. Coeval associations are characterized by different
relations between euconodont and proto-, paraconodont ele-
ments. Faunal contrast becomes sharper from the alisonae
time of the latest Cambrian. Within this final epoch of the
Late Cambrian the following associations are found for the
various time intervals:

Hirsutodontus ani time

In the Hirsutodontus ani time, the dominant component of the
W associations is represented by euconodonts of Procono-
dontus in North America (Miller et al., 1982); of Procono-
dontus, Teridontus, and Hirsutodontus in North China (An,
1982; An et al., 1983); of Proconodontus and Teridontus in
Australia (Druce et al., 1982), whereas a relatively small
component is composed of proto- and paraconodonts (Fig. 7).
In the T associations recovered, for example, from the base-
of-slope deposits of the Batyrbay section, we observe the
reverse relationship of elements: proto-~ and paraconodonts
prevail, but the stratigraphically important euconodonts make
up (in thin-bedded turbidites) a minor percentage component

(2-5%), which is allochthonous by nature (i.€., synchronously
transported from the nearby shallow environment by turbidity
currents). Euconodonts, abundant in shallow, warm water
associations, arriving in the T realm, make up therein a minor
component. Thus, the analysis of euconodonts from the W
and T realms can help to define their origin and compare
different facies. Euconodonts of this time interval belong to
exclusively warm water varieties. They are absent in C as-
semblages, making the correlation with northwestern Europe
difficult.

Eoconodontus (E.) notchpeakensis time

The Eoconodontus (E.) notchpeakensis time is connected
with the appearance of E.(E.) notchpeakensis, the first cos-
mopolitan euconodont dominating the W realm. The average
euconodont content in the T realm (up to 30% in calcisiltite
turbidites in the Batyrbay section) is caused, apparently, by
both in situ occurrence and transport from shallower environ-
ments. Rare elements of Proconodontus (1-2% from the total
assemblage) most probably are transported, though no attri-
tion or damage is observed. Evidently, this kind of preserva-
tion of elements is characteristic of this type of transport, as
already reported by Ethington and Repetski (1984). In the C
realm, the elements of E. (E.) notchpeakensis are extremely
rare, for example, in the Estonia and Leningrad areas (Kaljo
et al., 1986), and in Sweden (Miiller, 1959) and Poland
(Bednarczyk, 1979) they are either absent or as yet unknown.
Disproportionate abundances between proto- and paracono-
donts on one hand, and euconodonts on the other, are typical
for the associations discussed for this time interval (Fig. 7).

Eoconodontus (E.) alisonae time

The Eoconodontus (E.) alisonae time is characterized by the
strict confinement of some euconodont species to certain
environments. Species of the E. (Cambrooistodus) subgenus
are typical for the W ancient epicontinental seas, whereas E.
(Eoconodontus) alisonae Landing characterizes only the T
open ocean paleoenvironments (Fig. 8). This fact was first
noted by Landing (1983). In the T associations (for example,
in Batyrbay) rare elements of E. (Cambrooistodus) and Pro-
conodontus are redeposited. The C fauna is devoid of warm
water E. (Cambrooistodus), and the transitional E. (E.) aliso-
nae remains unchanged. Therefore, conodont zonal subdivi-
sions of the same name cannot be established in northwestern
Europe.

Cordylodus primitivus time

The most interesting, disputed, and short time interval is the
Cordylodus primitivus time. In this brief interval; the first
primitive species of Cordylodus occur, such as C. andresi
Viira and Sergeeva (Viira et al., 1987) and C. primitivus
(Bagnoli et al., 1987). However, during this period these
species inhabited the C and T realms only, and did not
penetrate into the warm water cratonic seas of North America,
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north China, or Australia. Invasion of the primitive cordylo-
dan species onto the cratons occurred somewhat later, at the
beginning of proavus time.

The faunal data of the Batyrbay section show that Cordy-
lodus primitivus time should be divided into two phases (Fig.
8). During the first, in the T associations (Batyrbay), primitive
species of Cordylodus coexist with proto- and paraconodonts,
E. (E.) notchpeakensis and with the-less common E. (E.)
alisonae. By the end of the first phase of primitivus time, E.
(E.) alisonae becomes extinct and the rare transported ele-
ments of E. (Cambrooistodus) and Proconodontus disappear
from the T associations as well, which is explained by the
extinction of these species in the adjacent cratonic paleoen-
vironments.

Associations of the second phase of primitivus time can
be observed in the C and T realms or only in the latter (e.g.,
Batyrbay section). These associations are represented by
primitive elements of Cordylodus, still existing E. (E.) notch-
peakensis, and proto- and paraconodonts. In shallow water
cratonic environments, the second phase of primitivus time is
probably reflected by a hiatus in sedimentation that lasts until
the beginning of proavus time.

Thus, the beginning of the Lange Ranch Eustatic Event,
marked by a sharp and episodic drop in sea level (Miller,
1984), is fixed apparently at the second phase of the Cordy-
lodus primitivus time. In this case, the first hiatus in the
sedimentation of the shallow water platform carbonates em-
braces the time interval from the end of primitivus time until
the very beginning of proavus time. During this period, the
conodont associations of the Batyrbay section have no ana-
logues in shallow cratonic seas (Fig. 8) as well as in proximal
and distal parts of ocean basins, for example, in western
Newfoundland (Barnes, 1988), because some of the latter are
characterized by intensive erosion processes resulting in a
loss of coeval deposits.

Cordylodus proavus time

Cordylodus proavus time refers to early Tremadoc time.
Faunal changes at the base of the proavus Zone, considered
herein as the systemic boundary, are not equivalent in differ-
ent paleoenvironments. In the C realm, these changes are
manifested only by the extinction of some species of para-
conodonts and in the appearance of numerous specimens of
C. proavus. The T associations also do not have sharp
changes. Near the systemic boundary, E. (E.) alisonae and
some paraconodont species disappear and, soon after, C.
proavus is common. Only warm water associations show
significant changes. Their composition undergoes alterations
due to the extinction of E. (Cambrooistodus) and Procono-
dontus species and to the appearance of C. proavus, species
of Hirsutodontus, and, slightly later, species of Fryxellodon-
tus and Clavohamulus. At this time in the carbonate shallow
water environments of North America (Miller, 1984), the
steady spread of Teridontus nakamurai and Cordylodus
primitivus takes place.

Hirsutodontus, Fryxellodontus, Clavohamulus (H., Fr.,
Cl.) were unable to tolerate the open sea and oceanic environ-
ments, and together with the more eurytopic E. (E.) notch-
peakensis and Cordylodus, provide the differences in the ratio
of the faunal components in the W and T associations as well
as the absence of the H., Fr., Cl. component in the C realm
(Fig. 9). The H., Fr., Cl. genera are dominant to relatively
abundant in the shallow, warm water seas (Miller, 1984). In
the slope environments (thin turbidites and in situ deposits of
western Newfoundland), they rank second (Barnes, 1988),
which can be explained by transportation by turbidity and
surface currents. In environments such as the open outermost
shelf or upper slope of Malyi Karatau seamount (Batyrbay)
and the low angle continental slope or outer shelf of western
Mackenzie Mountains (Landing et al., 1980) H., Fr., Cl
elements may be missing. In the T associations, proto- and
paraconodonts still prevail; Cordylodus proavus, C. primiti-
vus, E. (E.) notchpeakensis, and T. nakamurai are present in
smaller but consistent numbers, and the component with H.,
Fr., Cl. elements is minute or missing. The C fauna is char-
acterized by numerous Cordylodus proavus, C. andresi, E.
(E.) notchpeakensis and rare proto- and paraconodonts (Kaljo
et al., 1986). Thus, the time interval connected with the
appearance of new species of H., Fr., Cl. genera at the
systemic boundary may be traced in the deposits of carbonate
platform and adjacent slope facies. In the first case, these in
situ species are numerous, whereas in the second, they are
transported and relatively rare.

The same principle is valid for the ratio of the conodont
faunal components of the Cordylodus intermedius time (Fig.
9). In this time interval, the transported elements are the new
representatives of the Teridontus lineage (i.e., elements of the
Monocostodus, Utahconus, ahd Semiacontiodus genera) and
the Hirsutodontus lineage. A certain number of such redepos-
ited spectmens in slope associations is common, as in western
Newfoundland (Barnes, 1988) and central Nevada (Cook et
al., 1989). But in the transition zone, from the outermost shelf
to slope environment, the probability of their meeting is
small, e.g., rare, as H. simplex at Batyrbay or even absent, as
in western Mackenzie Mountains (Landing et al., 1980). It is
known that species such as H. simplex were adapted exclu-
sively to the restricted marine environments of ancient epi-
continental seas (Landing et al., 1980; Miller, 1984). The
bypass zone from the open outermost shelf to the slope is a
most unsuitable environment not only for the habitat of H.
simplex, but also for the capture of the H. simplex elements
for redeposition. Most probably, the few specimens of H.
simplex at Batyrbay are indigenous (in situ) and survived in
the seamount outermost shelf to upper slope environment.

Generally, the associations of the T realm include, apart
from the allochthonous (transported) or starved W compo-
nent, a considerable cosmopolitan component (i.e., cordylo-
dan species, E. (E.) notchpeakensis, T. nakamurai), proto-
and paraconodonts (or moderate numbers of cosmopolitans
and abundant proto- and paraconodonts, as in the Batyrbay
section). The content of cosmopolitan species of Cordylodus
and E. (E.) notchpeakensis increases in both the C and tax-
onomically homogeneous assemblages.
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Cordylodus lindstromi-C. angulatus time

Cordylodus lindstromi-C. angulatus time is characterized by
the last remaining cosmopolitan E. (E.) notchpeakensis and
species of Cordylodus. In the W realm, as shown by Miller
(1984) and Ethington and Repetski (1984), asmall percentage
of new Midcontinent species is added to the numerous dista-
codontiform and less abundant cordylodan species (Fig. 9).
The C and T realms undergo some innovations due to the
appearance of lapetognathus. The same regularity in the ratio
of faunal components in the adjacent W and T realms is
evident. The C realm becomes progressively more different
from the others. However, the contrast between the coeval
faunal realms is still smoothed by cosmopolitan elements.
The actual difficulties in comparing these realms increase
from the end of the Black Mountain Eustatic Event (Miller,
1984), when numerous coniform taxa appear in the W and C
realms but there are practically no taxa in common (Miller,
1984).

Drepanoistodus deltifer-Rossodus manitouensis time

The proof that the upper Tremadoc cold water Drepanois-
todus deltifer fauna is coeval with the warm water Rossodus
manitouensis fauna (or Fauna C of North America) is based
on the fact that both of them replace previous associations
with the last remaining cosmopolitans. To compare these
sharply contrasting faunas, attention should be paid to the T
realm’s associations (Fig. 10), containing, together with the
deltifer faunal elements, some shallower water transported
forms, shown in the data of Landing (1983) from the conti-
nental slope deposits of the Highgate Formation in northwest-
ermn Vermont. There are also some examples of changes in the
ratio of different components of the Rossodus manitouensis
fauna discovered from the shallow to relatively deep environ-
ments of North America, described by Ethington and Repet-
ski (1984).

Such observations are of special value for the interpreta-
tion of the upper Tremadoc associations derived from the
different lithofacies of the Sarykum section. The upper part
of the lower member of the Chazhagay Formation is consid-
ered herein (Fig. 3). The first conodont association at
Sarykum is a typical warm water one with R. manitouensis,
Chosonodina herfurthi and other species (Fig. 3, section B,
sample [51] 81.5). This association, derived from the cal-
carenite turbidites of the Chazhagay Formation’s lower mem-
ber, has been transported from the neighbouring shallow
water carbonate environment into the hemipelagic environ-
ment without any changes in the ratio of faunal components.
This can be proved by having the same ratio of components
in both the Sarykum and in the shallow water Fauna C of
North America (Fig. 10). Furthermore, the invariability in the
ratio of faunal components of the R. manitouensis association
during redeposition from the shallow to hemipelagic environ-
ment at Sarykum can be evidence of the high density of
turbidity currents in the Sarykum Basin. The second conodont
association, a typical cold water association found in the
cherts of the same member (Fig. 3, section C, samples 148-3,
148-2) was formed in situ in a relatively deep hemipelagic
environment of the Sarykum Basin.

With reference to the above, the events happening at this
time in south Kazakhstan are of acute interest (Fig. 10). The
Batyrbay section serves as an example of the coexistence of
deltifer fauna with proto- and paraconodonts in the shoal
environment of the seamount, subjected to ocean currents and
the constant influence of free access to the open ocean.
Consequently, for the seamount, it is not mandatory to have
arelatively deep environment (similar to the continental slope
in North America) in order to have a deltifer component in
the population. However, coeval proto- and paraconodonts
are absent in the basinal Sarykum hemipelagic environment,
which contains only the deltifer fauna, similar to that of
Europe but less taxonomically diverse. Such is the difference
in the upper Tremadoc biofacies in Kazakhstan.

The lower Arenig fauna, when compared with its prede-
cessors, is more differentiated, depending on the specific
environments. The complete diversity of environments and
associations might be presented as a pattern, wherein various
ratios of faunal components take part: at first, two, i.e., North
Atlantic or (in the narrower sense of this term) Acado-Baltic
(A-B) and Midcontinent (M); and later, three, i.e., A-B, M,
and Juanognathus (Ju).

Paroistodus proteus-Prioniodus (P.) deltatus
longibasis time

The distribution of these two types of faunal components
from the Paroistodus proteus to the Prioniodus (P.) deltatus
longibasis time is shown in Figure 10. The data reveal the
similarity of the Batyrbay shallow water association of the
seamount to the North American populations from the conti-
nental slope and basin environments. Likewise, the close
similarity of the deep water basinal association from the black
chert of the Sarykum section (i.e., from the upper member of
the Chazhagay Formation; Fig. 3, section C, samples 148-I,
148-A, 148) and the cold water fauna of northwestern Europe
is shown. The Sarykum association, when compared to that
of Europe, is taxonomically less diverse; probably only a
limited number of A-B species were adapted to the relatively
deep, cold environment of the central Kazakhstan Basin.

Prioniodus (P.) elegans-P. (Oepikodus) evae time

The last time interval to be considered herein is the Pri-
oniodus (P.) elegans-P. (Oepikodus) evae time, which is
connected with the appearance of the Juanognathus compo-
nent (Lindstrom, 1976) in the conodont fauna. This compo-
nent is typical only for the T faunal realm. It is worth
mentioning that if the A-B and M components under certain
paleoenvironments make up the basis for the contrasting
associations of the same names, the Ju component is not
known as an independent unit or Ju population. Its occurrence
either with M, A-B or with both components provides a
solution to the problem of comparing provincially differenti-
ated lower Arenig A-B and M faunas. In North America,
Ethington and Repetski (1984) identified four coeval popu-
lations traced from inner shallow shelf to ocean basin envi-
ronments (Fig. 10). The open outer shelf and continental slope
environments containing, respectively, the second and the
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third populations, are the most suitable for the Ju component.
Faunas A and B of Argentina (Serpagli, 1974) and the Batyr-
bay shallow water association including both A-B and Ju
components are most similar to the above-mentioned popu-
lations. The probability of the Ju and M components meeting
in northwestern Europe and in the basinal pelagic environ-
ment of central Kazakhstan does not exist. These are the
environments inhabited by A-B species exclusively. Thus,
the T realm’s associations with a Ju component in situ, or in
transported form, could not be overestimated for the correla-
tion of different types of lower Arenig deposits.

In conclusion, it is worth enumerating the main faunal
features typical of the T (transitional) faunal realm, thus
giving the reason for distinguishing it. The T realm is char-
acterized by the following:

1. The Upper Cambrian Eoconodontus (E.) alisonae. This
species is known in the T realm not only in situ, but also
in transported form. It means that the habitat of E. (E.)
alisonae could embrace an open ocean environment of
outermost shelf and upper slope (i.e., above the permanent
thermocline), but the lower continental slope and
hemipelagic environment might be represented, appar-
ently, by transported specimens of E. (E.) alisonae.

2. The abundance and diversity of long-lived proto- and
paraconodonts continues until the late Tremadoc or early
Arenig.

3. Inthe early Arenig, aJuanognathus component develops.
It is known in the T realm not only in situ, but also in
transported form.

4. The presence of rare (starved), warm water species.

The contemporaneously redeposited warm water eucono-
dont elements are especially important for comparing differ-
ent cratonic and oceanic biofacies (i.e., to compare the W and
T faunal realms).

Depending on the bathymetric parameters, the T realm
may be considered as a continuous series of paleoenviron-
ments and their associations of lower rank. In such a series,
three or more paleoenvironments of low rank can be condi-
tionally recognized, with a continuous transition from so-
called moderate warm, to moderate cold, to cold water
paleoenvironments. However, all four of the above-men-
tioned characteristics of the T realm cannot be applied to the
deepest cold water paleoenvironments (and associations).
The latter, such as a pelagic basinal environment (and asso-
ciation) in central Kazakhstan in early Arenig time, is similar
to that of the C faunal realm nearby, in the relatively high
paleolatitudes.

A comparison of different types of paleoenvironments
and their associations provides several advantages. Firstly, it
makes the correlation more precise. Secondly, it allows a
generalization of the stages in early conodont evolution. The
stages might be based on the changes in the euconodont
evolutionary lineages of McTavish (1973), Miller (1980,
1984, 1988), Dzik (1983), Repetski and Ethington (1983),
Bagnoli and Stouge (1985), and Bagnoli et al. (1987) on the
rate of their evolution and on the analysis of the proto- and

paraconodonts. This must be accompanied by a generaliza-
tion of the changes in the evolutionary lineages in the W, T,
and C realms and on the evaluation of the heirarchy of these
changes. Hence, the most significant changes in the conodont
fauna at the base of the Cordylodus proavus Zone correspond
to the change in the evolutionary stages of the first rank, i.e.,
between Late Cambrian and Early Ordovician time. This is
regarded herein as the systemic boundary. The evolutionary
stages of second rank might correspond to changes at the
boundaries of series (or stage) subdivisions, and influence
ideas on the duration of the Tremadoc Series. Finally, the
stages of the third rank provide a basis for zonal subdivisions.

The conodont zonal scale at Batyrbay is one of the few
scales elaborated for the T realm.

The following euconodont lineages have a particular sig-
nificance for establishing zonal conodont subdivisions at
Batyrbay:

1. Hirsutodontus lineage

The most primitive representatives of the Hirsutodontus line~
age, such as H. ani (Wang), succeeded by H. transmutatus
(Xu and Xiang), are known in the Upper Cambrian of north
China (An, 1982; An et al., 1983) and of the Malyi Karatau
(Batyrbay and Kyrshabakty sections). These species inhab-
ited the Chinese epicontinental seas and were found in situ,
whereas in the Malyi Karatau slope facies, they were contem-
poraneously transported by currents from the adjacent shal-
lower environment. The primitive species of the
Hirsutodontus lineage appeared practically simultaneously
with the first primitive species of the Proconodontus lineage
(i.e., P. tenuiserratus Miller) at the base of the Fengshan
Stage of north China and, respectively, at the base of the
Batyrbay Stage in Kazakhstan (Kyrshabakty section). These
data indicate that the Hirsutodontus lineage can be traced
from the Late Cambrian, i.e., from the beginning of Batyr-
baian (Kazakhstan) and Fengshanian (north China) time,
equivalent to latest Franconian (North America) time, rather
than from the Early Ordovician proavus time as suggested by
Miller (1980, 1984). Furthermore, the Hirsutodontus lineage
apparently developed independently from the Teridontus
lineage.

Miller (1988), having summarized the latest data from the
Dayangcha section of northeastern China (Chen and Gong,
1986), came to similar conclusions. In south Kazakhstan, the
earliest evolutionary stage of the Hirsutodontus lineage has
been used for establishing the Hirsutodontus ani Zone in the
lowest Batyrbay Stage of the Upper Cambrian,

2. Lineages from Eoconodontus (E.)
notchpeakensis to E. (E.) alisonae or to
Cordylodus primitivus

The lineages from Eoconodontus (E.) notchpeakensis to E.
(E.) alisonae and, respectively, from E. (E.) notchpeakensis
to Cordylodus primitivus, characteristic of the T realm, were
taken into account while establishing the Eoconodontus (E.)
alisonae and Cordylodus primitivus zones in the uppermost
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Cambrian in south Kazakhstan (Apollonov et al., 1988; Chu-
gaeva et al., 1989) and subzones of the same name in western
Newfoundland (Barnes, 1988).

3. Lineage from Prioniodus (P.) deltatus longibasis
to P. (P.) elegans

The reconstruction of the Prioniodus (P.) elegans lineage
remains one of the interesting evolutionary problems (Mc-
Tavish, 1973; Bagnoli and Stouge, 1985). New data of Pohler
et al. (1987) show that the new species of Prioniodus, re-
corded in the upper slope facies of western Newfoundland, is
probably the ancestor of Prioniodus elegans. Pohler et al.
(1987) noted the similarity in the elemental composition of
the P. n. sp. and P. elegans apparatuses, but noted also the
more primitive (minute) denticles of the P. n. sp. elements
compared with those of P. elegans.

P. (P.) deltatus longibasis (McTavish), recovered from
the shallow water Malyi Karatau seamount facies (Batyrbay),
has the same type of apparatus and probably the same primi-
tive denticulation of elements as the P. n. sp. of Pohler et al.
(1987). However, the denticulation of the P. (P.) deltatus
longibasis (McTavish) elements is so minute, that it is often
difficult to recognize. If the P. n. sp. in western Newfound-
land and P. (P.) deltatus longibasis (McTavish) in Batyrbay
are synonymous, the lineage, named at present as a transition
from P. (P.) deltatus longibasis to P. (P.) elegans (this paper)
or from P. n. sp. to P. elegans (Pohler et al., 1987), will be
very important for the detailed zonation of the lower Arenig
in the T faunal realm.

The lineage from Prioniodus (P.) deltatus longibasis to
Prioniodus (P.) elegans was used to establish conodont zones
of the same name in the continuous lower Arenig deposits in
south Kazakhstan.

CONCLUSIONS

The continuous succession of Upper Cambrian and Lower
Ordovician conodont associations recognized in the carbon-
ate facies of the Batyrbay section, Malyi Karatau, south
Kazakhstan, is more detailed than the conodont succession
established in the siliceous-carbonate facies of the complete
Sarykum section, central Kazakhstan, but they do not differ
in principle.

Generally, the composition of the Batyrbay conodont
associations depended on their location on the margin of the
ancient carbonate seamount, where there was permanent and
free access to the open ocean, and the influence of a system
of ocean currents. Basinal and slope environments in the
Upper Cambrian were succeeded by the Lower Ordovician
upper slope and, later, the lower Arenig shallow water envi-
ronments of the seamount. In contrast, the sufficiently deep
oceanic environments at Sarykum changed from the base-of-
slope of the carbonate platform in the latest Cambrian to
Tremadoc hemipelagic and early Arenig pelagic environ-
ments. Such paleoenvironments determined the composition
of conodont associations at Batyrbay and Sarykum. They
were compared to associations from other regions of the
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world for specific time intervals, considered as chronological
equivalents of conodont zones. The Cambrian-Ordovician
zonal scale of Batyrbay was taken as the standard for particu-
lar time intervals.

The comparison of coeval conodont associations from
different paleoenvironments permits the recognition (sepa-
rate from Miller’s warm and cold faunal realm) of the transi-
tional (T) faunal realm. This included ancient open seas and
oceans in low to middle paleolatitudes. The realm embraced
outermost continental shelves with unrestricted access to the
open ocean, continental slopes, basinal (hemipelagic) and any
carbonate seamount paleoenvironments. The realm is traced
along the ancient continental margins and can be illustrated
by sections in south Kazakhstan, western Mackenzie Moun-
tains (Landing et al., 1980), central Nevada (Cook et al.,
1989), northwestern Vermont (Landing, 1983), western
Newfoundland (Barnes, 1988), and probably occurs in south-
eastern China.

The latest Cambrian Eoconodontus (E.) alisonae, the
abundance and diversity of long-lived proto- and paracono-
donts, the early Arenig Juanognathus faunal component in
conodont associations and, finally, the rare (starved) warm
water species are all typical characteristics of the T faunal
realm. The significance of contemporaneously redeposited
warm water euconodont elements is noted to compare cra-
tonic and oceanic biofacies (i.e., to compare markedly differ-
ent warm and T faunal realms).

The zonal scale of Batyrbay is one of the few scales
elaborated for the T realm, with the scale of Sarykum likewise
a model for the C realm.

Four euconodont lineages had particular significance for
establishing zonal subdivisions at Batyrbay. The earliest evo-
lutionary stage of the Hirsutodontus lineage has been used for
recognition of the Hirsutodontus ani Zone in the lowest
Batyrbay Stage of the Upper Cambrian. The lineages from
Eoconodontus (E.) notchpeakensis to E. (E.) alisonae and
from E. (E.) notchpeakensis to Cordylodus primitivus, typical
for the T faunal realm, helped to establish the Eoconodontus
(E.) alisonae and Cordylodus primitivus zones in the upper-
most Cambrian. The lineage from Prioniodus (P.) deltatus
longibasis to P. (P.) elegans was used to define these zones
in the lower Arenig. If this latter lineage is equivalent to the
P. 1. sp.-P. elegans lineage of Pohler et al. (1987), it will be
important for detailing the lower Arenig zonal scales of the
T faunal realm,

The faunal data of the Batyrbay section showed that the
very short Cordylodus primitivus time interval of the latest
Cambrian should be divided into two parts. The conodont
association of the second part could be observed in the C and
T faunal realms or in the T realm only. In shallow cratonic
environments (warm realm) the second part of the Cordy-
lodus primitivus time was apparently reflected by a hiatus.
Earlier, the hiatus was recognized within Cordylodus proavus
time by Miller (1984). Thus, the beginning of Miller’s Lange
Ranch Eustatic Event at the systemic boundary (as defined
herein) has obtained a more precise definition, i.e., from the
second phase of the Cordylodus primitivus time of the latest
Cambrian.
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Abstract

The St. George Group of western Newfoundland consists of two megacycles of autochthonous carbonate
deposition. The sequence, from high in the lower part of the Catoche Formation to the uppermost part of
the Aguathuna Formation, i.e., most of the upper megacycle, may be subdivided into seven informal
assemblages on the basis of conodont faunas. The lower three assemblages are dependent upon faunal
lineage changes. Assemblages may intergrade, as is the case between Assemblages Il andIV. Assemblages
V to VII occupy the middle to upper part of the Aguathuna Formation. Although defined by changes in
conodont associations, the upper Aguathuna Formation assemblages are strongly environmentally con-
trolled and much of the fauna is dominated by an extremely shallow water association, which is unusual in
its abundance of particularly enigmatic taxa. This interval is also marked by the occurrence of reworked
conodonts.

The biostratigraphy was defined at Table Point and from cores from the nearby Daniel’ s Harbour zinc
mine. When applied to lithostratigraphically similar rocks at other locations throughout western Newfound-
land, stratigraphic hiatuses and faunal data indicate varied time intervals for the deposition of Aguathuna
facies.

Résumé

Le groupe de St. George dans I’ ouest de Terre-Neuve est composé de deux mégacycles de sédimentation
carbonatée autochtone. La séquence allant du sommet de la partie inférieure de la formation de Catoche
au sommet de la partie supérieure de la formation d’ Aguathuna, c’est-a-dire presque tout le mégacycle
supérieur, peut étre subdivisée en sept assemblages non officialisés basés sur les faunes de conodontes.
Les trois assemblages de la base se fondent sur les changements de lignées. Les assemblages peuvent
s’ entreméler, comme c’est le cas pour les assemblages Il et [V. Les assemblages V a VII sont contenus
entre les parties intermédiaire et supérieure de la formation d’' Aguathuna. Méme s’ ils ont été définis par
des changements d’ associations des conodontes, les assemblages supérieurs de la formation d’ Aguathuna
se distinguent fortement par des caractéristiques environnementales et la grande partie de la faune est
constituée d’une association d’ eau trés peu profonde on I on trouve en abondance inhabituelle des taxons
particuliérement énigmatiques. Cet intervalle est également marqué par la présence de conodontes
remaniés.

Cette biostratigraphie a été définie a la pointe Table et a partir de carottes prélevées dans la mine de
zinc voisine a Daniel’ s Harbour. Lorsqu’ on les applique a des roches lithostratigraphiquement semblables
situées a d autres endroits répartis dans tout I’ ouest de Terre-Neuve, les lacunes stratigraphiques et les
données sur la faune révélent divers intervalles de temps en ce qui concerne la sédimentation du faciés
d’ Aguathuna.

! Department of Earth Sciences, Memorial University of Newfoundland, St. John’s, Newfoundland A1B 3X5
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INTRODUCTION

The St. George Group is that sequence of Lower to Middle
Ordovician autochthonous rocks deposited on the stable
North American platform margin of the Iapetus Ocean. It
outcrops along a discontinuous sinuous belt in western New-
foundland from the Port au Port Peninsula in the south, to
Cape Norman and Hare Bay in the north (Fig. 1). It is
composed, in ascending order, of the Watts Bight, Boat
Harbour, Catoche, and Aguathuna formations, and consists
of two shallowing-upward megacycles of deposition (Knight
and James, 1987).

These rocks are important as the autochthonous equiva-
lent of the upper Cow Head Group. Within that group, the
study of intercalated shallow water shelly faunas with grap-
tolite sequences, and conodonts derived from the slope mar-
gin, has enabled direct comparison of previously unrelated
biostratigraphic schemes, and facilitated international corre-
lation (Williams and Stevens, 1988). Shallow water cono-
donts of the St. George Group show affinity with conodonts
of the Midcontinent Conodont Province, but may be corre-
lated with the Cow Head Group at various levels. Thus, the
North American Midcontinent conodont zonation may be
directly compared with graptolite and European shelly fossil
biostratigraphy via the St. George and Cow Head groups.

Stable platform sedimentation in the Ordovician of west-
em Newfoundland is last represented in the St. George Group.
The overlying Table Head Group represents deposition onto
a subsiding, and eventually foundered, platform (James et al.,
1989). The initial effects of the Taconic Orogeny in platfor-
mal sequences are recorded in the upper St. George Group
(Knight and James, 1987; James et al., 1988, 1989).

In addition, the St. George Group hosts stratabound Mis-
sissippi-Valley-type mineralization at various levels (Lane,
1984). A precise and detailed conodont biostratigraphy has
enabled clarification of lithostratigraphic relationships within
mine and prospective target areas.

Previous studies

This paper forms part of a sedimentological and paleontologi-
cal study of the Cow Head and Ordovician platformal rocks
of western Newfoundland. The St. George (Knight and
James, 1987), Table Head (Klappa et al., 1980), and Cow
Head (James and Stevens, 1986; James et al., 1987) groups
have recently been redescribed and defined. St. George Group
cephalopods (Flower, 1978), trilobites (Fortey, 1979; Stouge
and Boyce, 1983), conodonts (Barnes and Tuke, 1970;
Stouge, 1982; Stouge and Boyce, 1983), and Table Head
Group conodonts (Stouge, 1984), and Cow Head Group
graptolites (Williams et al., 1987; Williams and Stevens,
1987, 1988) and conodonts (Fahraeus, 1970; Fihracus and
Nowlan, 1978; Pohler et al., 1987) have been described.
Comparative studies between these include Bergstrom et al.
(1974), Ross and James (1987), and Williams et al. (1987).
Syntheses of Ordovician sedimentation in western New-
foundland are also currently available (James et al., 1988,
1989).
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On the basis of shelly fossils, the studied sequence corre-
lates with Zones H to L or M of the Tbex area (Boyce, 1985).
Trilobite occurrences suggest a Zone I or J age for the base of
the Aguathuna Formation (Fortey, 1979; Boyce, 1985),
which corresponds with Bendigonian 3 or 4 of the Australian
graptolite zonation (Williams et al., 1987).

Studies of brachiopods (Ross and James, 1987) and grap-
tolites (Williams et al., 1987) indicate that the Cow Head
Group is entirely older than the Table Head Group, whereas
Williams et al. (1987) concluded that correlation with the
preliminary conodont zonation of the St. George Group was
not possible. A more complete and precise conodont biostra-
tigraphy for the Catoche and Aguathuna formations is devel-
oped herein.

The conodont succession was initially determined from
the shore section from Freshwater Cove to Table Point. This
locality was chosen because it is the type section for the
Aguathuna Formation. Lithostratigraphy of the section has
been well documented (Knight and James, 1987). Nearby,
subsurface samples enabled extension of the conodont bios-
tratigraphy into the lower Catoche Formation. Much of the
upper megacycle of the St. George Group was sampled in a
180 m thick section. Constituent rock types ranged from
subtidal limestones (lower Catoche Formation) through vari-
ously dolomitized and mineralized limestones (upper Cato-
che Formation) to peritidal dolostones of the Aguathuna
Formation.

Within these lithotypes, faunas are of mixed affinity. The
Catoche Formation contains conodonts characteristic of both
North Atlantic and Midcontinent provinces in varying ratios.
A primarily Midcontinent fauna is evident, with incursions of
North Atlantic province faunas at various levels. A greater
proportion of North Atlantic taxa occurs in the primarily
subtidal Catoche Formation than in the peritidal Aguathuna
Formation, The pattern of relative abundances, best seen in
Assemblage III, is a response to changes in environmental
parameters. Assemblage boundaries can be seen to be inde-
pendent of these changes (Fig. 2).

CONODONT SUCCESSION

The conodont zonation of the Ibex area (Ethington and Clark,
1981) was not found to be applicable to faunas of the upper
St. George Group, due to environmental differences at their
respective sites of deposition. Different, informal assem-
blages are therefore proposed for the St. George Group, based
upon the succession of species of Diaphorodus Kennedy (Fig.
3) and Parapanderodus Stouge (Fig. 4), consideration of
concurrent ranges of a large number of species within these
strata, and upon acme of abundances of certain species (Fig.
5, Table 1). These assemblages are recognizable within auto-
chthonous platformal sequences throughout western New-
foundland, but not internationally, nor between the different
environmental settings preserved in autochthonous and al-
lochthonous sequences of western Newfoundland.

Peritidal sediments of the Aguathuna Formation contain
many levels at which hardgrounds or disconformity surfaces
are preserved. This is particularly common in the middle and
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upper parts of the Aguathuna Formation (Knight and James,
1987). Such surfaces commonly show evidence of erosion
and reworking of sediments. The anomalously late occur-
rence of some conodont specimens with frosted surfaces at
certain levels is therefore interpreted as evidence of rework-
ing of these conodonts. Such reworked specimens were not
included within the biostratigraphic scheme: only well pre-
served specimens without frosted surfaces were considered
in defining the assemblages.

Assemblages were therefore constructed only from taxa
without severe environmental control, or from taxa display-
ing morphological gradients indicative of evolutionary line-
ages.

Assemblages I and II are described from Diamond Drill
Hole (D.D.H.) Al because the lowest strata sampled at Fresh-
water Cove contain an impoverished Assemblage III fauna.
The contact with Assemblage Il is not recorded in this section,
butis found in D.D.H. 438, 715, and 1827. These confirm that
there is no significant break in the faunal succession between
uppermost faunas of D.D.H. Al (Assemblage II) and the
lowest sample taken from Freshwater Cove (Assemblage I1I).
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Assemblage 1

Assemblage I is dominated by Oepikodus communis (Ethington
and Clark), which is considerably reduced in abundance in
Assemblage I1. Paltodus sweeti Serpagli, *‘Scolopodus’ filosus
Ethington and Clark, Fucharodus parallelus (Branson and
Mehl), Drepanoistodus forceps (Lindstrém), Diaphorodus deli-
catus (Branson and Mehl), and Drepanoistodus inaequalis (Pan-
der) are associated with O. communis in Assemblage 1. Minor
constituents of the fauna include Glyptoconus quadraplicatus
(Branson and Mehl), Parapanderodus striatus (Graves and
Ellison), Paroistodus parallelus (Pander), ?Protoprioniodus pa-
pilosus (van Wamel), Rossodus highgatensis Landing et al., and
““Scolopodus > emarginatus Barnes and Tuke. The long-rang-
ing Oneotodus costatus Ethington and Brand, Semiacontiodus
asymmetricus (Bames and Poplawski), 2Semiacontiodus cordis
(Hamar), n. gen. 2 n. sp. A, and Walliserodus ethingtoni
(Fahraeus) are found in this assemblage.

AGUATHUNA

CATOCHE

Figure 3. Species of Diaphorodus Kennedy found in the St.
George Group, showing morphological changes in diagnostic
prioniodontiform elementwith stratigraphic position. a, Diapfioro-
dus delicatus (Branson and Mehl), ranges from Assemblage |
to early Assemblage IV; b, ?Diaphorodus russoi (Serpagli),
Assemblages |l to Il; ¢, Digphorodus emanuelensis (McTav-
ish), Assemblages Ill and 1V; d, Diaphorodus n. sp. B, found in
Assemblage 1V (outside the Table Point area) to early Assem-
blage V; e, Diaphorodus n. sp. A, Assemblage V to Table Point
Formation. The two successions are separated according to
whether or not processes are developed.

Figure 2. Relative abundance of Midcontinent and North
Atflantic province conodonts plotted as a function of stratig-
raphic height for the D.D.H. A1 and Freshwater Cove to Table
Point section. Dashed lines indicate trends based upon sam-
ples with only a few conodont species or specimens.



Within Assemblage I, alternating sequences of faunas
show affinity with either Midcontinent Fauna D or E. Thus,
for example, samples containing Glyptoconus quadraplica-
tus and Rossodus highgatensis (Midcontinent Fauna D) are
interspersed with those containing Paltodus sweeti, Micro-
zarkodina? marathonensis (Bradshaw), Diaphorodus delica-
tus, and Drepanodus concavus (Branson and Mehl), which
are associated with Midcontinent Fauna E. As a consequence,
many of the taxa dominating Assemblage II are present as
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Figure 4. Species of Parapanderodus Stouge found in the St.
George Group and overlying Table Point Formation, showing
morphological changes in all elements with stratigraphic po-
sition. a-c, Parapanderodus striatus (Graves and Ellison); d-f,
Parapanderodus sp. aff. P. gracilis (Ethington and Clark);
g-i, Parapanderodus striolatus (Harris and Harris); a,d,g, tri-
angulariform elements; b,e,h, short based elements; ¢,f,i, long
based elements. Parapanderodus striatus, characterized by
round cusp section and deep basal cavity parallel to anterior
margin, is present through Assemblages | to lll. Parapandero-
dus sp. aff. P. gracilis of Lofgren (1978) is found in Assem-
blages It and IV; it has reduced a basal cavity and the cusp
is moderately laterally compressed. Parapanderodus striola-
tus (Harris and Harris) continues from Assemblage 1V into the
Table Point Formation. This species shows further basal
cavity reduction, and a greater degree of lateral compression.

sporadic, isolated elements throughout Assemblage I, and
Glyptoconus quadraplicatus and Rossodus highgatensis are
not found in populations younger than Assemblage I.

With the first occurrence of Oepikodus communis defin-
ing the base of Midcontinent Fauna E (Ethington and Repet-
ski, 1984), the presence of Glyptoconus quadraplicatus and
an abundance of Parapanderodus striatus in Assemblage I
indicates a correlation with lower Fauna E of Ethington and
Repetski (1984).

The lower limit of Assemblage I is unknown. The faunas
of this assemblage, however, are found in the lower to middle
Catoche Formation.

Assemblage 11

Assemblage II is recognized by the abundance of Midconti-
nent Fauna E species, particularly Parapanderodus striatus,
Microzarkodina? marathonensis, Bergstroemognathus ex-
tensus Serpagli, Fryxellodontus corbatoi Serpagli, and Dia-
phorodus delicatus. It commences with the incoming of
Bergstroemognathus extensus, Diaphorodus russoi (Serp-
agli), Fryxellodontus corbatoi, Rossodus n. sp., Tripodus
laevis Bradshaw, and n. gen. 1 n. sp. A. Of these species, B.
extensus and F. corbatoi are restricted to this assemblage; D.
russoi and Paroistodus parallelus are only found in abun-
dance in Assemblage I1. Drepanoistodus inaequalis (Pander),
Clavohamulus n. sp., ?Protoprioniodus costatus (van
Wamel), ?Protoprioniodus papilosus (van Wamel), and Pro-
topanderodus gradatus Serpagli are last found in Assemblage I1.

This assemblage first appears in the middle Catoche For-
mation, and continues to the lower part of the upper strata of .
this formation.

The lowest conodont faunas recovered from the section
north of Table Point are of Assemblage III affinity. These are
25 m stratigraphically above the highest levels of D.D.H. Al.
The transition from assemblages II to I, recorded in drill
core from the nearby Daniel’s Harbour mine, corresponds
with that described above, with Assemblage III close to the
upper limits of this unsampled interval.

Assemblage 111

Assemblage III is recognized by the occurrence of Dre-
panodus concavus, Scalpellodus n. sp., and both Drepanois-
todus basiovalis (Sergeeva) and D. forceps (Lindstrom) as
major components, together with elements of Oistodus bran-
soni Ethington and Clark.

Drepanoistodus basiovalis and Oistodus bransoni first
occur early in Assemblage I1I; the incoming of Parapandero-
dus n. sp. (Scolopodus sp. aff. S. gracilis of Lofgren, 1978),
and of Scalpellodus n. sp. occurs later in this assemblage.
Paltodus sweeti, *‘Scolopodus’ filosus, Paroistodus paralle-
lus, Microzarkodina? marathonensis, Parapanderodus
striatus, n. gen. 1 n. sp. B, Diaphorodus russoi, Paracordy-
lodus gracilis Lindstrém, and n. gen. 1 n. sp. A are all last
found within Assemblage I11.
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Table 1. Fauna, stratigraphic level and correlation of upper
St. George Group assemblages

Strat.
Assemblage level Fauna Correlatives
| Lower to *Oepikodus communis Early M/C
Middle Paltodus sweeli Fauna E;
Catoche “Scolopodus” filosus SF Zone H
Formation Drepanoistodus inaequalis
Diaphorodus delicatus
Glyptoconus quadraplicalus
* Parapanderodus striatus
Rossodus highgatensis
“Scolopodus emarginatus
It middle to Bergstroemog. extensus M/C Fauna E;
low in Diaphorodus russoi SF Zone H;
upper Paroistodus parallelus Faunas A and
Catoche Fryxellodontus corbatol B of San
Formation ?Clavohamulus n. sp. Juan Fm, of
*Drepanoistodus forceps Argentina
Microz.? marathonensis
* Diaphorodus delicalus
It upper Parapanderodus aff. gracilis M/C Fauna E;
Catoche Oistodus bransoni SF zone I;
Formation Drepanoistodus basiovalis u. Jefferson
Scalpellodus n. sp. City
Variabiliconus n. sp. A Dolomite
v uppermost Diaphorodus emanuelensis M/C Fauna
Catoche *Parapand. n. sp. B En
and lower #Eucharodus parallelus
Aguathuna #Oneotodus costatus
formations #Drepanodus concavus
Diaphorodus n. sp. B
Parapanderodus striolatus
v middle Pteracontiodus cryptodens M/C Fauna
Aguathuna Oistodus multicorrugatus 12
Formation Oepikodus sp.
Diaphorodus n. sp. A
Diaphorodus n. sp. B
vi low in Drepanodus sp. cf. D. gracilis M/C Fauna

upper Reutterodus sp. (R) 112

Aguathuna #Oneotodus costalus
Formation

Vil Upper Paraprioniodus costatus M/C Fauna
Aguathuna Scandodus sinuosus 4; Kanosh
and lower "Leplochirogn. quadrata and Lehman
Table Point  Multioistodus subdentalus fms. of Utah
formations Drepanoistodus angulensis

Conodont species are listed in order of abundance for each assemblage.

Species marked with an asterisk are also important in the succeeding assemblage.

M/C, Midcontinent conodont zonation; S/F, shelly fossil zones of the Ibex section;

#, acme of long-ranging species; (R), listed species was possibly reworked in assemblage.

Assemblage III is known from the upper Catoche Forma-
tion, and does not extend into the Aguathuna Formation.
Transition to Assemblage IV faunas is gradual, commonly
occurring within several metres of the base of the Aguathuna
Formation.

Assemblage IV

Assemblage IV is characterized by lower conodont diversity
and abundance than previous assemblages. Long ranging taxa
dominate, particularly later in the assemblage. These include
unusually high abundances of Eucharodus parallelus,
Oneotodus costatus Ethington and Brand, Drepanodus con-
cavus, 1Semiacontiodus cordis (Hamar), n. gen. 2 n. sp. A,
and Semiacontiodus asymmetricus (Barnes and Poplawski).

Few species are first found in Assemblage IV. Diaphoro-
dus emanuelensis (McTavish) is only known from early to
middle Assemblage IV; Parapanderodus n. sp. B first occurs
in mid-assemblage. Earliest specimens of Parapanderodus
striolatus (Harris and Harris) immediately precede Assem-
blage V.

Many of the species continuing from Assemblage III
disappear by mid-assemblage. These include Drepanoistodus
forceps, Oepikodus communis, Variabiliconus n. sp. A, Dia-
phorodus delicatus, Drepanodus arcuatus Pander, Oistodus
bransoni, Parapanderodus n. sp. (aff. gracilis), and Scalpel-
lodus n. sp. Drepanoistodus basiovalis also disappears from
the Table Point section before the emergence of Assemblage V.

Assemblage IV is recorded from the uppermost Catoche
Formation and the lower Aguathuna Formation of the shore
section north of Table Point. It immediately underlies a
prominent solution surface; strata above this surface contain
Assemblage V faunas.

Assemblage V

The first occurrence of Diaphorodus n. sp. A, together with
the presence of Pteracontiodus cryptodens (Mound), Ois-
todus multicorrugatus Harris, and Oepikodus sp. are indica-
tive of Assemblage V. These are joined by Diaphorodus n.
sp. B at the Table Point section. Conodont faunas are of low
diversity and abundance.

With the exception of Rossodus n. sp., long ranging forms
of Assemblage IV continue through the Assemblage V into
Assemblage VI, although many of these are not represented
within Assemblage V.

An early Whiterockian age (Midcontinent Fauna 1 of
Sweet et al. [1971] as discussed by Ethington and Repetski
[1984, p. 97]) is indicated by the first appearance of species
of Diaphorodus with Pteracontiodus cryptodens (Ethington
and Repetski, 1984).

This assemblage is known from the middle of the
Aguathuna Formation.
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sequence between Assemblage VI and Assemblage VII. Table Point-Aguathuna formation
boundary shown by dashed line. Stylized sections of Port au Port and Table Point sections

modified from Knight and James (1987).

Assemblage VI

This asemblage is distinguished from previous assemblages
by the first appearance of Drepanodus sp. cf. D. gracilis and
Reutterodus sp., and last occurrence of Drepanodus concavus
and Tripodus laevis. This indicates an age equivalenat at least
to that of Midcontinent Fauna 2. The base of this assemblage
records the last appearance of conodonts of Canadian (Ibex-
ian) aspect. Conodonts remain low in abundance and diver-
sity, with faunas dominated by Oneotodus costatus.

Reworking of the conodonts is suggested by the occur-
rence of Reutterodus sp. and Oneotodus costatus with latest
Tripodus laevis. 1t is, however, possible that the range of O.
costatus is extended in very shallow environments.

Assemblage VIis found within a brief interval, low in the
upper part of the Aguathuna Formation.

Assemblage VII

The incoming of a highly abundant, diverse fauna marks the
beginning of Assemblage VIL Drepanoistodus angulensis
(Harris), Erismodus asymmetricus (Branson and Mehl),
Leptochirognathus quadratus (Branson and Mehl),
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“Mdultioistodus auritus’’ (Harris and Harris) sensu Ething-
ton and Clark, M. subdentatus Cullison, Paraprioniodus
costatus Ethington and Clark, Protopanderodus strigatus
Barnes and Poplawski, Scandodus sinuosus Mound, and en-
demic species are all found in the lowest sample of this
assemblage, and continue through to the uppermost part of
the Aguathuna Formation or into the Table Point Formation.

Jumudontus gananda Cooper, Oepikodus sp., Oneotodus
costatus, Parapanderodus n. sp., Pteracontiodus cryptodens
(Mound), Reutterodus sp., and n. gen. 2 n. sp. A do not
continue into the Table Point Formation (Stouge, 1984).
Anomalously high ranges of J. gananda, O. costatus, P.
cryptodens, and Reutterodus sp. indicate reworking of cono-
donts into the upper Aguathuna Formation from lower strata.

This assemblage is found in the uppermost 15 m of the
Aguathuna Formation and basal Table Point Formation. It
frequently overlies an omission surface, and the lowest level
of this assemblage marks a distinct change in conodont fauna.

Conodont species known from the Ibex section are indica-
tive of a Midcontinent Fauna 4 age, with the exception of
Erismodus asymmetricus, which is known from Midcontinent
Fauna 5 and younger strata. The presence of Multioistodus
subdentatus is suggestive also of Midcontinent Fauna 5, but



this is known from older rocks. It is likely that the range of
E. asymmetricus is extended downward in western New-
foundland.

REGIONAL ASPECTS

In order to test the validity of this conodont biostratigraphy,
samples of primarily Aguathuna Formation rock types were
collected from Big Spring Inlet of Hare Bay, the mainland
shore of Back Arm Bay, at the Gravels section at the
southernmost point of East Bay on Port au Port Peninsula,
and road and quarry sections at Aguathuna (Fig. 1). Port au
Port and Hare Bay sections were deposited in settings out-
board of the setting recorded at Table Point (Knight and
James, 1987).

Big Spring Inlet samples contained Assemblage IV to VII
faunas, although the incoming of Assemblage VII species is
not abrupt as north of Table Point. The sequence of first
appearance of Assemblage VII conodonts indicates that some
of the strata missing from the section north of Table Point are
preserved at Big Spring Inlet.

At Back Arm Bay, Assemblage VII overlies Assemblage
III: most of the Aguathuna Formation is missing at Back Arm
Bay, with only that part deposited above the uppermost
erosion level at Table Point preserved.

Strata from a section west of The Gravels at Port au Port
Peninsula commenced within Assemblage IV, in the lower
part of the Aguathuna Formation. Uppermost strata of this
formation contain Assemblage VI. Assemblage VII is not
found until three metres into the conformably overlying Table
Point Formation. A similar succession is found in the
Aguathuna Quarries, although the Aguathuna-Table Point
boundary is demonstrably erosional (Knight and James,
1987).

Correlation throughout western Newfoundland

Biostratigraphic relationships between the Port au Port, Table
Point, Port au Choix, and Hare Bay sections are illustrated in
Figure 6. It can be seen that the Aguathuna Formation on Port
au Port Peninsula terminates earlier than similar sediments of
the Table Point-Daniel’s Harbour region. All but the upper-
most Aguathuna Formation at Back Arm Bay near Port au
Choix is missing from the section; uppermost Aguathuna
strata rest disconformably upon uppermost Catoche Forma-
tion strata in this area. At Hare Bay (Big Spring Inlet), a
solution horizon approximately 13 m beneath the base of the
Table Point Formation represents a stratigraphic break of two
local assemblages. Deposition, however, resumed earlier at
Hare Bay than near Table Point.

Assemblages within the Catoche Formation are generally
recognizable, where sampled, throughout the Great Northern
and Port au Port peninsulas. On the basis of lithological
evidence (Knight and James, 1987), the succession of faunas
in the Aguathuna Formation is probably disrupted within
Assemblage IV (the ‘‘Breccia Bed’’ of Stouge,
1982), between Assemblages IV and V, and between As-
semblages VI and VIL. However, no significant break in the

faunal succession is recorded at the level of the Breccia
Bed. Stratigraphic level and conodont faunas of the transition
from Assemblage IV to V are everywhere consistent, and the
erosion surface separating these two faunas is not likely to
represent a major hiatus. It is apparent that a regional regres-
sion affected all areas simultaneously (Barnes, 1984) prior to
the deposition of Whiterockian sediments of Assemblage V.
The Assemblage VI to VII transition is diachronous, and
more long-lasting at Table Point than Port au Port or Big
Spring Inlet.

CONCLUSIONS

In summary, the faunas of the upper lower Catoche and
Aguathuna formations may be subdivided into seven assem-
blages. Their diagnostic species, stratigraphic level within the
St. George Group, and probable correlations are summarized
in Table 1.

The proposed biostratigraphic zonation, based upon the
Table Point-Daniel’s Harbour region, is recognized in other
sections of the upper St. George Group throughout western
Newfoundland. Comparison of the conodont succession
throughout western Newfoundland indicates an omission sur-
face in the middle part of the Aguathuna Formation, which is
contemporaneous in inboard (Table Point) and outboard (Port
au Port) settings. Subsequent strata contain faunas that do not
correlate exactly across the region; an upper omission surface
in the Aguathuna Formation is diachronous both beneath and
above the omitted strata (Fig. 6); the base of the Table Point
Formation is also diachronous. This interval also contains
evidence of reworking of sediments.

The detailed conodont bigstratigraphic framework for the
upper St. George Group developed herein should enable
further insight into tectonic development of the carbonate
platform immediately prior to its foundering.
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Abstract

Biogeographic differentiation of chitinozoans may help explain some of the problems associated with
correlating the microfaunas of Quebec with those of southwest Europe, North Africa, and the Baltic region
of Scandinavia. This differentiation becomes evident when comparisons are made with the respective
regional zonation, vertical stratigraphic distribution charts, and microfaunal assemblages.

An assessment of the number of species in common between chitinozoan assemblages of different
regions, and the similarity coefficient thus obtained, indicates affinities among the microfaunas of North
Africa, southwest Europe, Great Britain, and Bohemia; these regions were situated in high latitudes during
the Ordovician. Similarly, microfaunas from eastern Canada, Australia, Spitsbergen, and the United States,
which occupied subequatorial latitudes, have many feature in common. Faunas from the Baltic region of
Scandinavia appear to have occupied an intermediate position.

Résumé

Les difficultés rencontrées lors des essais de corrélation entre les microfaunes de chitinozoaires
ordoviciennes du Québec et celles de I' Europe du sud-ouest, d’ Afrique du Nord et de la Baltoscandinavie
s’ expliguent par une différenciation biogéographique des chitinozoaires. Cette différenciation est mise en
évidence en comparant les zonations régionales, les tableaux stratigraphiques et I'ensemble de la micro-
Sfaune de ces régions.

La détermination du nombre d’ espéces communes entre les assemblages de chitinozoaires de diverses
régions et I'analyse des coefficients de similitude s’y rapportant révélent des affinités entre les microfaunes
d’ Afrique du Nord, d’ Europe du Sud-Ouest, de Grande-Bretagne et de Bohéme qui étaient localisées sous
les hautes latitudes. L’ Est du Canada, I Australie, le Spitsberg et les Etats-Unis, qui occupaient une position
subéquatoriale, présentent également des liens entre leurs microfaunes. La Baltoscandinavie semble

occuper une situation intermédiaire entre ces deux ensembles.

INTRODUCTION

The study of Ordovician strata of Quebec led to the recogni-
tion of 22 chitinozoan assemblages (Achab, 1989). The strata
containing the microfossils on which the zonation is based
may be correlated with the standard North American grapto-
lite zones. This work shows that Quebec microfaunas were
significantly different from those of similar age in Europe and
the Baltic region of Scandinavia, hereafter referred to as
Baltoscandia. These differences, which appear to be related
to the geographic distribution, have been investigated to
determine if, in fact, there is provincialism. Little previous
work has been done on the provincialism of chitinozoans.

Rauscher (1973) compared the assemblages he had
studied in France with the data then available for Ordo-
vician chitinozoans. In the Arenig, he recognized a south-
ern assemblage group, including assemblages from the
Sahara, France, and Belgium, and a northern assemblage
group, occurring in Great Britain, Baltoscandia, and the Rus-
sian platform. The analysis of microfaunas from the Llanvirn
indicated a third intermediate group between the Sahara and
southern Europe. Laufeld (1979), describing the geographical
distribution of Ordovician chitinozoans, came to conclusions
similar to those of Jenkins (1967). These authors favoured a
fairly free communication, especially during the Caradoc,
between the chitinozoans of Shropshire, and those of Baltos-
candia. The relationship between the chitinozoans of northern
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Europe and those of North Africa is, in contrast, more limited.
Laufeld (1979, p. 78) pointed out that, although it might be
premature to introduce the concept of chitinozoan provinces,
certain genera are found mainly in the ““North Atlantic
Area,”’ whereas others occur in a southern province. Further-
more, he stressed the difficulty of correlating the strata be-
tween these provinces.

Paris (1981), on the other hand, approached the problem
of provincialism firstly at the generic level, and secondly at
the specific level. He believed that any selective geographic
distribution of chitinozoan species, and, similarly, genera,
could not be substantiated. Moreover, he considered that
some of the differences recorded were the result of variations
in sampling techniques, and concluded that it would not be
valid to use chitinozoans to assess similarities, or differences,
between various regions.

During the last decade, numerous chitinozoan assem-
blages from well dated sections in different parts of the world
have been described. These new data have provided a better
understanding of geographic distribution. Achab (1988),
from a limited selection of taxa, showed that the geographic
distribution of Ordovician chitinozoans was apparently re-
lated to paleolatitude. The aim of the present study is to make
an analysis of the known global distribution of the microfau-
nas.

METHODS

When comparing microfaunas of a geological system, the
approximate similarity between assemblages of two regions
may be obtained by comparing the respective zonation. This
comparison, because it is based on only one or two index
species when the total assemblage generally contains seven
to eight, is biased, but it does provide a first approximation
of the degree of similarity or difference between microfaunas
of two regions. This estimate needs to be documented pre-
cisely, because the choice of index species is subjective. It is
possible that two zones based on similar microfaunas, but
described by two different authors, may be designated by
different zone index species names; conversely, the presence
of an index species in two assemblages does not necessarily
imply similarity in overall composition.

The first approximation can be subsequently refined, by
comparing selected species from two regions that represent
the stratigraphic distribution of chitinozoans in a given time
interval. In addition to the index species, selected taxa, which
characterize regional assemblages by their abundance and
their stratigraphic qualities, should be taken into account.
This comparison has the advantage of being based on well
defined selected taxa, which are representative of evolution-
ary change occurring in the assemblages of two regions. This
approach serves to assess the degree of similarity that exists